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Front and back covers 

On the cover, injured wing imaginal discs in which Reactive Oxygen Species (ROS) are displayed 

in green, a JNK reporter is represented in cyan, the P-p38 is labelled in purple and the mRNA of 

upd is shown in red. On the back cover, a wing imaginal disc shape fill in with the most 

commonly-used words in the discussion of this thesis. The larger the word, the higher word 

frequency. 

 

 

Portada y contraportada 

En la portada hay varios discos imaginales de ala cortados, en los cuales las Especies Reactivas 

de Oxígeno (ROS) se muestran en verde, la activación de un reportero de la vía de la JNK en 

cian, la fosforilación de la proteína p38 en morado y el ARN mensajero de upd en rojo. En la 

contraportada, la forma de un disco imaginal de ala está rellena con las palabras más usadas 

en la discusión de esta tesis. Cuanto más grande aparece la palabra, más veces se ha repetido. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

I was taught that the way of progress  

was neither swift nor easy. 
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ABSTRACT 

Countless environmental aggressors could damage the integrity of tissues and organs. In 

humans, the limited regenerative ability prevents often the recovery of injured tissues, but this 

is not the case of the fruit fly Drosophila melanogaster. 

Drosophila imaginal discs are larval tissues that can regenerate after fragmentation or massive 

cell death. That is the reason why in our laboratory, we focused towards the understanding of 

the genetic basis of imaginal disc repair.  

We concentrated on the initiation of regeneration, and we found that one of the earliest 

responses to damage consist in the production of Reactive Oxygen Species (ROS), which 

propagate from the dying to the nearby living cells, which will drive tissue repair. We revealed 

that the burst of ROS is essential, because the reduction of those molecules impairs repair. 

Within the cells, the protein Ask1 (Apoptotic signal-regulating kinase 1) sense ROS and 

activates both Jun kinase (JNK) and p38 signalling pathways, which are critical for regenerative 

growth. Although Ask1 was previously associated to apoptosis, we unravelled a novel function 

related to survival and proliferation. Ask1 inhibition reduces life span after oxidative stress, as 

well as regenerative ability after cell death. To assume this function, Insulin signalling must 

attenuate Ask1 activity in living cells. Simultaneously with Ask1, the TNF/Egr signalling acts 

upstream of JNK after damage, indicating an accurate control of this pathway to promote 

repair. Finally, we described that both JNK and p38 pathways are necessaries for the 

transcriptional activation of the cytokines Unpaired, which will promote JAK/STAT signalling to 

drive regenerative growth and recover the missing tissue.  

Altogether, we demonstrated a new stress-responsive module composed by many signalling 

pathways conserved through evolution. Hopefully, in the near future, those findings will help 

scientists to improve wound healing and regeneration in human tissues and organs. 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

RESUMEN 

Los humanos no somos capaces de superar muchas adversidades que pueden dañar nuestra 

integridad celular, ya que nuestra capacidad regenerativa es realmente limitada. Sin embargo, 

en el reino animal hay una gran variedad de organismos que sí son capaces de regenerar 

estructuras completas, y este es el caso de la mosca de la fruta Drosophila melanogaster.  

Los discos imaginales de Drosophila pueden dar lugar a estructuras adultas perfectas, aunque 

hayan sido fragmentados o sometidos a una gran muerte celular. Es por eso, que en nuestro 

laboratorio nos hemos focalizado en entender las increíbles habilidades regenerativas de este 

tejido epitelial, y así poder mejorar en un futuro la respuesta humana en el mismo proceso. 

En concreto, decidimos estudiar el inicio del proceso regenerativo, y descubrimos que, al 

menos, una de las primeras respuestas del tejido dañado es producir una gran cantidad de 

Especies Reactivas de Oxígeno (ROS), que se propagan desde las células que están muriendo 

hacia el tejido vivo, responsable de regenerar. Comprobamos que esta explosión de ROS es 

necesaria para la reparación tisular, ya que su ausencia impide la recuperación total después 

del daño. Vimos que esto se debía a que las ROS son capaces de activar dos vías de 

señalización esenciales para el crecimiento regenerativo, que son la vía de la Jun kinasa (JNK) y 

la vía de la p38. Esto es gracias a la proteína Ask1 (kinasa que regula la respuesta apoptótica 

1), que detecta oxidación tisular y activa ambas. Aunque Ask1 fue descrita previamente como 

una proteína asociada a muerte celular, nosotros descubrimos una nueva función relacionada 

con supervivencia, ya que la ausencia de Ask1 provoca una menor esperanza de vida en 

moscas adultas tratadas con agentes oxidativos, así como una menor capacidad regenerativa 

de los discos imaginales. Para llevar a cabo esta función, es necesario que la vía de la Insulina 

atenúe la activación de Ask1 en el tejido vivo. Además de Ask1, comprobamos que la vía de la 

JNK necesita del factor de necrosis tumoral TNF/Eiger para ser activada, lo que revela un 

control exhaustivo de esta vía durante la regeneración. Para finalizar, describimos que tanto la 

vía de la JNK como de la p38 son necesarias para la activación transcripcional de las citoquinas 

Unpaired, que activan la vía de JAK/STAT y estimulan el crecimiento regenerativo para 

recomponer el tejido dañado. 
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Human beings have started to conquer the world since they discovered the fire in the Early 

Stone Age over 2 million years ago. Fire allowed the expansion of human activity and provided 

a source of light, warmth and protection. These cultural advancements enabled for human 

geographic dispersal, cultural innovations, and changes in diet and behaviour. In response to 

consuming cooked foods, all our organs adapted to that new situation, particularly teeth, 

which were reduced in size, and all the digestive system. 

Besides the brain, other organs in the human body started to demand an important level 

of metabolism and therefore the body mass portion of different organs changed throughout 

the process of evolution as a means for brain expansion. All those changes created what we 

currently are. But let there be no mistake, we are not perfect machines. Although our design is 

so accurately regulated, environmental changes could trigger from small failures to the death.  

To maintain its integrity, animals have developed a series of strategies to replace and 

regenerate cells eliminated by the continuous cell renewal in physiological processes, as well 

as after partial or complete loss of tissues and organs caused by damage and injuries. Whereas 

certain species have an extraordinary ability to replace the missing tissues, humans cannot 

grow back their own arms and legs. 

How these processes occur in different organisms, what are the necessary signals required for 

tissue repair and how to improve regenerative abilities in human tissues is detailed in the 

following introduction. 

 

    

[…] Zeus was infuriated and decided to hide fire 

from mortals as punishment. Prometheus, to help 

humanity again, managed to steal fire back and 

give it to humans. Zeus punished Prometheus by 

having him chained to a rock, where an eagle ate 

his liver during the day, and the liver was 

regenerated during the night due to Prometheus' 

immortality […] 

Greek Mythology 
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Regeneration 

The phenomenon of regeneration consists in the replacement of damaged or lost tissues and 

organs to restore homeostasis. The ability to regenerate complex structures exists in some 

lower vertebrates and invertebrates and, to a limited extent, in the mammal foetus (Brockes et 

al. 2001).  The early-gestation foetus can heal wounds by regenerating normal epidermis and 

dermis with restoration of the extracellular matrix (ECM) architecture, strength and function, 

rapidly and scarlessly (Ferguson et al. 1996). This phenomenon appears to be intrinsic 

to foetal skin and independent of the intrauterine environment. In contrast, as intrauterine 

development progresses, this ability is progressively missing. Indeed, adult wounds heal with 

fibrosis and scar (reviewed in Bullard et al. 2003). Adult mammals possess only a modest 

capacity for regeneration, exemplified by the renewal of tissues such as the haematopoietic 

system, epidermis and intestinal mucosa (Table 1). All these tissues contain stem cells that are 

capable of self-renewal and can give rise to differentiated adult cells of multiple lineages. Once 

activated, resident stem cells acted through the production of progenitor cells (Moore & 

Lemischka 2006), fusion with differentiated adult cells (Ishikawa et al. 2006) and induction of 

nuclear reprogramming in fated cells (Pomerantz & Blau 2004). Although stem cells could 

contribute after injuries, regenerative ability is limited in adult mammals. Examples of complex 

tissue regeneration are less common, but can be seen in the seasonal regrowth of deer antlers 

(Price et al. 2005), ear tissue in rabbits (Williams-Boyce & Daniel 1986) and distal fingertip 

regeneration in juvenile mammals (Han et al. 2005).  

We are particularly interested on epithelial tissues, because they are the main barriers which 

protect us from every kind of insult. One example is the skin, that covers the body externally 

and gives us the perception of information from the environment, the control of body 

temperature and the secretion of substances. Besides, epithelial tissues shield the internal 

surfaces of hollow organs, such as the organs of the digestive tract, the airway, the renal 

tubules, the bladder, the ureters, the urethra, the blood vessels and the glands and serous 

membranes. Accordingly, epithelial tissues can be used as a layer for protection against the 

environment.  

Epithelial cells are compactly positioned side-by-side with the help of structures specialized in 

cell adhesion, thus are characterized by the absence or the almost absence of space between 

cells. This property is related to the fact that these tissues are generally exposed to an exterior 

environment and, thus, need more resistance against the entrance of foreign materials into 

the body. Since epithelium is not vascularized (It exchanges substances by diffusion with the 

connective tissue located under it), the tiny skin injuries or scratches that happen all the time 

do not cause bleeding and do not expose the blood to contamination from foreign agents. This 

is an important protective strategy of evolution. 

The repair of wounds in mammals is a complex biological process that occurs throughout 

the entire life. Upon damage, numerous biological pathways become activated and are 

synchronized to answer. Wound healing is a dynamic process which corresponds to the full or 

partial functional restoration of the tissue, that is often replaced by fibrotic scarring.  
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Table 1. Overview of organ regeneration in mammals. In the left column are summarized the organs and in the 
right one the regenerative skills of each one. 

ORGAN REGENERATIVE CAPACITY 

Thymus 
Only in young animals. It loses its structure, function and regenerative capacity with age, resulting in 
atrophy (Cannizzo et al. 2010). 

Adrenal 
gland 

The cortex regenerates, but not the medulla. This is achieved by the dedifferentiation, proliferation, 
and re-differentiation of the remaining cells in the cortex and/or from the stem cells present in the 
zone glumerolosa (Taki & Nickerson 1985; Engeland et al. 1996; Mitani et al. 2003). 

Thyroid 
gland 

Limited regeneration because the contribution of stem cells, embryonic stem cells (ESC) and bone 
marrow-derived mesenchymal stem cells (BMMSC) (Thomas et al. 2006; Hoshi et al. 2007; Lan et al. 
2007). 

Intestine 
A high turnover rate, which aids in the organ’s regenerative capability following injury. Stem cells 
can rapidly proliferate and differentiate into all the cell types of the intestine wall (epithelial cells 
and myofibroblasts, Podolsky 1999). 

Lungs 
Limited regeneration achieved by the presence of Progenitor cells in specific sites in the lungs (Evans 
et al. 1976). 

Heart 

Mammalian hearts respond to injury by scarring, whereby the damaged cardiac muscle is replaced 
by fibrotic scar tissue (Mummery & Passier 2011). Cardiomyocytes (CMs) rapidly proliferate during 
foetal life, as well as in one-day-old neonatal mice (Porrello et al. 2011). Only limited to very slow 
CMs replacement has been reported in human hearts after birth (Macmahon 1937; Beltrami et al. 
2001). 

Liver 

The liver can regenerate even when 70% of the organ has been removed. In rodents, following 
hepatectomy, the liver is regenerated by compensatory growth of the remaining liver tissue. 
Progenitor cells are present in the liver (Farber, 1956) and in the Canals of Hering (Theise et al. 1999; 
Zhang et al. 2008) and they can contribute to the regeneration if the proliferation of the 
hepatocytes is blocked. 

Blood 
vessels 

To maintain a balance in blood delivery, endothelial cells respond to certain signals (VEGF, oxygen, 
low blood flow) by creating more blood vessels or by decreasing the branching in already existing 
blood vessels (Potente et al. 2011). The vascular endothelium can be repaired by endothelial cells 
that migrate to the injured area. Platelets, hematopoietic cells and progenitor cells play a role in 
blood vessel repair (Becher et al. 2010). 

Germ 
cells 

Only in males, high self-renewal capability of spermatogonia thanks to pluripotent stem cell-like. In 
females, oogenesis is completed upon birth, so that the starting number of oocytes cannot be 
increased throughout life. 

Nervous 
system 

Injuries in the axons of the Central Nervous System (CNS) are followed by inflammation and glial 
scar formation, both of which inhibit the regenerative response. But neurogenesis is possible in 
several regions of the CNS, such as hypothalamus, neocortex, cerebellum, striatum, amygdala, and 
substantia nigra (reviewed in Gould 2007; Martino et al. 2011), thanks to Neural stem cells (NSCs) 
residing in the CNS. 

Kidney -
bladder 

Following injury, mammalian kidneys restore filtrate flow and repair the tubular epithelium by the 
action of renal residual epithelial cells, progenitor cells, and/or extra-renal cells (Sabbahy & Vaidya 
2011). But the capability to regenerate is reduced, as well as in the bladder. 

Skin 

Following skin injury, platelets, blood cells, and other matrices form a clot. Macrophages, 
neutrophils, T-cells and platelets populate the area, and finally, re-epithelialization occurs. 
Endothelial cell, fibroblasts, BMDSCs, MSCs and myofibroblasts participate in skin repair (Delavary et 
al. 2011; Chesney & Bucala 2000). Complete regeneration is not achieved at the end of the process, 
and often scarring substitutes the previous tissue. 

Lens - 
retina 

Mammalian lens and retina cannot regenerate. 

Hair 
follicles 

Cells in the dermal sheath have been shown to regenerate the dermal papilla (Horne & Jahoda 
1992). Hair follicles can also be regenerated from extra hair follicle epithelial progenitor cells (Taylor 
et al. 2000). 

Pancreas 
Pancreatic acinar cells can regenerate (Jensen et al. 2005; Desai et al. 2007). In contrast, islets have 
limited regeneration ability following injury or other conditions that promote diabetes. 

Bone - 
cartilage 

Throughout adult life, bone possesses the intrinsic ability to regenerate during skeletal development 
and to promote normal fracture healing (Einhorn 1998; Ferguson et al. 1999; Dimitriou et al. 2011). 
Natural bone remodelling involves osteoblasts and osteoclasts, both of which are responsible for 
maintaining a dynamic equilibrium between bone formation and bone resorption (Dalle Carbonare 
et al. 2012). However, many diseases due to the loss of large bone quantities compromise the 
regenerative process. 
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It can be divided into three phases, inflammation, proliferation and remodelling (Figure 1). 

These steps are not linear and wounds can often progress both forwards and back through the 

phases depending upon intrinsic and extrinsic forces at work within the patient (Leaper & 

Harding 1998; Kumar & Babu 2014; Harding et al. 2002). 

Some evidences pointed to that scarring, with often occurs at the end of healing in mammals, 

impedes regeneration. However, amazingly, a certain immunological defective mutant mouse 

regenerated the hole in the ears after injury. This mutant mouse shows the defects of scar 

formation, suggesting that scarring may interfere with regeneration by blocking initiation 

signals for regeneration (Heber-Katz & Gourevitch 2009). A scar is the price we pay for 

evolutionary survival after wounding. Wound healing has been optimized for speed of healing 

under dirty conditions, where an extremely quick inflammatory response to overlapping 

cytokines and inflammatory cascades prevent infection and future wound breakdown (Bayat 

et al. 2003).  

Currently, the main goals of Regenerative medicine are identifying the molecular and cellular 

signals that guide regeneration in regeneration-competent organisms, as well as those that 

prevent it in regeneration-incompetent organisms, including humans, to understand the 

biology for diagnosis, prevention and treatment of human damaged organs and tissues as soon 

as possible. Today we have the tools for the understanding of regeneration. 

 

 

 

 

 

Figure 1. The phases of wound healing in mammals. 1. The inflammatory phase is the body’s natural response 
to injury. After initial wounding, the blood vessels in the wound bed contract and platelet aggregation lead to 
the formation of the fibrin-rich clot. Once haemostasis has been achieved to stop the bleeding, blood vessels 
then dilate to allow neutrophils, macrophages, white blood cells, growth factors, enzymes and nutrients to 
reach the wounded area. Bleeding and inflammation, prevent infections and accelerate wound healing. 2. 
During proliferation, the wound is rebuilt with new granulation tissue, which is comprised of collagen 
and extracellular matrix. A new network of blood vessels develop (angiogenesis). Healthy granulation tissue is 
dependent upon the fibroblast receiving enough levels of oxygen and nutrients supplied by the blood vessels. 
3.. The Remodelling is the final phase and occurs once the wound has closed. Epithelial cells finally resurface 
the wound. This phase involves remodelling of collagen from type III to type I. As collagen accumulates in the 
granulation tissue to produce scars, the density of blood vessels diminishes  (Tonnesen et al. 2000). 
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How to regenerate? 

Although a few examples of regeneration were discussed by Aristotle and Pliny, it was 

Abraham Trembley in the 18th century who did remarkable observations about regeneration of 

the freshwater polyp Hydra. He wanted to find animals that could be cut into pieces and 

regenerate a whole new organism. Some years later, René-Antoine Ferchault de Réaumur, 

found equivalent results in Hydra as well as in crustaceans, freshwater and terrestrial worms. 

Then, Charles Bonnet, decided to fragment annelids besides polyps. Afterwards, Lazzaro 

Spallanzani, discovered the regenerative potential of tadpoles, salamanders, snails, slugs and 

lizards. Together with Trembley, Réaumur and Bonnet, they established the mainstays of 

regenerative biology. Thomas Hunt Morgan studied the capacity of regeneration of 

crustaceans, worms, amphibians and fishes among others, and theorized about how growth 

and proliferation are controlled during regeneration (Morgan 1901). 

Since then, regenerative biology has fascinated many hundred scientists in the 20th century. 

Today, we are aware that regeneration is widespread through the animal kingdom, with 

representatives from most animal phyla. The regenerative capacity of organisms varies 

according to the species, developmental stage and tissue involved (Brockes et al. 2001; 

Sánchez Alvarado 2000). It is an outstanding feature that closely related species show 

differences in regenerative capacity (Brockes et al. 2001). Thus, the understanding of how 

regeneration occurs in regeneration-competent species can be of interest in biomedical 

research. Many animals are being used as model systems in laboratories worldwide. The most 

commonly utilized as well for their regenerative skills are summarized in table 2.  

Regeneration phenomena across the animal kingdom can occur at multiple levels of biological 

organization. This includes variation in the number of cell types to be made, ranging from 

restoring a single cell type, a tissue, an organ, a structure to the whole body (Bely & Nyberg 

2010). The molecular mechanisms underlying tissue repair are conserved across phyla. For 

example, local responses in the wound are known to be critical for the initiation of 

regeneration. Wound healing (Gurtner et al. 2008), bioelectric signalling (Levin 2009), 

remodelling of the ECM (Quiñones et al. 2002; Yokoyama 2008), immune response (Katsuyama 

et al. 2015; Kimura et al. 2003; Ramírez-Gómez et al. 2008) and interactions between the 

wound epidermis and the underlying tissue are essential for regenerative growth.  

In all instances, replacing an injured structure requires the production of new cells. Therefore, 

one of the main functions of early signalling events after the injury is to stimulate the 

production of additional cells to re-build lost structures. The new cells can be generated in a 

wide variety of strategies, depending on the tissues and the species. This includes the 

proliferation of stem cells, division of differentiated cells, dedifferentiation and/or 

transdifferentiation of mature cells to a stem cell–like precursor or another cell type (Figure 2; 

reviewed in King & Newmark 2012; Tanaka & Reddien 2011). Multiple of these candidate 

sources of new cells could act in concert to allow regeneration of a complex tissue. 
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Table 2. Main model organisms used in the laboratories to study regeneration. In the left column are 
summarized the model organisms and in the right the regenerative skills of each one.  

Regeneration stem cell-dependent has been extensively described in Hydra and planarians. 

Hydra can regenerate whole individuals from small fragments, and this is because the 

existence of three distinct stem cell populations: ectodermal, interstitial, and endodermal 

stem cells (Galliot et al. 2006). Also, planarians display an extraordinary regenerative capacity, 

although they possess a unique well-characterized stem cell type, the neoblasts (Baguñà et al. 

1989). In vertebrates, the source of stem cells and progenitors varies between tissues and 

organs. For example, in mammals, after mechanical injury, epidermal stem cells migrate 

toward the epithelium (Fuchs et al. 2004; Christiano 2004). In addition, cells deriving from 

different tissues may respond to different signals (Nacu & Tanaka 2011) and show lineage 

restriction not only in their tissue fates, but also on the positional identity they can adopt 

(Kragl et al. 2009). This lineage restriction has also been observed during fin regeneration in 

zebrafish (Tu & Johnson 2011).  

 

MODEL 

ORGANISM 
REGENERATIVE CAPACITY 

Hydra 

Small fragments of Hydra tissue can regenerate a complete organism; even dissociated single cells 
can reaggregate, re-establish polarity, and form a new animal (Noda 1971; Gierer et al. 1972). 
Stem cells and transdifferentiatiated cells, both contribute to the regenerative abilities of Hydra 

(Galliot et al. 2006).  

C. elegans C. elegans flatworms regenerate their axons (Ghosh-Roy & Chisholm 2010). 

Drosophila 
Larval Imaginal discs regenerate and embryonic epidermal wounds (Bryant 1975a; Strub 1979; 
Martin & Parkhurst 2004) Ovaries, testes and midgut are used to study homeostatic regeneration 
(reviewed in (Belacortu & Paricio 2011). 

Planarian 
Planarians are capable of re-growing new heads, tails, sides or even entire organisms from tiny 
body fragments (Morgan 1898). They owe their regenerative abilities to neoblasts, a population of 
mesenchymal stem cells (Baguñà et al. 1989).  

Starfish 
They can regenerate amputated arms (Achituv & Sher 1991; Alves et al. 2002; Rubilar et al. 2005; 
Shibata et al. 2010). 

Zebrafish 

Zebrafish can fully regenerate its heart after amputation of up to 20% of the ventricle. 
Cardiomyocytes dedifferentiate and proliferate after injury without scar formation and regenerate 
electrically coupled cardiac muscle (Kikuchi et al. 2010; Jopling et al. 2010). They also regrow 
amputated fins, jaw, hair cells, brain, retina, spinal cord, pancreas, liver and kidney (reviewed in 
Gemberling et al. 2013). 

Axolotl 

Axolotls are capable of complete and faithful regeneration of missing body parts through life 
(Carlson 2007), because they do not complete metamorphosis and their cells retain embryonic-like 
characteristics (Galliot & Ghila 2010). They can regenerate lens, spinal cord, appendage limbs, tail, 
ovaries and brain (reviewed in McCusker et al. 2015). 

Salamander 
and newt 

Salamanders and newts can regenerate limbs, tail, jaws (Maden 2008; Kurosaka et al. 2008), a part 
of their heart, spinal cord, eyes and brain (Reyer 1954; Oberpriller & Oberpriller 1974; Mitashov 
1996; Okamoto et al. 2007). 

Xenopus 

Tadpole tail and limb buds can regenerate, but after metamorphosis lose this ability (Dent 1962; 
Muneoka et al. 1986). the epithelium of the gut regenerates during metamorphosis (Shi & 

Ishizuya-Oka 1996). In some frogs lens regeneration is observed from the cornea (Freeman 
1963). 

Chick 
Chick embryos can regenerate its retina (Belecky-Adams et al. 2008) and its spinal cord well up to 
a certain stage. Glia do not scar (Whalley et al. 2006). 

Mouse 

See table 1 for mammal regenerative capacities. Mammal foetus experiment scar-free healing 

(Brockes et al. 2001). Neonatal and adult mice can only regenerate the distal part of the finger 
when amputated from the first joint (Borgens 1982; Muneoka et al. 2008). Following 70% 
hepatectomy the liver regenerates (Farber 1956). 
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The new cells can also be generated by the division of differentiated cells close to the wound. 

After partial hepatectomy or mild injuries, restoration of liver mass is accomplished through 

the proliferation of remaining hepatocytes (Riehle et al. 2011). In axolotl and Xenopus multiple 

cell types contribute to the regeneration of the missing tissues (Slack et al. 2004; Kragl et al. 

2009). Nevertheless, in newts and axolotls, dedifferentiation also contributes during 

appendage regeneration. Near the site of amputation, skeletal and cardiac muscle cells can 

dedifferentiate and become proliferative during regeneration (Lo et al. 1993; Echeverri et al. 

2001; Kumar et al. 2004; Laube et al. 2006). Similarly, studies in zebrafish established that 

cardiomyocytes and mature osteoblast cells do dedifferentiate and proliferate to produce 

heart muscle cells and new bone, respectively, during heart and fin regeneration (Jopling et al. 

2010; Kikuchi et al. 2010; Knopf et al. 2011). Transdifferentiation has been reported in lens 

regeneration in newts. Cells from the dorsal iris dedifferentiate, re-enter into the cell cycle and 

differentiate to produce new lens cells (Henry & Tsonis 2010). In Drosophila imaginal discs, 

cells respecificate their fate to replace lost tissue (Repiso et al. 2013). 

Traditionally, there were described two major ways by which regeneration can arise, according 

to the presence or the absence of a blastema formed upon wound healing. The first type was 

called epimorphosis, and involves the dedifferentiation of adult structures to form the 

blastema, which is a mass of morphologically undifferentiated and pluripotent cells that then 

conduct the regeneration of lost structures by proliferation.  

 

 

 

Figure 3. Classical classification of mechanisms of 

regeneration. A representative example of 
epimorphosis is the limb regeneration in amphibians; 
It consists on blastema formation upon wound 
healing. This undifferentiated mass of cells 
proliferates and differentiate to re-build missing 
tissue. Hydra regeneration is considered as 
morphallaxis. In this organism, there is no blastema 
formation, and regeneration occurs from the 
rearrangement of pre-existing cells. 

Figure 2. Different cell types could contribute to replace 

damaged tissue. After injury, many cells could re-build 
the missing part. Stem cells can proliferate (%) and 
differentiate (DIF). These differentiated cells divide as 
well. Cells also dedifferentiate (DEDIF) and 
transdifferentiate (TD) to other cell types.  
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Epimorphic regeneration has also been seen in a wide range of situations such as heart and fin 

regeneration in zebrafish (Johnson & Weston 1995; Poss et al. 2002), regeneration of digit tips 

in mammals (Muller et al. 1999), as well as appendage regeneration in hemimetabolous 

insects (French et al. 1976). The second mechanism was named morphallaxis, where 

regeneration occurs through the remodelling of pre-existing tissue, and there is little new 

growth (Figure 3). This classification, however, cannot reflect a mechanistic view of 

regeneration and suggest that this process in diverse animals may be controlled by different 

principles (Agata et al. 2007).  

The intercalation model came up based on the work of grafting experiments of limbs in 

urodeles and cockroaches (Iten & Bryant 1975; French et al. 1976). It is because the 

regeneration of an appendage according to the positional information of the amputation level 

is well evidenced by intercalation. During amphibian limb regeneration as well as in the leg of 

cockroaches, the distal part is first formed and then the intermediate region to fill up the gaps 

of the missing positional values between the distal and proximal parts. Drosophila imaginal 

discs also regenerate by intercalation. When two opposite peripheral pieces of imaginal tissue 

are cultured together, they reconstruct the missing central part (Haynie & Bryant 1976). After 

genetically induced cell death intercalary regeneration occurs in the same way (Repiso et al. 

2013). That rearrangement of positional information by intercalary events may occur both in 

morphallactic and epimorphic regeneration, and is evolutionarily conserved from insects to 

urodeles (Iten & Bryant 1975; Nye et al. 2003). 

Given the wide spreading of the regenerative abilities throughout the animal kingdom, it has 

been hypothesized that some regenerative mechanisms have been conserved throughout 

evolution (Sánchez Alvarado & Tsonis 2006; Brockes & Kumar 2008; Bely & Nyberg 2010; Poss 

2010). Thus, from this point of view, the lack of regenerative skills reflects evolutionary loss. 

Nevertheless, there are examples of molecules which have apparently evolved within a specific 

evolutionary lineage, the urodele amphibians (Garza-Garcia et al. 2010). Consequently, it will 

also be important to consider the roles of such taxon-specific genes in regeneration in diverse 

organisms and not only focus on canonical signalling pathways. 

To understand the regenerative responses to injury and to develop therapeutic approaches, it 

will be crucial to appreciate how injured tissues initiate the regeneration program by triggering 

an immune response, changes in cell plasticity as well as specific cellular responses. To this 

date, many signalling pathways and factors are known to work in tissue regeneration, but 

often this information is unconnected. This can be assessed with genetic analysis, and 

particularly with Drosophila genetics. The use of sensitized genetic backgrounds, large-scale 

screenings, high-throughput techniques and the conditional activation or repression of 

transgenes will allow us to unravel the genetic interactions underlying cellular behaviour and 

morphogenesis, and will give us an integrative view of regeneration. For this reason, we have 

used Drosophila melanogaster to study regeneration in this thesis. 
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Drosophila imaginal discs 

Drosophila has emerged as a valuable model for studying wound healing and regeneration 

because the genetic networks involved in epithelial movements occurring during embryonic 

dorsal closure, imaginal disc regeneration and embryonic repair are closely related to 

vertebrates (Martin & Parkhurst 2004). In this work, we used Drosophila imaginal discs to 

study epithelial regeneration, mainly due to their accessibility and the development of 

ingenious methods to manipulate the genetic content of cell populations within the discs. Its 

short generation times, a considerable number of progeny, easy-to-handle, suitability for 

genetic manipulations and well-described developmental biology (Figure 4) have converted 

the fruit fly in an awesome model organism to answer countless biological questions raised 

during more than two centuries. 

 

The fruit fly is a simpler organism compared to vertebrates, with low genetic redundancy and 

simplify forms of the main signalling pathways, which have allowed scientists to identify the 

core functional elements and their function in an easier way. Indeed, the Drosophila genome 

was sequenced in 2000 (Adams et al. 2000), and it was found that about 75% of human 

disease-related genes have a recognisable orthologue in this organism (Reiter et al. 2001). That 

is why Drosophila is really useful in biomedical research being a model for human metabolic 

genetic disorders and making possible to test a wide variety of drugs in a simplified system 

(Padmanabha & Baker 2014; Wangler et al. 2015; Yamamoto et al. 2014; Zirin & Perrimon 

2010).  

Imaginal discs are well-characterized epithelial sacs determined in early embryogenesis 

capable of regenerating when parts are removed, as in the case of the appendages of 

amphibians and immature arthropods. After an injury or cell death, wound healing is followed 

by regeneration, whereas in mammals is accompanied by scar formation. There are nineteen 

imaginal discs in the larva, with nine bilateral pairs, that will form the head, thorax and 

appendages, and a genital medial disc (Figure 5; Held 2005). Imaginal discs grow and 

proliferate throughout larval stages and they differentiate and fuse during metamorphosis to 

form adult structures. In this thesis, we concentrated our experiments in the wing imaginal 

disc, which will give rise to the adult wing. 

Figure 4. The life cycle of Drosophila 

melanogaster. The cycle starts with a 24-hour 

embryogenesis, where the polarity of the 

embryo and imaginal discs is determined. It is 

followed by four days of larval development (L1, 

L2 and L3), where most growth takes place, 

particularly in the imaginal tissues. After that, 

the pupal stage takes five days, when 

metamorphosis occurs and the imaginal tissues 

differentiate and give rise to the adult structures. 

At the end of the pupal stage, the adults emerge 

and complete the cycle. The length from the 

embryo to the adult stage ranges about ten days 

at 25°C. 
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Wing development starts from clusters of few epidermal cells that invaginate and develop into 

the imaginal tissues (Figure 6; Bate & Arias 1991; Cohen et al. 1993). Embryonic wing 

primordia originate from a cluster of cells of 20-70 cells from polyclonal origin (Mandaravally 

Madhavan & Schneiderman 1977) that isolate by invagination from the parasegments 4 and 5 

of the embryonic ectoderm, which contribute to the second thoracic segment (T2) (Cohen et 

al. 1993).  

Each wing imaginal disc gives rise to both a wing and the surrounding notum (body wall) 

(Figure 7 B). Throughout development, cells gradually become committed to different cell 

populations that will give rise to specific adult structures (Figure 7 A). The wing primordia 

starts to proliferate by the end of the first instar (Mandaravally Madhavan & Schneiderman 

1977). After that, it divides exponentially up during second and third instar stages (Cohen et al. 

1993). Prior to pupariation, each disc contains about 50.000 cells (Garcia-Bellido & Merriam 

1971). The division rate is constant (about 8 h 30 min per each cell cycle) (Garcia-Bellido & 

Merriam 1971), although quick and slow dividing cells are detected (Milán et al. 1996). 

Apoptosis is scarce in the columnar epithelium, from which the proper wing will emerge of the 

wing of larval and pupal stages (Milán et al. 1997). Therefore, the final size and shape is 

controlled by proliferation, which depends both on the growth rate and the duration of growth 

during the feeding period. Both parameters are influenced by genetics and fitness variables, 

such as diet, mate selection, predation, temperature, crowding, tissue damage and infections 

(Bryant & Simpson 1984; Edgar 2006). 

Figure 6. Embryonic origin of 

imaginal discs. Origin of the wing 

(yellow), haltere (sepia) and leg 

(brown) primordia in the embryo. 

Note that wing and haltere imaginal 

discs arise from the second and third 

thoracic segment (T2 and T3, 

respectively), and are located dorsally 

to the three ventral leg primordia. A 

(anterior), P (posterior), D (dorsal) and 

V (ventral) are the axis of the embryo. 

Figure 5. Drosophila imaginal 

discs and their derivatives in the 

adult. Imaginal discs in the 

mature larva (bottom) and the 

derived adult appendix (top). The 

head capsule, eyes and antennae 

derive from the eye-antennae 

imaginal discs (red) while the 

thorax and wings originate from 

the wing imaginal discs (yellow). 

The epidermis of the adult 

abdomen derives from the 

imaginal tissues called histoblast 

nests, which proliferate during 

metamorphosis (green).  



25 
 

At the end of the larval period most wing imaginal discs’ cells stop at G2, and there are two 

more divisions in the first 24 hours of the pupal stage. Subsequently, cells are progressively 

arrested at G0 phase, when they differentiate (Milán et al. 1996). Mature discs undergo a 

major morphogenetic event during metamorphosis, as they evert in a process triggered by the 

ecdysone hormonal cascade (Fristrom and Fristrom 1993; Poodry 1980). The dynamics of such 

morphogenetic movements have been described and include a 90° folding of the disc followed 

by a rapprochement with the pupal epidermis and finally the disintegration of the peripodial 

membrane by apoptosis (Aldaz et al. 2010). 

Proliferation of the wing disc is intercalary, because the progeny of ancestor cells becomes 

gradually separated, and exponential, since clones related in size can grow in any position 

throughout the whole disc (Resino et al. 2002). The elongation takes place through the 

proximal-distal (PD) axis in the wing blade, whereas in the notum appear more isodiametric, 

which is controlled by mitotic spindle orientation (Garcia-Bellido & Merriam 1971; Baena-

López et al. 2005). 

Figure 7. Specification of wing imaginal disc through development. (A) The AP axis is defined in early 

embryogenesis thanks to the expression of of the selector gene engrailed (en) and its partner invected (inv) in 

posterior cells (Garcia-Bellido & Santamaria 1972; Kornberg 1981; Kornberg et al. 1985; Simmonds et al. 1995; 

Morata & Lawrence 1975; Tabata et al. 1995; Lawrence & Morata 1976). The DV axis is defined in early L2 when 

dorsal cells express apterous (ap), (Cohen et al. 1992; Milán & Cohen 1999; Williams et al. 1993; Diaz-Benjumea 

& Cohen 1993), and the PD axis in mid-late L2 when future wing cells express nubbin (nub) and vestigial (vg) and 

downregulate homothorax (hth) and teashirt (tsh), limiting their expression to the hinge and notum (body wall) 

(Cifuentes & García-Bellido 1997; Williams et al. 1993; Azpiazu & Morata 2000; Wu & Cohen 2002; Casares & 

Mann 2000). Prospective notum cells upregulate genes of the Iroquis complex (Iro-C genes: araucan (ara), 

caupolican (cap) and mirror (mirr) (Diez del Corral et al. 1999). Later, during L3 lateral notum cells upregulate 

pannier (pnr) and downregulate Iro-C genes, distinguishing the medial from the lateral notum (Calleja et al. 

2000). Finally, in late L3 prospective veins activate rhomboid (rho) and downregulating Serum Responding 

Factor/Blistered (dsrf/Bs) distinguishing presumptive vein and intervein territories (Sturtevant et al. 1993; 

Fristrom et al. 1994; Montagne et al. 1996; Roch et al. 1998; Martín-Blanco et al. 1999; Baonza et al. 2000). (B) 

In the adult, the notum (yellow), the hinges (grey) and the proper wing (purple) derive from the wing imaginal 

discs. 
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The wing primordium present three-major axis, antero-posterior (AP), dorso-ventral (DV) and 

proximo-distal (PD), where signalling centres along the DV and AP axis organize growth and 

patterning of both the wing blade and the body wall (Figure 7 A).  

There are two main ways by which cells determine their fate, compartment- and non-

compartment based mechanisms. The compartment-based mechanism (as in AP or DV 

boundaries) is set up through the establishment of compartment lineage restrictions, defined 

by the selector genes (Garcia-Bellido & Santamaria 1972). A selector gene acts as a lineage 

restriction barrier, because it is expressed in a specific population of cells that cannot mix with 

other from different compartments (Garcia-Bellido et al. 1973).  

The progressive subdivision of the disc in different populations of cells causes the expression 

of different signals in the boundaries, which act as morphogens to pattern the tissue and 

confer identity and affinity properties on each compartment (Meinhardt 1983). Compartments 

are considered autonomous units of growth control, because the growth of one compartment 

is independent to the adjacent one. Interaction between cells in adjacent 

compartments establishes the organizers or signalling centres at the interface of the 

boundaries by the secretion of the morphogens Dpp and Wg to control growth and pattering 

along the different axes of growth (Figure 8; Lawrence 2001). Hedgehog (Hh), which is 

transcriptionally activated by Engrailed (En), binds to the receptor Patch (Ptc) and releases 

Smoothened (Smo), which results in the liberation of Ci transcriptional activation form (Alcedo 

et al. 1996; van den Heuvel & Ingham 1996; Ohlmeyer & Kalderon 1998) and induces the 

expression of anterior genes in a concentration dependent fashion. Among others, it promotes 

the expression of the morphogen Dpp at the AP boundary (Figure 8; Zecca et al. 1995). The 

Dpp gradient could lead to th activation of distinct targets depending on the distance from the 

source (the AP boundary), as spalt major (salm), optomotor blind (omb), and brinker (brk) 

(Affolter & Basler 2007; Campbell & Tomlinson 1999; Nellen et al. 1996). In late wind disc 

development, The Dpp gradient is responsible for the positioning of vein L2 and L5. 

On the other hand, Apterous, besides specifying the dorsal identity (Diaz-Benjumea & Cohen 

1993) induces the expression of Wg at the DV boundary through Notch (N) and Serrate (Ser) 

(Figure 8; Diaz-Benjumea & Cohen 1993; Diaz-Benjumea & Cohen 1995). In addition to Wg, 

Notch induces vestigial (vg) in the DV boundary. Wg acts as a morphogen as it spreads from its 

source and forms a gradient along the DV axis, acting at long range up-regulating specific 

genes at different concentrations (Strigini & Cohen 2000).  

Additional mechanisms are implicated in the maintenance of gradients formed by 

morphogens, such as protein repressors, vesicles for secretion, extracellular matrix 

modifications  and cytonemes, among others (Hsiung et al. 2005; Torroja et al. 2005; Strigini & 

Cohen 1999).  
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The non-compartment based mechanisms are frequent in development and are defined by 

the restricted expression and activity of a gene or different combinations of gene products, but 

with less restrictive segregation (cells can switch from one identity to another) (González-

Gaitán et al. 1994; Zirin & Mann 2007). Examples of these domains are the wing pouch, the 

hinge and the notum (Figure 9 A). Amazingly, cells respond to signals differently depending on 

the domain they are placed. That is the case of ectopic expression of Wg, which leads to 

overproliferation without repatterning in the hinge, whereas in the wing blade promotes 

repatterning and only secondarily proliferation (Neumann & Cohen 1996). Similarly, increased 

Dpp signalling in proximal cells (where Dpp levels are normally low) causes apoptosis, whereas 

allowing normal development in distal regions (Adachi-Yamada et al. 1999; Adachi-Yamada & 

O’Connor 2002; Burke & Basler 1996; Martín-Castellanos & Edgar 2002).  

Morphologically, the wing imaginal disc consists of a continuous epithelial monolayer that 

forms a two-sided epithelial sac, which surrounds the disc lumen. One side of the disc is a 

columnar pseudostratified epithelium, namely the columnar epithelium (CE), and the other 

side is an outer layer, the peripodial membrane (PM), a squamous epithelium of wide and 

flatten cells (Figure 9 A, B, C). The PM does not contribute to the formation of any adult 

structure, but facilitates the process of wing disc eversion and thorax fusion during 

metamorphosis (Pastor-Pareja et al. 2004; Tripura et al. 2011). Most discs also contain some 

adepithelial cells (mesodermal myoblasts), as well as tracheal cells and a few neurons that 

reside between the epithelium and the basal lamina (Figure 9 B). The CE will give rise after 

metamorphosis to the adult wing, the notum, the pleura and the hinge, a structure that joints 

and articulates the wing to the notum (compare adult in Figure 7 B with imaginal disc in Figure 

9 A). The opening of the sac-like structure is connected to the surface of the larva via a narrow 

stalk, which plays an important role in disc eversion (Pastor-Pareja et al. 2004). During wing 

disc eversion, the dorsal (D) and ventral (V) surfaces fold and become apposed (Figure 9 D).  

 

 

Figure 8. Morphogens act as organizing centres at the AP and DV compartment boundaries. Engrailed (En) is 

expressed in the posterior (P) compartment, conferring posterior identity and thus establishing the anterior-

posterior (AP) boundary. En activates Hh, a secreted short-range signaling protein, which can cross over the AP 

boundary and induce the expression of Dpp along the AP axis. Its secretion establishes long-range signaling to 

direct patterning of a wider disc region. Wg is another key molecule for wing development produced at the DV 

boundary. 
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Wings are the main evolutionary innovation that originated within hexapods, and its 

development is constrained to the T2 and T3 segments. The adult wings of pterygotes are 

formed by a bilayered cuticularized epithelium, with veins set in a taxon-specific pattern in 

between. Heterometabolous insect’s wings appear during an early nymphal instar, without 

veins and mobility. During metamorphosis, they grow and the hinge allows motion. 

Nevertheless, in holometabolous species as Drosophila, wings are absent during larval stages, 

and develop as evaginations of the dorsolateral thorax at the pupal molt (Svácha 1992).  

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Morphology of wing imaginal disc and wing eversion during metamorphosis. (A) Wing imaginal disc 

territories: wing pouch (purple), hinge (yellow) and notum (sepia). DV and AP boundaries are labeled with a 

red and white dotted line, respectively. (B) Schematic cross-section of a wing imaginal disc. The disc is 

composed by the columnar epithelium and surrounded by a peripodial membrane. Myoblasts and trachea are 

located close to the notum. (C) Columnar cells belonged to a pseudostratified epithelium, and flat peripodial 

cells belonged to a squamous one. (D) During wing disc eversion in metamorphosis the dorsal (D) and ventral 

(V) surfaces fold and become apposed. 
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How do imaginal discs’ regenerate? 

 

Early imaginal disc regeneration studies 

The work by Ernst Hadorn, Gerold Schubiger and Peter Bryant in the 60’s, established the basis 

for our current understanding of regeneration in Drosophila imaginal discs. They demonstrated 

that these epithelial tissues have an outstanding capacity to replace lost parts after 

fragmentation. Discs respond to tissue damage differently depending on the type of fragment; 

Cells can proliferate and regenerate the missing tissue or alternatively, they can duplicate. 

Peter Bryant demonstrated that fragmentation of wing and leg imaginal discs resulted in the 

regeneration of the larger fragment and the duplication of the smaller one (Bryant 1971). In 

addition, fragments can transdeterminate to a different disc, for example from wing-to-leg. 

Some of the genes involved in transdetermination are also central for regeneration, and thus,  

a parallel has been suggested between the molecular mechanisms regulating 

transdetermination and regeneration (reviewed in Worley et al. 2012; Bergantiños et al. 2010). 

Although the uncovering of these wonderful capabilities was discovered in parallel, in this 

work we will focus on the regenerative skills of imaginal discs.  

These responses to damage were discovered after Hadorn and colleagues used an in vivo 

culture system that consisted on the fragmentation of imaginal discs into pieces and then 

subsequently implanted and cultured for several days in the abdomen of adult females, where 

those disc’ fragments proliferate but do not differentiate (Figure 11 A; Hadorn et al., 1949; 

Hadorn 1962; Ursprung 1959 and Schubiger 1971).  

With this method, disc cultures were maintained for more than 300 transfer generations over 

a period of even until 12 years (Hadorn 1978). To demonstrate the capacity of regeneration, 

disc fragments were re-implanted into mature larvae, where they differentiated during 

metamorphosis, thus the adult structures could be recovered (Figure 11 A; Hadorn 1965; 

Bryant 1975; Bryant 1971). The intercalary growth was demonstrated after confrontation of 

blastemas from distal parts (Haynie & Bryant 1976). Besides, isolated blastemas were able to 

recover lost structures (Karpen & Schubiger 1981). In the cut edges, the blastema contains 

cells that divide faster than in other regions. These fast-proliferating cells are mainly 

responsible for disc regeneration, although cell death is often observed extending several cell 

diameters away from the cut (Abbott et al. 1981; Kiehle & Schubiger 1985; Bosch et al. 2008). 

Of note, disc regeneration depends on the type of injury, the cellular context and the topology 

of the cut in the fragmented discs.  

Regeneration was studied wounding the wing discs in situ, by pinching through the intact 

larval cuticle to make a cut or remove a fragment while leaving the wounded disc in place to 

heal and regenerate (Figure 11 C; Bryant 1971; Pastor-Pareja et al. 2008; Díaz-García & Baonza 

2013; Handke et al. 2014). Currently, these techniques have been substituted for ex vivo 

culture of imaginal discs (Figure 11 D; Handke et al. 2014; Restrepo et al. 2016). 
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One of the models proposed for imaginal disc regeneration is the polar coordinate model 

(Bryant et al. 1981; French et al. 1976). This model was based on experiments done on 

amphibian limbs, cockroach legs, and Drosophila imaginal discs. It proposes that positional 

values of cellular identity could be determined around the circumference of the disc and that 

intercalary regeneration would fill in missing positional values. Accordingly, imaginal cells have 

two coordinates, inherited from the beginning of development, that define their position. To 

define these values, it is necessary to divide the discs into sectors (triangles) and concentric 

rings (Figure 10). The circular component corresponds to the position around the outer border 

of the field, and the radial component is equivalent to the position alongside the PD axis, with 

the most distal values positioned in the centre. Taken together, they specify all positional 

values. The intercalary regenerative growth replaces the positional values between the two cut 

surfaces by the shortest possible route. However, this model was questioned after finding that 

growth started before healing was completed (Karpen & Schubiger 1981; Dale & Bownes 1981) 

and because duplicated fragments are much smaller than regenerated ones, while the model 

predicts that these tissues should intercalate equally (Adler 1981).  

 

 

Hans Meinhardt proposed and alternative model, which incorporated compartment 

boundaries as organizing centres for normal and regenerative growth. It also included the 

intercalary growth to replace the missing tissue (Meinhardt 1983). Nonetheless, how 

positional values are distinguished and how regenerated forms are patterned properly is still a 

mystery. 

A breakthrough was the observation of Hayne and Bryant that irradiated larvae resulted in 

about 50% cell death and yet a normal fly developed (Figure 11 B; Haynie & Bryant 1977). They 

concluded that proliferation compensates the missing cells. Currently, compensatory 

proliferation refers to tissue recovery after irradiation, massive cell death and induction of 

apoptosis (Mollereau et al. 2013). Compensatory proliferation may account for reaching the 

global organ size of the injured epithelium, but genetic and epigenetic signals will be decisive 

to control regeneration.  

However, disc fragmentation and implantation into the abdomen of the flies is extremely 

laborious and irradiation is difficult to focus to specific zones of the individuals. Because the 

tremendous advance of the genetic engineering in Drosophila technology, flies can be 

designed with constructs that will allow genetically remove specific zones at specific times 

(Figure 11 E; Bergantiños et al. 2010; Smith-Bolton et al. 2009). Those genetic systems for 

Figure 10. Scheme for polar coordinate model. A series of 
numbered positional values are arranged in a circle, in which 
cells have two coordinates that are continuous; One radial, 
from 1 to 12, and another one along the PD axis, from A to D, 
where D is the most distal. After fragmentation, apposition of 
the wound edges is assumed to end in regeneration of 
positional values that rest along the shortest path between 
the two cut edges. Consequently, the larger fragment 
regenerates, whereas the smaller one duplicates. 
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studying regeneration are based on the induction of apoptosis using the Gal4/UAS system 

(Brand & Perrimon 1993). Expression of the yeast transcription factor Gal4 under the control 

of different gene promoters was used to express pro-apoptotic genes, such as eiger (Smith-

Bolton et al. 2009), reaper (Smith-Bolton et al. 2009; Bergantiños et al. 2010), or hid (Herrera 

et al. 2013). 

The activity of Gal4 was inhibited by a temperature-sensitive allele Gal80 repressor (Zeidler et 

al. 2004). Genetic ablation is achieved by a temperature shift from 17°C to 29°C for different 

periods of time during larval development, and then larvae are shifted back to 17°C to allow 

tissue recovery (Figure 11 E). 

Figure 11. Evolution of the techniques applied for studying imaginal disc regeneration. (A) In the early 40’s 

Hadorn and colleagues fragmented discs and cultured them into the abdomen of adult females, where they 

regenerated. Then the recovered tissue could be re-implanted into mature larvae for scoring differentiation 

or could be studied for assessing proliferation and cell specification (Hadorn 1962; Hadorn 1965; Haynie & 

Bryant 1976; Schubiger 1971). (B) X-rays were used to induce massive cell death in the whole larvae. Imaginal 

discs regenerated giving rise to normal adult structures (Haynie & Bryant 1977). (C) In situ wounds have been 

done in imaginal discs inside the larvae and then scored for adult appendix regeneration (Pastor-Pareja et al. 

2008; Díaz-García & Baonza 2013). (D) Currently, ex vivo culture is used in substitution of the tedious 

implantation into the abdomens of flies (Handke et al. 2014; Restrepo et al. 2016). (E) Genetic ablation was 

developed for avoiding invasive techniques. Thanks to the Gal4/UAS system the whole larvae are transferred 

to 29°C to induce cell death and then they are shifted back to 17°C to allow tissue recovery (Smith-Bolton et 

al. 2009; Bergantiños et al. 2010). More details about D and E are depicted in the section Materials and 

Methods. 
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Recent advances 

 

Wound closure 

Drosophila embryos and imaginal discs reveal healing efficiently without scaring and resemble 

epithelial fusion events that occur in normal development, such as the embryonic dorsal 

closure and thoracic closure (Martin & Parkhurst 2004; Bosch et al. 2005; Mattila et al. 2005). 

After fragmentation or cutting, transient heterotypic contacts 

between the cut edges of the columnar and the peripodial 

epithelium develop during the first day of in vivo culture. 

Contact between both layers is facilitated by filopodia, that 

extend their tips to close the wound, and closure is mediated 

by an actin-rich cable (Reinhardt et al. 1977; Reinhardt & 

Bryant 1981; Bosch et al. 2005). Consequently, the wound is 

closed in a zippering motion. Within 48 hours of culture, the 

initial stage of heterotypic healing ends and homotypic 

contacts are established by cells at both wound edges (Figure 

12; Reinhardt et al. 1977; Reinhardt & Bryant 1981; Bosch et 

al. 2005). Individual cell migration is not involved in healing. 

Intercellular calcium waves seem to respond to mechanical 

injury (Restrepo & Basler 2016). Similarly, after genetic 

ablation, wound closure involves and actin-rich cable that 

extends into the wound by cells at the wound edges. The first 

connections are built at the apical edges of the healing cells, 

before the healing extends basally. Then wound closure 

continues in a zippering way extending headed for the edges 

of the disc (Figure 12; Bergantiños et al. 2010).  

Jun N-terminal kinase (JNK) is crucial for wound healing events (Bosch et al. 2005; Mattila et 

al. 2005). In Drosophila, JNK signalling is activated during dorsal closure of the embryo 

(reviewed in Noselli & Agnès 1999), imaginal disc eversion (Pastor-Pareja et al. 2004), and in 

the course of the healing of epidermal wounds (Galko & Krasnow 2004; Rämet et al. 2002). 

After damage in imaginal discs, JNK is activated in the region near the edges of the wound, and 

in dying and living cells after genetic ablation. Blocking JNK activity in the dying cells do not 

impair wound closure or regeneration, demonstrating that the requirement for JNK signalling 

is in the living cells (Bergantiños et al. 2010). JNK activates the expression of the Matrix 

metalloprotease 1 (Mmp1), which degrades matrix proteins during wound healing (McClure et 

al. 2008), as well as the unpaired (upd) genes, which encode the JAK/STAT-activating cytokines 

(Katsuyama et al. 2015; Pastor-Pareja et al. 2008; Verghese & Su 2016; La Fortezza et al. 2016).  

Besides that, JNK is likewise essential for cell proliferation in the blastemas (Bosch et al. 2005; 

Rämet et al. 2002; Mattila et al. 2005; Lee et al. 2005; Blanco et al. 2010), cytoskeletal 

rearrangements to close the gap between wounded tissues, cell death around the cut edges 

Figure 12. Homotypic contacts 

are re-established after 

fragmentation. First, transient 
heterotypic contacts are formed 
between columnar and 
peripodial epithelia, and 
afterwards homotypic contacts 
are re-built. 
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and regulation of  chromatin modifiers (Bergantiños et al. 2010; Herrera et al. 2013; Smith-

Bolton et al. 2009).  

It has also been reported the key role of Plexin A (PlexA) and its ligands semaphorins to heal 

wounded discs, revealing that the function of plexins may be evolutionary older than their 

known function in axonal pathfinding (Yoo et al. 2016). 

 

Blastema formation and regenerative growth  

After fragmentation, dividing cells accumulate near the wound creating a blastema. During 

wound healing, cells which were previously widely separated in the disc became neighbours 

and they reach their original position by intercalation of newly formed tissue (Bryant & Fraser 

1988). The localized proliferation occurs as early as 24 hours after fragmentation, similar to a 

blastema that is observed during the regeneration of appendages in vertebrates (Dale & 

Bownes 1980; Adler & MacQueen 1984; Kiehle & Schubiger 1985; O’Brochta & Bryant 1987; 

Bryant & Fraser 1988; Bosch et al. 2008; Abbott et al. 1981), and proliferation peaks two to 

three days after injury (Bryant & Fraser 1988; Bosch et al. 2008; Mattila et al. 2005). Of note, 

first signs of cell proliferation begin before the completion of wound closure, thus tissue 

damage directly stimulates proliferation (Karpen & Schubiger 1981; Kiehle & Schubiger 1985; 

Bryant & Fraser 1988; Bosch et al. 2008; Mattila et al. 2005). 

Cells in the blastema divide more and generate larger clones than cells outside the blastema or 

cells in unhurt discs (Worley et al. 2013). Moreover, proliferation rate is higher during 

regenerative growth than during normal development (Gerhold et al. 2011; Wells et al. 2006). 

Remarkably, cells outside the blastema proliferate less, with most of the cells at a distance 

from the wound arrested in G1 or G2 (O’Brochta & Bryant 1987; Sustar et al. 2011). The high 

regenerative capabilities of blastemas were not only demonstrated by localized proliferation, 

but also after isolation and culture blastemas, which regenerate and differentiate most of the 

misplaced structures in an arranged way (Karpen & Schubiger 1981). Clones of cells near the 

wound showed an elongated shape, suggesting orientation of cell division toward the wound 

edge, as well as separation of clonally related cells, signifying that cells are relocated by 

intercalating neighbours (Sustar et al. 2011). 

Proliferation after genetic ablation is similarly localized to a blastema near the wound (Smith-

Bolton et al. 2009; Bergantiños et al. 2010). Interestingly, proliferation at a distance from the 

wound is reduced, in a manner similar to the cell-cycle arrest observed after disc 

fragmentation (Smith-Bolton et al. 2009; Sustar et al. 2011). In contrast to the preferred 

orientation of mitotic cell divisions during normal growth, proliferating cells at the wound 

edges after genetic ablation orient toward the wound, similar to cell division near cut edges 

(Sustar et al. 2011; Repiso et al. 2013). This switch of orientation requires the cell polarity 

genes fat (ft) and crumbs (crb), as well as the growth-promoting transcription factor Yorki (Yki) 

(Repiso et al. 2013).  

Regenerative growth is handled by the same signalling pathways that regulate growth during 

normal development, but is activated by damage-responsive signals. Physical damage results 



35 
 

in the upregulation of the WNT protein Wg (Smith-Bolton et al. 2009; Gibson & Schubiger 

1999; McClure et al. 2008; Katsuyama et al. 2015). Wg, in turn, activates Myc and Cyclin E 

levels. In fact, overexpression of Myc enhance regeneration (Smith-Bolton et al. 2009). In 

contrast with normal development, the expression of wg upon damage is driven by a damage-

responsive enhancer (Schubiger et al. 2010; Harris et al. 2016). After fragmentation, the 

expression of Dpp does not upregulates in the wound edges, but the normal pattern is mostly 

recovered (Mattila et al. 2004). However, after genetic ablation in the wing pouch, Dpp 

spreads beyond the AP boundary in regenerative growth preceding the re-establishment of the 

wild-type pattern of Dpp signalling (Smith-Bolton et al. 2009). 

 

JNK is also indispensable for cell proliferation in the blastemas (Figure 13; Bosch et al. 2005; 

Rämet et al. 2002; Mattila et al. 2005; Lee et al. 2005; Blanco et al. 2010), and promotes 

regenerative growth, at least in part, through activating the Ajuba LIM domain protein, which 

targets components of the Hippo signalling pathway that negatively regulate the transcription 

factor Yorkie (Yki) (Sun & Irvine 2011; Sun & Irvine 2013). The activation of Yki is required for 

full wing disc regeneration, and is JNK-dependent. There is an increase of nuclear Yki in cells 

within and nearby in the ablated region as well as augmented expression of Yki target genes. In 

Figure 13. Overview of Drosophila imaginal disc regeneration. After fragmentation or genetic ablation, imaginal 

disc regeneration can be subdivided in three steps, which are not linear and overlap with each other. The first 

stage is the wound healing, where filopodia are emitted to close the wound. JNK, JAK/STAT, calcium waves and 

Plexin A play a key role in the process. Regenerative growth involves developmental pathways activated in a 

damage-specific manner. JNK, Ajuba, Yki, JAK/STAT, Wg and Myc are essential for proper proliferation. Pattern 

respecification is achieved thanks to Taranis, which protect from cell fate changes, and to the epigenetic 

machinery PcG and TrxG. Overall, damage in imaginal discs activates molecules as Retinoids, NOS and Dilp8, 

which delay in pupariation to give more time to the disc for regeneration, systemic growth control and organ 

proportionality. The bottom bars show temperature shifts to activate cell death and then let the tissue 

regenerate. 
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fact, reductions in Yki levels compromise regeneration (Grusche et al. 2011; Sun & Irvine 2011; 

Meserve & Duronio 2015; Repiso et al. 2013). 

Transcriptome analysis of disc fragmentation and culture in adult abdomens revealed that 

transcriptional regulators downstream of JNK, Notch, Dpp, and Wg signalling were upregulated 

at later stages of regeneration (Blanco et al. 2010; Klebes et al. 2005; McClure et al. 2008). The 

chromatin remodelling factor absent, small or homeotic discs 2 (ash2) stabilizes the histone H3 

methyltransferase trithorax-related protein (Carbonell et al. 2013). 

 

Patterning 

During regenerative growth, vein cells become respecified as intervein cells to recover the lost 

area. Thus, eliminated tissue is substituted by orienting proliferation toward the wounded 

area and respecification of cell fates (Repiso et al. 2013). In the same way, hinge cells are 

capable of generating cells that contribute to the pouch (Smith-Bolton et al. 2009; Herrera et 

al. 2013; Verghese & Su 2016). Dpp and Hh gradients are not involved in vein and intervein 

positioning after damage (Repiso et al. 2013). 

The mechanism ensuring accurate re-patterning and growth is only starting to be investigated, 

as demonstrated by the current discovery of a factor protecting regenerating tissues from cell 

fate changes. This is encoded by taranis (tara), which controls posterior cell fate during 

regeneration, and appears unnecessary for normal development (Schuster & Smith-Bolton 

2015). JNK activity has been proposed to facilitate cell fate changes over the reduction of the 

Polycomb group (PcG) dependent silencing (Figure 13; Lee et al. 2005). Furthermore, 

additional chromatin factors were retrieved from transcriptome analyses, such as lama, 

Polycomb (PcG) and Trithorax group (TrxG), and chromatin remodelers as the Brahma complex 

(Blanco et al. 2010; Klebes et al. 2005). 

In normal development, disc cells do not change compartmental identities, although there are 

unusual exceptions (Gettings et al. 2010). Nevertheless, after fragmentation, a regenerating 

disc composed only of anterior-fated cells can generate a posterior compartment (Abbott et al. 

1981; Adler & Bryant 1977; Gibson & Schubiger 1999; Haynie & Bryant 1976; Schubiger 1971). 

However, the frequency of clones that traverse the compartmental border is low (Gibson & 

Schubiger 1999; Szabad et al. 1979). During regeneration, boundaries are rapidly 

reconstructed. In both leg and wing discs, clones of marked cells induced at the time of 

fragmentation can, albeit in low frequency, cross the A- boundary only when induced before 

the injury (Abbott et al. 1981; Szabad et al. 1979). 

Compartment boundaries are re-established soon after genetic ablation (Smith-Bolton et al. 

2009; Bergantiños et al. 2010). It has been recently described that these boundaries are 

transiently disturbed after massive cell death, and the cells close to those boundaries can 

change their fate and contribute to disc regeneration of compartments outside of their origin. 

It is the result of the upregulation of JNK and, consequently, a reduction in PcG levels. PcG and 

TrxG members also play a role in the process, by modulating the potential to transgress the AP 

boundary (Herrera & Morata 2014). 
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Signals derived from dead cells 

It has been proposed that dying cells are a source of signals that control proliferation. In 

addition to the investigations in Drosophila, links between apoptosis and regeneration have 

been determined in other model organisms, including Hydra, Xenopus, planarians, newts, and 

mice (reviewed in Bergmann & Steller 2010; King & Newmark 2012). 

In flies, in response to apoptotic stimuli, the pro-apoptotic genes reaper (rpr), head involution 

defective (hid), and grim promote apoptosis through the inhibition of the Caspase Inhibitor 

DIAP1 (Drosophila inhibitor of apoptosis protein 1) (Goyal et al. 2000; Ryoo et al. 2002). 

Consequently, the Initiator Caspase DRONC (Drosophila Nedd2-like caspase, Caspase-9-like) is 

activated, and in turn activates by proteolysis the two major Effector Caspases, DrICE 

(Drosophila Interleukin-1 Converting Enzyme, Caspase-3-like) and Dcp-1 (Death Caspase-1, 

Caspase-7-like) (Figure 14; Mills et al. 2005). Caspases are a highly-specialized category of cell-

death proteases. Their function consists on the cleavage of several molecules to promote cell 

death (Xu et al. 2009). Although Caspase activity has been mainly linked to the initiation of the 

apoptotic pathway, there are rising evidences for non-apoptotic functions of Caspases (Miura 

2012), as the activation of the proliferation program upon induction of cell death (Kondo et al. 

2006). Additionally, other molecules which control cell death in Drosophila have been 

identified in the last few years (reviewed in Xu et al. 2009). 

 After disc fragmentation, the production of signals by dying cells is unclear, because the 

wound edges show only few apoptotic cells (Reinhardt et al. 1977; Bosch et al. 2008). When 

some tissue is removed by genetic ablation, the regenerative growth continues for several 

days after removal of the cellular debris (Smith-Bolton et al. 2009; Bergantiños et al. 2010). 

Figure 14. Cell death in Drosophila. In the absence of apoptotic signals, the protein DIAP1 is bound to the 

caspases DRONC and DrICE. This union promotes the ubiquitylation of both caspases by the RING domain of 

DiAP1. Ubiquitylation inactivates the caspases without proteosomal degradation. DIAP1 can also ubiquitylate 

Reaper. After apoptotic stimuli, the RHG proteins (Reaper, Hid and Grim) shift the caspases from DIAP1 and 

stimulate auto-ubiquitylation and proteasomal degradation of DIAP1. Consequently, Dronc binds to Ark for 

apoptosome formation leading to activation of Dcp-1 and DrICE for cell death induction (Xu et al. 2009). P35 

inhibits Dcp-1 and DrICE. 
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Thus, although an initial contribution of dying cells cannot be discarded, it is unlikely that the 

dying cells provide the sole source of regenerative signalling.  

Injury-induced apoptotic signals are required to maintain tissue homeostasis. For example, 

when cells of the Drosophila midgut are damaged, intestinal enterocytes secrete the cytokine 

Upd, which stimulates proliferation of intestinal stem cells through activation of the JAK/STAT 

pathway (Jiang et al. 2009). Moreover, as mentioned before, wing discs can produce 

appropriately sized adult wings after irradiation-induced cell death of over 50% of the cells, 

thus apoptosis must provide several signals that can regulate wound healing and regeneration 

(Haynie & Bryant 1977). This would ensure quick replacement of dead cells. However, the 

diffusion of these signals may be temporary and may happen in the period of cell death.  

To make easy the study of signals released by dying cells, many laboratories used the strategy 

of the baculovirus p35 protein. It consisted on the activation of pro-apoptotic genes together 

with the p35, which prevents the completion of cell death by blocking effector caspases. 

Therefore, apoptotic cells can be maintained in an “undead” state. In this situation, these 

authors found that non-autonomous proliferation increases in compartments containing 

undead cells, leading to the formation of tumour-like overgrowths (Huh et al. 2004; Perez-

Garijo et al. 2004; Ryoo et al. 2004). They observed that undead cells release mitogenic signals 

such as Dpp and Wg to promote proliferation (Perez-Garijo et al. 2004; Fan & Bergmann 2008; 

Morata et al. 2011). After a certain time, it was shown that  proliferation triggered by undead 

cells could still occur in compartments that were mutant for wg, dpp or both (Perez-Garijo et 

al. 2009). The authors thought that there was a side effect of the necessary activation of the 

JNK pathway (Shlevkov & Morata 2012; Morata et al. 2011). Currently, how apoptosis 

contribute to regeneration is still unclear.  

 

Systemic aspects of regeneration 

When fragmented discs were implanted into female adult hosts, even discs from early pupae 

were capable of regenerating after fragmentation (Lee & Gerhart 1973). However, after 

genetic ablation, the ability for imaginal discs to regenerate decreases as they mature; early 

L3 larvae regenerate efficiently, whereas mature L3 larvae cannot (Smith-Bolton et al. 2009). 

This loss of regenerative capacity correlates with an inability to upregulate the expression of 

genes necessaries for regeneration, such as wg. It is because the damage-responsive enhancer 

in the wg locus is epigenetically silenced, with a localized increase in H3K27 trimethylation in 

mature discs (Harris et al. 2016).  

What is more, damage in imaginal disc influences on the physiology of the whole larva (Hussey 

et al. 1927; Poodry & Woods 1990; Simpson et al. 1980). Early studies demonstrated that in 

the whole larvae there was a delay in pupariation in response to X-rays (Hussey et al. 1927) or 

after damage in imaginal discs (Simpson et al. 1980). This developmental delay is also observed 

when imaginal discs are damaged using genetic methods (Smith-Bolton et al. 2009; Halme et 

al. 2010). 
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Previous studies have revealed a role for retinoids in mediating, at least in part, the delay in 

pupariation in injured imaginal discs. Developmental checkpoints extend larval growth after 

imaginal disc damage by inhibiting the transcription of the gene encoding prothoracicotropic 

hormone (PTTH), a neuropeptide that promotes the release of ecdysone. Inhibition of 

retinoids reduces the delay in pupariation, indicating that those molecules have a role in 

transmitting a signal from the damaged disc to the PTTH-producing neurons (Halme et al. 

2010).  

A key finding has been the discovery that Dilp8, a member of the insulin/relaxin superfamily, is 

secreted by imaginal discs to the haemolymph in response to growth perturbations to delay 

pupariation (Colombani et al. 2012; Garelli et al. 2012). Dilp8 expression is increased directly 

by JNK (Katsuyama et al. 2015; Colombani et al. 2012) and Yki (Boone et al. 2016), and 

indirectly by the chromatin modifier Trithorax (Trx) (Skinner et al. 2015). Once released, Dilp8 

binds to the Lgr3 receptor in a subset of neurons, which in turn, synapse with other ones that 

inhibit the synthesis of ecdysone in the prothoracic grand (PG), the hormone which mediates 

the developmental delay (Vallejo et al. 2015; Colombani et al. 2015; Garelli et al. 2015; 

Jaszczak et al. 2016). In addition, Lgr3 is expressed in the PG too, where activates the Nitric 

Oxide Synthetase (NOS), which is necessary to reduce growth of the unharmed discs while 

damaged tissues are repaired (Figure 13; Jaszczak et al. 2016; Jaszczak et al. 2015). 

Finally, a key role for the immune system after tissue damage has been proposed. JNK 

activates the expression of JAK/STAT-activating cytokines, which are secreted from the injured 

discs to the haemolymph, amplifying the signal and inducing additional cytokine expression in 

the haemocytes and the fat body, resulting in haemocyte proliferation (Pastor-Pareja et al. 

2008). 
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Towards a hypothesis on the onset of regeneration 

Although in the last few years substantial improvements on the field have been made, several 

open questions remain without answer. All the previous works pointed that epithelia can 

detect damage to restore the missing tissue and that JNK has a key role in regeneration. But 

the mechanism to sense and initiate regenerative responses is still not known. 

Many signals could count for the initiation of regeneration; Growth factors, mechanical forces 

or changes in cell polarity are all candidates for upstream activation of the regenerative 

program (Nelson et al. 2005; Igaki et al. 2006). Otherwise, calcium flashes have been found 

upon damage (Razzell et al. 2013), and propagated via gap junctions in imaginal discs (Narciso 

et al. 2015; Restrepo & Basler 2016). It has also been proposed that the release of intracellular 

ATP or calcium by damage or signals secreted by inflammatory cells recruited to the wound 

may participate in JNK activation (Kushida et al. 2001). In this work, we have focused on the 

role of Reactive Oxygen Species (henceforth ROS) for the initiation of imaginal disc 

regeneration. 

 

 

Redox signalling as a candidate for triggering regeneration 

Response to damage involve oxidative stress (Sen & Roy 2008; Veal et al. 2007) and 

subsequently, the activation of stress-activated protein kinases (SAPKs). The production of ROS 

has generally been considered as deleterious (oxidative stress) (Cross et al. 1987), but now is 

being appreciated as a group of highly reactive ions and molecules involved in the regulation of 

a wide variety of biological processes, what is known as redox biology (Figure 15; Finkel 2011; 

Bigarella et al. 2014). It appears early in evolution, thus even in prokaryotes, nature selected 

ROS as a signal transduction mechanism to allow for adaptation to changes in environmental 

nutrients and oxidative environment (Wood et al. 2003; Kiley & Storz 2004; Schieber & 

Chandel 2014). Key roles of ROS in host defense, regulation of normal an cancer cell 

proliferation, tissue regeneration, inflammation and aging have been described (reviewed in 

Gupta et al. 2012; Schieber & Chandel 2014). Moreover, recent works have identified that an 

oxygen burst is not only required to disinfect wounds and stimulate healing, but that redox 

signalling represent an essential component of the healing cascade in mammals (reviewed in 

Sen & Roy 2008). 

ROS act as signalling molecules after wounding in mice (Loo et al. 2012), embryos, fin and 

heart of zebrafish (Yoo et al. 2012; Yoo et al. 2011; Wittmann et al. 2012; Gauron et al. 2013; 

Han et al. 2014; Niethammer et al. 2009), Xenopus tail (Love et al. 2013; Ferreira et al. 2016), 

gecko tail (Zhang et al. 2016), planarian head and tail (Pirotte et al. 2015) and Hydra (Wenger 

et al. 2014). In Drosophila, redox signalling have been linked to wounded embryos (Moreira et 

al. 2010) and to the differentiation of hematopoietic progenitors through JNK signalling 

(Owusu-Ansah & Banerjee 2009). 
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 ROS are by-products of aerobic metabolism, protein folding and end-products of several 

metabolic reactions. Mitochondrial dysfunction and enhanced metabolism lead to ROS 

production, as it has been reported in cancer cells (Gupta et al. 2012). ROS are intracellular 

chemical species that are formed upon partial reduction of oxygen (O2) (Table 3 and Figure 15). 

Each of them have inherent chemical properties that confer reactivity to different biological 

targets. One of the most studied ones is oxygen peroxide (H2O2), a non-polar molecule that can 

diffuse across membranes to relatively short distance. It is formed from cytosolic O2
- by the 

enzymatic activity of Super Oxide Dismutase (SOD). H2O2 can activate signalling pathways to 

stimulate cell proliferation, differentiation, migration or apoptosis (reviewed in Veal et al. 

2007).  

The sources of ROS are both extracellular and intracellular. Exogenous ROS can be found as 

pollutants, tobacco, smoke, drugs, diet or radiation. Endogenous ROS are produced in 

mitochondria, peroxisomes, endoplasmic reticulum (ER) and NADPH oxidases (NOX) in the 

membranes (Figure 15; reviewed in Gupta et al. 2012; Schieber & Chandel 2014).  

Under normal physiologic conditions, cells control ROS levels by balancing their generation and 

elimination by scavenging systems (Winterbourn 2008). On the one hand, non-enzymatic 

molecules which are in a reduced form ready-to-be oxidized, and on the other hand, a vast 

variety of enzymes with specialized catalytic mechanisms, cellular localizations and specific 

regulation (Table 3 and Figure 15). These enzymes can be secreted and even modulated by 

post-translational modifications, and play a critical role in signalling events (reviewed in Veal et 

al. 2007). 

 

Reactive Oxygen Species Antioxidant systems 

Radical ROS Non-radical ROS Enzymatic Non-enzymatic 

Superoxide O2· - 

Hydroxyl radical ·OH 

Nitric oxide NO· 

Organic radical R· 

Peroxyl radical ROO· 

Alkoxyl radical RO· 

Thiyl radical RS· 

Sulphonyl radical ROS· 

Thiyl peroxyl radical 

RSOO· 

Hydrogen Peroxide H2O2 

Singlet oxygen 1O2 

Ozone (trioxygen) O3 

Organic hydroperoxide 

ROOH 

Hypochlorous acid HOCl 

Peroxynitrite ONOO- 

Superoxide dismutase SOD 

Catalase CAT 

Glutathione Peroxidase GPx 

Glutathione Reductase GR 

Glutathione S-transferase GST 

Thioredoxin peroxidase TrxPx 

Thioredoxin reductase TrxR 

Glutathione GSH 

Glutaredoxin Grx 

Thioredoxin Trx 

Peroxiredoxin Prx 

Sulfiredoxin Srx 

Phytochemicals 

Vitamins A,C, E 

Ceruloplasmin 

Table 3. List of main Reactive Oxygen Species and antioxidant systems in living organisms. Roughly, there are 

two types of ROS: the free oxygen radical and the non-radical. Whereas the free oxygen radical ROS contain one 

or more unpaired electron in their outer molecular orbital, the non-radical ROS lack unpaired electrons but are 

chemically reactive and can be converted into radical ROS. Intracellular levels of ROS are maintained by a set of 

antioxidants that can be both enzymatic and non-enzymatic in nature (reviewed in Gupta et al. 2012). 
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The susceptibility of proteins to react with ROS depends on several factors; The generation 

site, ROS levels, the proximity to antioxidants, the localization or the membrane composition, 

because the lipid diffusion capacity and the channels could influence how ROS circulate 

through the membranes. Also, the availability of these molecules, the chemical stability and 

the pH in the cytoplasm, which can modify the chemical properties of these species (Reczek & 

Chandel 2015). 

Redox signalling can account for several mechanisms. For example, ROS can promote the 

oxidation of Cysteine residues within proteins. This mechanism has been shown for a number 

of transcription factors, kinases, protein phosphatases and matrix metalloproteases (Meng et 

al. 2002; Lee et al. 2002; Kamata et al. 2005; Nadeau et al. 2007; Marinho et al. 2014; Nelson & 

Melendez 2004). Moreover, while kinases usually are activated by ROS, phosphatases are 

inactivated (Rhee et al. 2000; Rhee 2006).  

Another mechanism is that ROS may modify gene expression by mediating epigenetic changes 

and changes in chromatin structure (reviewed in Kreuz & Fischle 2016). DNA could be sensitive 

to oxidation and methylation too (Clark et al. 2012). Moreover, many enhancers are controlled 

Figure 15. Mechanisms of ROS signalling. ROS can be produced by exogenous and endogenous sources. Many 

types of ROS can be formed; One of the most deleterious is the hydroxyl radical (OH·), which promotes damage 

and genomic instability (Dizdaroglu & Jaruga 2012). Superoxide (O2·-) is often associated with oxidative stress, 

but is involved in redox signalling too (Fridovich 1997; Chen et al. 2009). It is converted to H2O2 by the 

Superoxide Dismutase (SOD) (Fridovich 1997). H2O2 is one of the most studied signalling molecules. It is 

produced by mitochondria and NAPDH oxidases in the membrane (NOX) (Lambeth 2004; Brand 2010). It can 

modify cytosolic proteins or can go to the nucleus and trigger epigenetic changes. H2O2 can be converted into 

water by Catalase. To maintain homeostasis, the most relevant antioxidant systems inside the cell are the 

Peroxidase system (Prx), which involves Peroxidase and Thioredoxin reductase enzymes, and Glutathione 

Peroxidase system (GPx). Both achieve its reduced state thanks to the NADPH provided by the Pentose 

Phosphate Pathway (Veal et al. 2007). 
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by ROS signalling, as well as epigenetic changes, not only the epigenetic marks but also the 

chromatin remodellers and associated proteins (reviewed in Kreuz & Fischle 2016). 

 

 

Mitogen activated protein kinases (MAPKs) in regeneration: P38 and JNK signalling 
pathways 

Mitogen-activated protein kinases (MAPKs) are essential molecules that link environmental 

variations to modify gene expression and intracellular changes. In eukaryotes, ranging from 

unicellular organisms to mammals, MAPKs and their corresponding phosphatases represent a 

huge group of evolutionarily conserved enzymes. They are divided into three major groups: 

the extracellular regulated kinase (ERK) group, the p38 and the JNK group (Hunter 1995; 

Alonso et al. 2004). 

The core MAPK module includes three kinases, firstly a MAPKKK (MAPK kinase kinase), and 

secondly a Ser/Thr kinase that phosphorylates and activates a MAPKK (MAPK kinase), which 

has dual specificity. It phosphorylates a TXY motif in the target requisite MAPK, and thirdly the 

MAPK proper, whose targets are typically transcription factors, but include cytoskeleton 

associated proteins and other kinases as well. Once triggered, signalling events lead to cellular 

changes and modification of gene expression, coordinating processes as cellular 

differentiation, proliferation, apoptosis, stress responses and morphogenesis (Widmann et al. 

1999; Raman et al. 2007). This kind of regulation allows for specific and immediate changes in 

the activity of the module. In Drosophila, the three MAPK pathways are well-characterized, 

with little or no redundancy. 

The Jun-N-terminal Kinase pathway (JNK) has an ancient function as stress mediator, but it 

has been evolved to develop roles in development, without leaving its original purpose. In 

flies, it is required for embryonic dorsal closure, follicle cell morphogenesis, pupal thoracic 

closure and male genitalia disc rotation/closure, all processes with requisite cell shape changes 

(reviewed in Ríos-Barrera & Riesgo-Escovar 2013). In addition, The JNK pathway has emerged 

as an early response to cell death and physical damage and appears to play a critical role in 

proliferation after massive cell death, regeneration and wound healing (Ryoo et al. 2004; 

Bosch et al. 2005; Bosch et al. 2008; Bergantiños et al. 2010; Smith-Bolton et al. 2009; Mattila 

et al. 2005; Lee et al. 2005; Fan et al. 2014; Pastor-Pareja et al. 2008). The core of the pathway 

is depicted in Figure 16. However, little is known about how JNK is triggered in injured imaginal 

discs, hence we assume that ROS are good candidates.  

In mammals, activation of JNK occurs at the edges of wounds, in cells that covering the 

exposed wound surface during healing. In fact, in mammalian cell lines, ROS are known to act 

as second messengers to activate diverse redox-sensitive signalling transduction cascades, 

including the stress-activated protein kinases (SAPKs) p38 and JNK (Droge 2002; McCubrey et 

al. 2006; Jiang et al. 2011). Indeed, mammalian JNK is activated by hydrogen peroxide via 

direct oxidation and inactivation of the MAPK phosphatase (Kamata et al. 2005) and by 

peroxide-induced dissociation of the kinase inhibitor GSTpi (Adler et al. 1999). In Drosophila, 
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Paraquat treatment has been classically used to induce excessive oxidative stress, and 

activates JNK as well (Chatterjee & Bohmann 2012).  

 

 

 

 

 

 

 

 

 

 

We hypothesize that other molecules than ROS could manage JNK activation following 

damage. An example is the Tumour necrosis factor (TNF), which is an upstream molecule of 

the JNK pathway. Drosophila has a single orthologue of the TNF, called eiger (egr) (Igaki et al. 

2002; Moreno et al. 2002). Egr is a membrane protein present in cells as a zymogen. To be 

activated, it needs to be cleaved and bind to its receptors Wengen (Wgn) (Kanda et al. 2002) 

and/or Grindelwald (Grnd) (Andersen et al. 2015) to activate JNK. It has been shown that 

overexpression of Egr leads to JNK activation and massive cell death in the eye imaginal disc 

(Igaki et al. 2002; Moreno et al. 2002). JNK activation leads to the expression of stress 

responsive genes, some pro-apoptotic genes, cytoskeletal and signalling components (Jasper 

et al. 2001). After the ectopic expression of Egr, a ‘non-canonical’ JNK pathway was described, 

and include members from TAB2, CYLD, TRAF1/4 (Tumour necrosis factor receptor associated 

factor 1/4) to TAK1 (JNKKK/ TGF-β activated kinase 1) (Geuking et al. 2009; Geuking et al. 2005; 

Xue et al. 2007; Cha et al. 2003). This ‘non-canonical’ pathway is not required for 

development. Of note, ectopic expression of TAK1, activates Imd and p38 pathways (Vidal et 

al. 2001; Geuking et al. 2009). 

Figure 16. Core of JNK pathway in Drosophila after stress stimulus. Hemipterous (Hep/JNKK) (Glise et al. 1995) 

is the mediator between MAPKKKs and Basket (Bsk) activation. Hep phosphorylates Bsk (Riesgo-Escovar et al. 

1996), the fly JNK homolog, which in turn phosphorylates the Jun/Jra transcription factor. This phosphorylation 

triggers Jun association with Fos/Kayak to form the AP-1 complex (Bogoyevitch & Kobe 2006). Cka (Connector 

of Kinase to AP-1) (Perrimon et al. 1996) is a scaffold molecule thought to form a complex with Hep, Bsk, and 

AP-1, but how this occurs is not clear. AP-1 complex goes into the nucleus and promotes transcriptional 

activation of many genes. Among them, puckered (puc) (Martín-Blanco et al. 1998b), which encodes for a dual 

specificity phosphatase, that turns off the activity of the pathway by dephosphorylating Bsk. Other target genes 

include cytoskeletal genes, like integrins, matrix metalloproteinases, and stress-related proteins. TNF signaling 

has been described as upstream molecules of JNK. In Drosophila, the TNF/Eiger ligand (Igaki et al. 2002; 

Moreno et al. 2002) has two receptors described, Wengen (Wgn) (Kanda et al. 2002) and Grindelwald (Grnd) 

(Andersen et al. 2015). Both can activate the JNK pathway. 
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Thus, we theorized here that the activation of JNK could be ROS-dependent and/or activated 

by TNF signalling after injury. After that, JNK would be in some way propagated in nearby 

surviving tissue where beneficial low levels of JNK promote upd expression, a family of 

cytokines linked to the human interleukin-6, which are necessaries for hyperproliferation in 

Drosophila tumours and for wound healing (Álvarez-Fernández et al. 2015; Jiang et al. 2009; 

Wu et al. 2010; Pastor-Pareja et al. 2008). Upd cytokines are the ligands of JAK/STAT signalling 

(Figure 17).  

 

 

 

 

 

 

The conserved p38 MAPK pathway is activated in response to different environmental stimuli 

and stress, and is involved in a diversity of biological processes, including cell proliferation, 

stress tolerance, immune response, and apoptosis or senescence (Seisenbacher et al. 2011; 

Craig et al. 2004; Cuadrado & Nebreda 2010). In Drosophila, p38 kinase is activated via dual 

phosphorylation at the Thr-Gly-Tyr motif by a specific MAPKK, Licorne (Lic) (Figure 18; Suzanne 

et al. 1999). Upstream kinases have been proposed to activate the p38 MAPK pathway, 

including Mekk1, TAK1, Apoptotic signal regulating kinase 1 (ASK1), and Slipper (Slpr) (Inoue et 

al. 2001; Chen et al. 2010). The Drosophila genome encodes three p38 kinases named p38a, 

p38b, and p38c, which do not act redundantly (Figure 18). While p38a regulates stress and the 

DUOX system in the midgut, p38b is suggested to play a vital role in p38 signalling and p38c 

may have specific functions in the intestine (Craig et al. 2004; Seisenbacher et al. 2011; Vrailas-

Mortimer et al. 2011). 

ROS-mediated p38 activation occurs in the course of the inflammatory response in rats (Jia et 

al. 2007), during the loss of self-renewal and differentiation in glioma-initiating cells (Sato et al. 

2014) and to limit the life span of mouse hematopoietic stem cells (Ito et al. 2006). Both p38 

and JNK are differentially required during repair. In endothelial cells, TNF-α stimulates repair 

through the positive action of JNK and negative regulation of p38 (Kanaji et al. 2013), although 

in corneal repair, p38, and not JNK, is required for epithelial migration (Sharma et al. 2003). In 

Figure 17. JAK/STAT pathway in Drosophila. There are three Unpaired ligands, Unpaired (Upd), Upd2 and Upd3 

(Gilbert et al. 2005; Harrison et al. 1998; Hombría et al. 2005; Wang et al. 2014). When secreted, they bind to 

the receptor Domeless (Dome) (Brown et al. 2001), resulting in the activation of the receptor-associated JAK, 

Hopscotch (Hop) (Binari & Perrimon 1994). Then, Hop phosphorylates itself and the associated Dome receptor 

generating docking sites for the SH2 domains of the transcription factor STAT92E (Hou et al. 1996; Yan et al. 

1996). Once phosphorylated, STAT92E forms dimers and translocate to the nucleus to activate transcription of 

its target genes.  
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Drosophila, both MAPK have been associated with stress responses (Karkali & Panayotou 

2012).  

 

 

 

Apoptosis signal regulating kinase 1 (Ask1), the candidate to act as a ROS sensor 

The Apoptotic signal-regulating kinase 1 (ASK1) is a Serine/Threonine kinase that belongs to 

the MAPKKK family (Ichijo et al. 1997; Wang et al. 1996). In response to various stresses, it 

phosphorylates MAPK kinases in JNK and p38 pathways, inducing cellular stress responses 

(Figure 19). It has long been suggested that ASK1 is highly sensitive to oxidative stress and 

contributes substantially to apoptosis. Constitutively active ASK1 induces cell death, mainly 

through mitochondria-dependent caspase activation (Hatai et al. 2000; Kanamoto et al. 2000; 

Saitoh et al. 1998). In Drosophila, reaper activates Ask1 and JNK and induce cell death 

(Kuranaga et al. 2002). However, recent studies have revealed that ASK1 has pleiotropic roles 

through other mechanisms in addition to apoptosis, such as proliferation, determination of cell 

fate, differentiation, survival and immune responses (Takeda et al. 2000; Sayama et al. 2001; 

Rubiolo et al. 2006; Sakauchi et al. 2017).   

Mammals have three members of ASK1 family, ASK1, ASK2 and ASK3 (Tobiume et al. 1997; 

Takeda et al. 2006; Kaji et al. 2010). NSY-1 and Drosophila Ask1 are the single orthologues of 

mammalian ASK1 in C. elegans and Drosophila and are considered prototypic molecules of ASK 

family (Sagasti et al. 2001; Kuranaga et al. 2002). 

The activity of this protein is tightly regulated by redox signalling. In a reduced environment 

Thioredoxin (Trx) is bound to ASK1, thereby blocking its activity. But upon oxidative stress the 

redox sensitive Cysteines of Trx are oxidized, which allow the dissociation of Trx from ASK1. As 

a consequence ASK1 oligomerizes and the kinase domain becomes phosphorylated (Saitoh et 

al. 1998; Liu et al. 2000). After that, TNF receptor associated factor 2 (TRAF2) and TRAF6 are 

recruited to the ASK1 complex and activate JNK and p38 pathways in mammals (Figure 19; 

Fujino et al. 2007; Nishitoh et al. 1998). 

 

Figure 18. p38 pathway in Drosophila. Many 

stress stimuli are thought to activate Licorne, 

as UV light, heat shock, changes in osmolarity 

or peptidoglycan (PGN). Indeed, upstream 

kinases act as activators as well (Ask1, TAK1, 

SLRP and Mekk1 among others). Licorne, in 

turn, activates p38a, p38b and p38c, in a 

context-specific fashion. Those kinases 

phosphorylate transcription factors as Atf2 

(Activating transcription factor 2), which go to 

the nucleus and promote the transcriptional 

response. 
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Moreover, Ask1-interacting proteins can modulate its activity, promoting conformational 

changes which will lead to various cellular responses. Many Ask1 positive and negative 

regulators were described (reviewed in Takeda et al. 2008; Sakauchi et al. 2017). For example 

AKT, which is a kinase activated by PI3K pathway in response to insulin receptor activation,  

phosphorylates Ask1 and decrease its activity (Kim et al. 2001). It is relevant because ROS 

produced by endogenous sources can also enhance cell proliferation through PI3K pathway, 

which components have been highly conserved through evolution, playing an crucial role in 

regulation of growth as well as modulation of central neuroendocrine pathways in response to 

nutrient availability (reviewed in Nässel & Broeck 2016).  

 

Drosophila Ask1 protein locus has two possible transcripts isoforms encoding two different 

length peptides, Ask1-RB and Ask1-RC. Both have a protein kinase-like domain which presents 

a highly-conserved core of threonines (henceforth Thr-rich domain) and is responsible for the 

functional activation of the protein. After Trx release, the Ask1 oligomer undergoes 

conformational change leading to trans-autophosphorylation of the threonine residues 

corresponding to Thr838 in human ASK1 (Thr845, Thr806, Thr747 and Thr825 of mouse, 

human ASK2, Drosophila Ask1 and C.elegans NSY-1, respectively) (reviewed in Takeda et al. 

2008). In Drosophila, Ask1 was found upstream of JNK and p38 in many contexts (Takeda et al. 

2008), thus seems to be a good candidate to sense ROS and trigger the regenerative response 

in imaginal discs. 

 

 

 

 

Figure 19. Ask1 activation is ROS-dependent. Ask1 is activated in a ROS-dependent fashion. In normal 

conditions, Thioredoxin (Trx) is bound to Ask1 in the cytoplasm, thereby blocking its activity. But upon ROS 

signaling, Trx is released and Ask1 is autophosphorylated in the Thr-rich domain. After that, Ask1 can recruit 

TRAF factors and activate JNK and p38 pathways. Besides that, Ask1 can be modulated positively or negatively 

by many interacting proteins (Sakauchi et al. 2017; Takeda et al. 2008).  
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Many evolutionary conserved molecules are being thought to be implicated in imaginal disc 

regeneration, but how this process is initiated is still unknown. We wondered if ROS are 

candidate upstream molecules that initiate the regenerative program and if there is a sensor 

coupling oxidative changes and the stress-activated machinery. For that, we have proposed 

three main goals: 

1. Describe the first signals which trigger regeneration in imaginal discs after injury or cell 

death. To this aim, we have accomplished the following objectives: 

 

⋅ Test if Reactive Oxygen Species have an active role in wound healing and 

regenerative growth. 

⋅ Set up the combination of two binary expression systems (LexA/LexO and 

Gal4/UAS) to determine what kind of cells are involved in regenerative 

response. 

⋅ Characterize the function of p38 and JNK as response to ROS.  

 

2. Determine if during the initiation of regeneration, the ROS-dependent MAPK signalling 

trigger the JAK/STAT pathway. 

 

3. Define the genetic mechanisms by which regeneration is controlled.  

 

⋅ Analyse the role of Apoptosis signal regulating kinase 1 (Ask1) as a ROS sensor 

and as a coupling mechanism between oxidation an MAPK signalling. 

⋅ Decipher if PI3K pathway controls Ask1 besides growth. 
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Materials 

 

Drosophila strains  

Fly strains utilized in this work were maintained in temperature-controlled chambers at 17 and 

25 degrees. They were fed with the standard fly food (Table 4). 

Ingredient Quantity per litre 

Distilled water 1 L 

Yeast 64 g 

Dextrose 67,2 g 

Agar 8,8 g 

Flour 40 g 

Nipagin (methyl p-hydroxibenzoate) 1,6 g 

Propionic Acid 5 ml 

 

The Drosophila strains used in this work and their origin are depicted in table 5: 

Stock Origin 

ptc-Gal4 Hinz et al. 1994 

tub-Gal80TS McGuire et al. 2003 

UAS-rpr Wing et al. 1998 

ci-Gal4 Martin & Morata 2006 

nub-Gal4 Baena-Lopez & García-Bellido 2006 

sal-Gal4 Barrio & de Celis 2004 

salE/Pv-Gal4 Barrio & de Celis 2004 

en-Gal4 Bloomington Stock Center 

ap-Gal4 Bloomington Stock Center 

p38bd27 Cully et al. 2010 

licd13 Cully et al. 2010 

dATF2PB Seong et al. 2011a 

p38a1 Seisenbacher et al. 2011a 

LexO-rCD2::GFP Yagi et al. 2010 

UAS-bskDN Weber et al. 2000 

TRE-DsRed.T4 Chatterjee & Bohmann 2012 

puc-LacZ Martín-Blanco et al. 1998 

UAS-upd Harrison et al. 1998 

upd-Gal4 Dr. Douglas Harrison 

10XSTAT92E-GFP Bach et al. 2007 

UAS-GFP Bloomington Stock Center 

UAS-myrtomato Bloomington Stock Center 

UAS-Sod.A Bloomington Stock Center 

UAS-Cat.A Bloomington Stock Center 

UAS-domeDN Bloomington Stock Center 

Table 4. Composition of Standard fly 

food.  In the left column ingredients 
are detailed and in the right the 
quantity of each one for 1L. 
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UAS-Socs36E Callus & Mathey-Prevot 2002 

hop2 Bloomington Stock Center 

updYM55 Eberl et al. 1992 

hop27 Bloomington Stock Center 

stat92e06346 Bloomington Stock Center 

stat92e397 Hou et al. 1996 

hepr75 Glise et al. 1995 

Canton S Bloomington Stock Center 

w118 Bloomington Stock Center 

salE/Pv-LHG Santabárbara-Ruiz et al. 2015 

LexO-rpr Santabárbara-Ruiz et al. 2015 

UAS-RNAi-atf2 Vienna Drosophila RNAi Center (VDRC) 

UAS-RNAi-licorne Vienna Drosophila RNAi Center (VDRC) 

UAS-RNAi-p38b Vienna Drosophila RNAi Center (VDRC) 

UAS-RNAi-p38a Vienna Drosophila RNAi Center (VDRC) 

ask1MB06489 Metaxakis et al. 2005 

ask1M102915 Venken et al. 2011 

UAS-RNAi Ask1 Bloomington Stock Center - 35331 

egr3 Igaki et al. 2002 

grndminos Andersen et al. 2015 

wgnKO Andersen et al. 2015 

UAS-grndextra Andersen et al. 2015 

UAS-RNAi eiger Vienna Drosophila RNAi Center (VDRC) 

UAS-RNAi wgn Vienna Drosophila RNAi Center (VDRC) 

UAS-RNAi grnd Vienna Drosophila RNAi Center (VDRC) 

UAS-dp110DN Bloomington Stock Center - D954A 

UAS-dp110CAAX Bloomington Stock Center - 25908 

akt1 Staveley et al. 1998 

UAS-ecto-eiger Moreno et al. 2002 

UAS-RNAi DUOX Bloomington Stock Center - 59037 

Hml-Gal4 (A) Bloomington Stock Center - 30139 

Hml-Gal4 (B) Bloomington Stock Center - 30141 

hmlMB01940 Bloomington Stock Center - 23381 

UAS-RNAi aqp Bloomington Stock Center 

UAS-RNAi inx1 Vienna Drosophila RNAi Center (VDRC) 

UAS-RNAi inx2 Vienna Drosophila RNAi Center (VDRC) 

pntd88 Gift from J. Casanovas 

rasc40b Gift from G. Jiménez 

rl1 Gift from E. Hafen 

top1 Gift from E. Hafen 

 

 

Table 5. List of Drosophila strains utilized in this work. The genotype is indicated in the left 
column and origin in the right one.  
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Bacterial strains 

To manipulate plasmidic DNA we used E. coli DH5α competent cells (Invitrogen). 

 

Plasmids utilized and generated 

salE/Pv-LHG � The salE/Pv-LHG construct was created cutting the wing specific enhancer of 

spalt, salE/Pv (Barrio & de Celis 2004) from pC4LacZ-SpaltE/Pv EcoRI/BamHI and cloning this 

fragment into the plasmid attB-LHG containing a Gal80-suppressible form of LexA 

transcriptional activator (LHG) (Yagi et al. 2010). LHG contains both the binding domain of LexA 

and the activator domain of Gal4, which is recognized by the inhibitor Gal80TS. 

LexO-rpr � The LexO-rpr strain was obtained subcloning the pro-apoptotic gene reaper (rpr) 

from pOT2-rpr (IP02529) EcoRI/XhoI in the pLOTattB plasmid (Lai & Lee 2006) carrying the lexA 

operator LexO.  

upd-pOTB7 � upd full sequence cloned into pOTB7 plasmid (AT1366 of DGRC).  

upd3-pOT2 �upd3 full sequenced cloned into pOT2 plasmid (FI03911 of DGRC).  

 

Antibodies and dyes 

Primary antibodies used are indicated in Table 6: 

Primary antibodies 

Antigen Host Concentration Origin 

P-p38 rabbit 1:50 Cell Signalling 

P-Histone-H3 rabbit 1:1000 Millipore 

P-Histone-H3 mouse 1:1000 Millipore 

ß-Galactosidase rabbit 1:1000 ICN Biochemicals 

Upd rabbit 1:800 Gift from Dr Harrison 

Cleaved Caspase-3 rabbit 1:100 Millipore 

Anti-Digoxigenin-POD sheep 1:2000 Roche 

Ask1 P-Ser83 rabbit 1:100 Santa Cruz Biotechnology 
 sc-101633 

Ask1 P-Thr845 rabbit 1:100 Santa Cruz Biotechnology 
 sc-109911 

Mmp1 rabbit 1:100 Cocktail of 3A6B4, 5H7B11, 
3B8D12 (DSHB) 

P-Akt (S473) rabbit 1:100 Cell Signalling 

Ci rat 1:10 DSHB 2A1 

En mouse 1:20 DSHB 4D9 

Table 6. List of Primary antibodies used. Characteristics of each antigen as host, concentration and 
origin are detailed. 
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Fluorescently labelled secondary antibodies were from Life Technologies and Jackson 

Immunochemicals.  The working concentration was 1:200. 

To label nuclei TO-PRO-3 and YO-PRO-1 (Life Technologies) were utilized. 

For general ROS detection in vivo, we employed the CellROX Green Reagent (Life 

Technologies), which is an indicator of oxidative stress in living cells and the cell-permeant 2',7' 

dichlorodihydrofluorescein diacetate (H2DCFDA, Life Technologies) which upon oxidation is 

converted to the highly fluorescent 2',7'-dichlorofluorescein (DCF). For Superoxide detection, 

the MitoSOX™ Red mitochondrial superoxide indicator was used. 

For calcium imaging, we utilized the Fluo-4 Calcium Imaging Kit (Thermofisher). 
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Methods 

 

Methods to study regeneration 

In vivo: Genetic ablation with Gal4/UAS system 

To induce cell death in a particular domain of the wing disc, expression of the pro-apoptotic 

gene rpr (Yoo et al. 2002) was driven using the Gal4/UAS binary system (Brand & Perrimon 

1993) in combination with a thermo-sensitive Gal80 repressor (Gal80TS), which blocks Gal4 

activity (Salmeron et al. 1990). At 17°C, Gal80 is ubiquitously expressed and functional. In 

contrast, at 25-29°C, Gal80TS is inactive (Zeidler et al. 2004), thus relieving the inhibition of 

Gal4 and activating rpr expression (Figure 20 A). This method was previously described by 

Smith-Bolton et al. 2009, Bergantiños et al. 2010 and Repiso et al. 2013. 

 

We used two different drivers to induce cell death; the first, ptc-Gal4, which is expressed in a 

narrow stripe in the centre of the disc (Figure 21). This strain was used to induce cell death in 

imaginal discs (ptc>rpr), because the dead domain can be easily discerned from the 

neighbouring living domain. The second, salE/Pv-Gal4 strain, which consists of spalt wing 

enhancer with expression confined to the wing (Barrio & de Celis 2004), has been used in this 

work to score adult wing parameters as well as imaginal disc analysis (salE/Pv>rpr). We also used 

the salE/Pv-LHG and LexO-rpr strains for genetic ablation using the same design as for Gal4/UAS. 

Freshly laid eggs were kept at 17°C to prevent rpr expression. The 8th day/192 h after egg 

Figure 20. In vivo Genetic ablation with Gal/UAS system. (A) At 17°C, Gal80TS is active and blocks Gal4 activity. 
However, at 25°C Gal80TS is inactive and Gal4 can bind to UAS sequences and promote rpr expression to induce 
cell death. (B) Scheme that shows the time course of cell death and regeneration. Cell death starts the 8th day 
when larvae are transferred to 29°C for 11 hours. Then they are shifted back to 17°C to allow tissue recovery. 
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laying (equivalent to 96 hours at 25°C) were subsequently moved to 29°C for 11 hours and 

then back to 17°C to allow tissue regeneration (Figure 20 B). Controls without rpr expression 

were always treated in parallel. In dual transactivation experiments, we used the salE/Pv-LHG 

LexO-rpr to ablate the salE/Pv domain, whereas the Gal4 was used to express different 

transgenes under the control of nub-Gal4, ci-Gal4 or ap-Gal4.  

 

Ex vivo: Imaginal disc culture after physical injury 

Wing discs were dissected from third instar larvae in Schneider’s insect medium (Sigma-

Aldrich) and a small fragment was removed very carefully with tungsten needles. Discs were 

cultured in Schneider’s insect medium supplemented with 2% heat activated foetal calf serum, 

2.5% fly extract and 5 µg/ml insulin, for different periods of time (from 1 to 10 hours) at 25°C 

(Figure 22). Ex vivo images were taken using a Leica SPE confocal microscope and processed 

with Fiji software. 

 

Analysis of adult phenotypes and statistics 

For testing the capacity to regenerate we used adult wings emerged from salE/Pv>rpr 

individuals, in which patterning defects can be easily scored (Figure 23). Flies were fixed in 

glycerol:ethanol (1:2) for 24 h and wings were dissected on water and then washed with 

ethanol. Then they were mounted on 6:5 lactic acid:ethanol and analysed and imaged under a 

microscope. We consider a non-regenerated wing when veins or interveins are absent, 

because they have lost the capacity to restore the normal pattern. Therefore, the % of 

regenerated wings was calculated after the number of wings with the complete set of veins 

and interveins. For each sample, we scored the percentage of individuals that belong to the 

“regenerated wings” class and calculated the standard error of sample proportion based on 

binomial distribution (regenerate complete wing or not) SE=√p (1-p)/n, where p is the 

proportion of successes in the population. Ratios between wing areas were used as an 

Figure 21. Wing disc domains used for cell death induction. Left 
image shows the patch domain, whereas right picture indicates the 
spalt zone. 

Figure 22. Design for physical injury and imaginal disc ex vivo culture. Discs are injured al 
cultured for different periods and then imaged and analysed. 
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indication of the size achieved after cell death for each genetic background, and consisted of a 

comparison between wing size with and without rpr induction. 

 

DNA analysis and manipulation 

Transformation of competent cells 

DH5α Competent cells (Invitrogen) were taken out of -80°C and thaw on ice approximately 30 

minutes. Then DNA (usually 100 ng) was put into 50 μL of competent cells and gently mixed by 

flicking the bottom of the tube with the fingers a few times. After that the tube was 

transferred into a 42°C water bath and heat shocked 20 seconds, and then put back on ice for 

2 minutes. Pre-warmed 950 μl LB media (without antibiotic) was added to the bacteria, which 

have grown in a 37°C shaking incubator for 1 hour. Finally, the transformation was spread into 

agar plates containing the appropriate antibiotic (in our case chloramphenicol and ampicillin). 

 

Extraction of plasmidic DNA 

Bacterial cells were cultured in LB medium containing the appropriate selective antibiotic for 

12-16 hours at 37°C with vigorous shaking. To extract and purify the plasmidic DNA, we used 

the NZYTech’s miniprep procedure, based on the alkaline lysis of bacterial cells followed by 

adsorption of DNA into silica in the presence of high salt. 

 

Standard Polymerase Chain Reaction (PCR)  

Standard PCRs were used for DNA amplification.  All reaction components were assembled on 

ice and quickly transferring to a thermocycler preheated to the denaturation temperature 

(95°C) (Table 7 and Figure 24). 

Template DNA 2µl (50-300ng) 

10mM dNTPs 0.5µl 

25mM MgCl2 1.5µl 

20mM Primer FW 1µl 

20mM Primer RV 1µl 

5X Taq Reaction Buffer 4µl 

Taq polymerase  0.2µl 

H20 9.8µl 

Total volume 20µl 

Figure 23. SpaltE/Pv domain in wing imaginal discs and 

adult wings.  

 

 

Table 7. List of components of a classical 

PCR reaction. Left column shows all 
components necessaries for standard 
PCRs, and right column indicates the 
quantity of each one for a final volume of 
20µl. 
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RNA analysis 

Riboprobe synthesis for In Situ Hybridization 

Riboprobes for upd and upd3 were synthesized using cDNA clones from DGRC AT1366 (upd-

pOTB7) and FI03911 (upd3-pOT2). They were isolated and purified with NZYMiniprep kit 

(NZYTech). For upd riboprobe, 10µg of plasmidic DNA were linearizing with MluI (sense) and 

BamHI (antisense) restriction enzymes. For upd3, XhoI (sense) and EcoRV (antisense) were 

utilized. 

The resulted digestions were purified with Quiaquik PCR kit (Qiagen). For in vitro transcription, 

we used DNA polymerases SP6 (sense) and T7 (antisense), and dNTPs labelled with Digoxigenin 

(Dig RNA labelling mix Roche). The conditions were established according to the company. 

Then samples were incubated with DNase (Zymo Research) to eliminate DNA. RNA was 

purified with the RNA Clean and Concentrator kit (Zymo Research). After that, the Digoxigenin-

labelled riboprobes were hydrolysed with Carbonate Buffer 2X at 65°C for 40 minutes, and 

purified again.  

 

Fluorescence In Situ Hybridization (FISH) 

Wing imaginal discs were dissected and injured in Schneider’s insect medium (Sigma-Aldrich). 

They were first fixed 20’ in 4%FA/PBS 1X and second 20’ in 4% FA/PBTween. Next they were 

washed 3 times in PBTween. Samples were progressively dehydrated in Ethanol and then they 

were frozen at -20°C. After that they were washed in Ethanol and fixed again 5’ in 5% FA/PBS 

1X and 20’ in 5% FA. Immediately, discs were washed three times in PBTween.  

The Pre-Hybridization step consisted on two incubations in Proteinase K to eliminate the 

remained proteins, two washes in Glycine, two more in PBTween and 20 minutes of fixation in 

5% FA in PBTween, followed by the last three washes in PBTween.  

Hybridization was carried out at 55°C. Discs were incubated 10’ in PBTween/Solution A and 

then 1h in Solution A. After that discs hybridised overnight in a solution containing the 

riboprobe diluted 1:250 in Solution A. 

The day after, samples were progressively washed in Solution B/PBTween at 55ºC. Then they 

were transferred at room temperature (RT) and washed again 4 times in PBTween.  

Subsequently, discs were incubated 30’ in BSA and then 1h30’ in the preadsorbed antibody 

Figure 24. Thermocycling conditions for a 

routine PCR. The first step consisted on an 
initial denaturation, followed by 30 to 35 
holds of denaturation, annealing and DNA 
extension. The lengh and temperature or 
each step depends on the polymerase, the 
primers and the fragment final size. 
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anti-Digoxigenin-POD diluted 1:2000 in BSA. Later they were washed four times in PBTween 

and two times in TNT. The detection reaction was carried out incubating samples 1h in 

Tyramide diluted in commercial buffer 1:50, in the dark.  

Samples were finally washed several times in PBTween and mounted with SlowFade (Life 

Technologies) supplemented with 1µM TO-PRO-3 to label nuclei. All the Solutions used are 

summarized in table 8. 

 

Protein analysis 

Immunostaining of imaginal discs 

Discs were dissected in Schneider’s Insect medium and fixed for 30-60 minutes at RT in 4% PF. 

Then they were washed twice in PBS 1X, twice in PBT and incubated with Blocking Solution 

(BS) for 1 hour. After that the sample was transferred to a 4°C chamber and incubated with the 

primary antibody diluted in BS overnight. 

The next day, discs were washed several times at RT and then incubated with the secondary 

antibody diluted in BS for 3 hours. Afterwards samples were washed three times in PBT and 

mounted in Slowfade (Life Technologies) supplemented with 1µM TO-PRO-3/YO-PRO-1 (Life 

Technologies) to label nuclei. Components necessaries for immunostaining are depicted in 

table 9. 

4% PF 4% Formaldehyde diluted in PBS 1X 

PBS 1X 125mM NaCl, 16mM Na2HPO4 and 8.4mM NaH2PO4, pH 7.3 diluted in 
miliQ water 

PBT 0.3% TritonX-100 diluted in PBS 1X 

Blocking solution 2% Bovine Serum Albumin and 0.05% NaN3 diluted in PBT 

 

 

PBS 1X 125mM NaCl, 16mM Na2HPO4 and 8.4mM NaH2PO4, pH 7.3 diluted in miliQ 
water 

FA 10% 1,37ml FA 36.5% and 8.63 ml PBTween 

Proteinase K 5mg/ml Proteinase K solved in PBTween 

Glycine 2mg/ml Glycine dissolved in PBTween 

PBTween PBS 1X and Tween20 0.1%. 

Solution A 100µg/ml denatured herring sperm DNA and 50µg/ml heparin diluted in 
solution B 

Solution B 50% Formamide, 5x SSC and 0.1% Tween20 diluted in miliQ water 

TNT 0.05M MgCl2, 0.15M NaCl and 0.1M TrisHCl pH 7.5 diluted in miliQ water 

BSA 2% BSA (without NaN3) diluted in PBTween 

Table 9. Solutions for immunostaining. Left column shows the name of the solution and right column indicates 
the composition of each one.  

Table 8.  Solutions for Fluorescence in situ hybridization (FISH). Left column shows the name of the solution 
mentioned in the protocol and right column the composition of each one. 
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Apoptotic cell detection with TUNEL assay 

After fixation and immunostaining of imaginal discs, apoptotic cells were detected using 

labelled dUTP ChromaTide® BODIPY® FL-14- or Alexa Fluor® 647-aha-dUTP (Life Technologies) 

and the Terminal deoxynucleotidyl transferase (TdT, Roche). The sample was incubated in the 

Reaction Mix (Table 10) for 1h 30’ at 37°C. Then, EDTA was added to stop the reaction and 

discs were washed and mounted as explained in the immunostaining protocol. 

Reaction Mix 5μl of CoCl2, 10μl of 5X Buffer TdT, 1μl (24.5u) of TdT, 1.5μl of 10% 
TritonX-100, 0.5μl of ChromaTide BODIPY FL-14-dUTP/ Alexa Fluor® 
647-aha-dUTP and 32μl of GIBCO water 

EDTA 15 mM EDTA pH 8 

 

EdU incorporation 

For 5-ethynyl-2’-deoxyuridine (EdU) incorporation into the sample, the Click-iT® EdU Imaging 

Kit (Life Technologies) was utilized. Imaginal discs were dissected after cell death induction and 

incubated in Schneider’s insect medium supplemented with 1 mg/ml EdU (Life Technologies) 

for 5 minutes. Then they were fixed 20’ in 4% PF, washed with BSA for 30’ and permeabilized 

with PBT for 20’.  

Subsequently discs were incubated with the Click-iT® EdU reaction cocktail for 30’ to detect 

EdU and washed again with BSA. Following this step, discs were fixed and immunostained as 

explained before. Reagents for EdU detection are summarized in table 11. 

4% PF 4% Formaldehyde diluted in PBS 1X 

PBT 0.3% TritonX-100 diluted in PBS 1X 

BSA 3% Bovine Serum Albumin diluted in PBT 

Click-iT® EdU 
reaction cocktail 

430 µl 1X Click-iT® reaction buffer, 20µl CuSO4, 1.2µl Alexa Fluor® 
azide and 50 µl Reaction buffer additive 

 

Detection and modification of Reactive Oxidative Species in imaginal discs 

ROS detection ex vivo 

Experiments for ROS detection were done in living conditions. To detect the presence of 

general ROS we used two dyes. First, the CellROX Green Reagent (Life Technologies), which is 

an indicator of oxidative stress in living cells and second, the cell-permeant 2',7'-

dichlorodihydrofluorescein diacetate (H2DCFDA, Life Technologies) which upon oxidation is 

converted to the highly fluorescent 2',7'-dichlorofluorescein (DCF). For Superoxide detection, 

the MitoSOX™ Red mitochondrial superoxide indicator was used. 

Table 10. Composition of solutions for TUNEL assay. Note that the reaction mix is prepared just before use. 

Table 11. Reagents for EdU detection with the Click-iT® EdU Imaging Kit. Note that the EdU reaction cocktail is 
prepared just before use. 
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Third instar discs were dissected in Schneider´s insect medium immediately after cell death or 

injury and incubated for 15 minutes in medium containing 5µM CellROX Green Reagent, 5µM 

H2DCFDA or 5 µM MitoSOX reagent, followed by three washes. Samples were protected from 

light throughout. Then they were mounted using culture medium supplemented with 1 µM 

TO-PRO-3 (Life Technologies) nucleic acid stain. As TO-PRO-3 only enters into dead cells, we 

used it to distinguish dead cells from living cells in the ex vivo experiments. 

 

ROS scavenging in vivo and ex vivo  

To prevent ROS production, we used two protocols. The first was mainly used for rpr-ablation 

discs. It consisted on antioxidant supplementation into standard fly food. As antioxidants, we 

used vitamin C (250 µg/ml), Trolox (an analog of vitamin E; 20 µg/ml) and N-acetyl cysteine 

(NAC) (100 µg/ml), all from Sigma-Aldrich.  

To score adult wings, larvae were transferred from vials containing standard food to vials 

containing food with the desired antioxidant concentration. Antioxidant treatment was 

administered at 168 h of development at 17°C (equivalent to 84 h AEL at 25°C). After 24 hours, 

experimental larvae were moved to 29°C for 11 hours to promote rpr apoptosis (Figure 25 A). 

One control consisted on larvae maintained at 17°C and another control consisted on larvae 

transferred to a vial with standard food and moved to 29°C for the same period as in the 

experimental group. After rpr induction temperature was returned to 17°C to allow tissue 

recovery.  

The second protocol was used for ex vivo cultured discs. Injured wing imaginal discs were 

incubated for 30 minutes in Schneider’s insect medium supplemented with antioxidants (NAC 

100 µg/ml, vitamin C 250 µg/ml or Trolox 20 µg/ml). Then, they were transferred to 

Schneider’s containing 5µM CellROX Green (Figure 25 B) following the ROS detection protocol. 

After antioxidant incubation discs were also used for immunostaining as explained before. 

Figure 25. ROS scavenging in imaginal discs. (A) Design for ROS scavenging before genetic ablation. Larvae are 
transferred to a vial supplemented with antioxidants 24 hours before cell death induction. (B) Design for ROS 
scavenging in ex vivo culture. Discs are incubated for 30 minutes in medium supplemented with antioxidants 
and then with CellROX Green to monitor ROS production. 
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Oxidative stress induction  

Third instar larvae were transferred to vials with 5mL of special medium containing 1,3% 

UltraPureTM LMP agarose (Invitrogen) 5% sucrose (Fluka) and the desired concentration of 

H2O2 0,1% and 1% (Merck) or Tunicamycin 1ng/µl (Sigma-Aldrich). To avoid loss of oxidative 

capacity, H2O2 was added at a temperature under 45°C. Larvae were fed for 2 h in this medium 

prior dissection and fixation of the discs. Controls without H2O2 were done in parallel. 

 

Measurement of life span 

Freshly emerged flies of both sexes were collected over a 24-h period and placed into plastic 

vials (20 flies/vial), males and females separately. Minimal food was composed by water, 1,3% 

UltraPureTM LMP agarose (Invitrogen) and 5% Sucrose (Fluka). H2O2-supplemented food 

contained also 0,1% H2O2 (Merck) and Tunicamycin-supplemented food contained 1µg/ml of 

Tunicamycin (Sigma-Aldrich). Survivorship was recorded daily and food was renewed twice a 

week. Five replicates were performed for each condition. For life span determination, we used 

the isogenic line w118 as a control and ask1MB06489 and as experimental group. A scheme of this 

experiment is depicted in Figure 26. 

For statistical analysis, the mean life span of each strain was calculated as the time (in days) at 

which survival reached 50% of the starting population. Survival data were analysed by 

stratified log rank tests, using Microsoft Excel.  

 

Chemical inhibition of MAPK pathways 

To prevent p38 activation the imidazole drug SB202190 (Sigma-Aldrich) was added into 

standard fly food. We used three different concentrations (0.12 µM, 1 µM and 5 µM), and 

DMSO as the control.  

To inhibit chemically JNK we used the JNK Inhibitor IX (5 µM, Selleckchem) which is a 

thienylnaphthamide compound that is a selective and potent inhibitor of the ATP binding site 

of JNK. The timing and protocol followed to inhibit both pathways were the same as that to 

scavenge ROS (Figure 25). 

Figure 26. Analysis of the life span in Drosophila adults. Adults are collected and then survivorship is daily 
recorded. 
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Calcium imaging 

To identify calcium signaling, we utilized the Fluo-4 Calcium imaging Kit (#F10489 

Thermofisher), which displays high sensitivity and a large fluorescent increase upon calcium 

binding. Third instar discs were dissected in Schneider´s medium immediately after cell death 

or injury and incubated for 30 minutes in 1mL of Fresh Fluo-4 Solution (10µL Powerload 

100X,1µL Fluo-4 1000X, 10µL Probencid 100X Stock Solution and 1mL Fresh Schneider’s insect 

medium), followed by two washes. 

Samples were protected from light throughout. Then they were mounted using culture 

medium supplemented with 1 μM TO-PRO3 (Life Technologies) nucleic acid stain. As nuclear 

markers only enter dead cells, we used it to distinguish dead from living cells. 

 

Imaging 

Confocal images were obtained with Leica SP2 and SPE confocal microscopes.  Bright flied 

images were taken with Leica DMLB microscope. All pictures were processed with Fiji and 

Adobe® Photoshop software. 

 

Bioinformatics 

UCSC genome browser was used for gene analysis as well as for in silico PCRs. 
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ROS are produced after tissue damage 

As the first signals to initiate regeneration must be extremely rapid and efficient, we first 

examined the production and propagation of ROS over time after tissue damage. To do that, 

we used CellROX Green, a cell-permeant fluorogenic probe that is non-fluorescent in the 

reduced state and exhibits bright fluorescence upon oxidation.  

Immediately after cut (0-5’) we found elevated levels of CellROX Green near the wound edges, 

thus the oxidative burst is rapidly occurring after damage. Few CellROX Green positive cells 

were labelled with TO-PRO-3 (dying cells), indicating that most ROS-producing cells were alive 

(Figure 27 A). After that, ex vivo imaging showed that fluorescence propagates to the 

neighbouring cells during the first 30’ after damage (Figure 27 A).  

We next monitored ROS production after controlled induction of cell death in the patched 

domain (ptc>rpr discs, Figure 27 B, C). Those discs show a stripe of apoptotic cells that 

eventually extrudes basally and is replaced apically by living cells (Figure 27 C; Bergantiños et 

al. 2010). CellROX Green was strongly incorporated into the apoptotic cells (TO-PRO-3 positive) 

(Figure 27 D) but also in adjacent living cells, albeit at much lower levels than in dead cells 

(Figure 27 D, E).  

Equivalent results were obtained using 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA), 

a molecule which upon oxidation is converted to the highly fluorescent DCF. Both cut or rpr-

ablated discs, showed important level of fluorescence on the wound edges, in the apoptotic 

cells and in the living cells near the apoptotic (Figure 27 F).  

These results demonstrated that both physical injury and genetically induced apoptosis are 

insults that result in the production of ROS.  

 

ROS are required for tissue repair 

After finding an oxidative burst following death or damage we hypothesized that it could 

propagate from dying to living cells in sub-toxic doses and initiate repair. To explore this issue, 

we scavenged ROS production and examined adult wings after cell death.  

We first checked whether antioxidants (Vitamin C, Trolox or N-acetyl cysteine [NAC]) were 

capable of blocking ROS production. To do that, we incubated cut discs in Schneider’s medium 

containing antioxidants and detected strong reduction of CellROX Green fluorescence (Figure 

28 A).  

Next, we studied the effects of ROS scavenging on regeneration. For that we induced cell 

death with the salE/Pv-Gal4 driver which allows analysis in adult wings while not affecting the 

rest of the organism (henceforth salE/Pv>rpr discs). To deplete intracellular ROS, salE/Pv>rpr 

larvae were fed with food supplemented with antioxidants (Figure 28 B). 
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Figure 27. ROS are produced after physical injury and after cell death. (A) Cut disc cultured ex vivo (white 
wedge indicates cut edges) and thermal LUT of CellROX Green. Left image just after cut (0–5’) and right image 
30’ later. Thermal scale indicates pixel intensity. (B) Sketch of wing imaginal discs with the area (black square) 
shown in A, D, F and G. (C) Fixed disc stained for nuclei to show disc contour (TP-3: TO-PRO-3) and Caspase-3 
after ptc>rpr activation for 11h at 29°C. (D) ptc>rpr disc cultured ex vivo; basal images at the bottom, apical at 
the top. Left, cell death (TO-PRO-3). Right, thermal LUT taken from the ROS channel (CellROX Green) of the 
same preparation. (E) Mean pixel intensity (grey value) of the indicated zones in control discs without cell death 
(ptc>rpr OFF) and discs with cell death (ptc>rpr ON). The pixel intensity in the ptc domain in the absence of cell 
death (ptc>rpr OFF) was 1.76 ± 0.55 (SD; from 48 regions of interest [ROI] in n = 5 discs). The mean pixel 
intensity for the apoptotic region (basal; ptc>rpr ON) was 33.14±8.18 (SD), measured in 27 ROI on confocal 
images taken from n = 6 discs. Living cells adjacent to the apoptotic zone showed a mean grey value of 
8.51±2.12 (SD; 15 ROI from 6 discs taken from cells near the ptc domain). White rectangles in D: Example ROI 
for Basal Apoptotic Zone (1) and Apical Living Zone (2). The ROI’s for the ptc zone, in discs in which ptc>rpr is 
OFF, were placed as (1). ***P<0.001. Thermal scale indicates sample values from raw images. (F) ROS detected 
with H2DCFDA after ptc>rpr. ROS are found in dead cells and in adjacent living cells. TP-3: TO-PRO-3. (G) ROS 
detected with H2DCFDA after physical injury (white wedge). 
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ROS scavengers in salE/Pv>rpr controls kept at 17ºC to prevent cell death did not show any 

alteration of wing morphology (Figure 28 E).  Conversely, a salE/Pv>rpr control group without 

scavengers moved to 29ºC for 11 h showed complete wing regeneration (Figure 28 C, D). 

However, the salE/Pv>rpr experimental group with ROS scavengers and induced cell death 

showed incomplete regeneration in about 50% of the cases (Figure 28 C, D). 

Then we checked whether proliferation is impaired after ROS depletion. We counted the 

number of mitoses after cell death induction in discs from NAC-fed larvae and found a 

significant decrease compared to discs from larvae fed in the absence of antioxidants (Figure 

Figure 28. ROS are required for tissue repair. (A) Ex vivo analysis of cut imaginal discs cultured in Schneider’s 
medium, incubated with NAC, Trolox or Vitamin C. Top row shows control discs (no antioxidant). Lower row 
shows discs incubated with the indicated antioxidant. Dotted lines indicate zones used as ROI for pixel intensity 
measurements (below). White wedges indicate the position of the cut. *P<0.05 **P<0.01. (B) Design for 
chemical antioxidant intake and cell death induction. At 17°C and 24 h before cell death, larvae were 
transferred to a vial with food supplemented with antioxidant. Cell death (salE/Pv>rpr ON) was induced by 
shifting temperature to 29°C for 11 h (blue zone in the disc). Then Larvae were moved to 17ºC where they 
regenerated and emerged into adults, in which wings were scored. Blue color in the wing: area emerged from 
salE/Pv. Controls salE/Pv>rpr OFF were kept at 17°C to avoid cell death. (C) Percentage of regenerated wings after 
cell death (salE/Pv>rpr ON) in Standard Food or in the presence of antioxidants (NAC, Trolox or Vitamin C). 
***P<0.001. (D) Examples of salE/Pv>rpr ON wings with the indicated food supplement. In controls wings were 
completely recovered (Std Food). For each antioxidant, an example of incomplete regeneration after cell death 
induction is shown. (E) Examples of control wings kept at 17°C (salE/Pv>rpr OFF). (F) Mitosis in ptc>rpr discs from 
larvae fed with and without NAC and with or without rpr-ablation (ON versus OFF). Red dots labeled phospho-
histone 3 (PH3) positive cells. Nuclei were labeled with TP-3: TO-PRO-3. (G) Mitosis number in ptc>rpr OFF: 
41.86 ± 9.84 (S.D.); NAC ptc>rpr OFF: 39.9 ± 4.68 (S.D.); ptc>rpr ON: 49.73 ± 8.18 (S.D.); NAC ptc>rpr ON: 29.52 ± 
9.41 (S.D.). ***P<0.001. 
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28 F, G). The number of mitoses in controls fed with or without antioxidants and kept at 17°C 

to block cell death did not vary (Figure 28 F, G). 

In addition, we manipulated ROS enzymatically. Superoxide dismutase (Sod) catalyzes the 

dismutation of superoxide anion into oxygen and hydrogen peroxide. In the presence of 

hydrogen peroxide, Catalase (Cat) catalyzes its breakdown into water and oxygen. Thus, 

overexpression of Sod or Cat will remove their respective ROS substrates, whereas 

simultaneous activation of both will enhance the depletion of O2
- and H2O2. UAS-Sod, UAS-Cat 

or UAS-Sod:UAS-Cat were ectopically expressed under the nub-Gal4 driver, which operates 

throughout the wing pouch (Figure 29 A). To induce cell death we used a salE/Pv-LHG transgene, 

which includes a Gal80 suppressible form of LexA (Yagi et al. 2010), to conditionally express 

lexO-rpr in the salE/Pv domain. This combination permits control of the temporary expression of 

two binary systems (salE/Pv-LHG lexO-rpr and nub-Gal4 UAS-transgene) by tubGal80TS (Figure 29 

A). After salE/Pv-LHG lexO-rpr genetic ablation and nub-Gal4 UAS-transgene expression we 

allowed the larvae to develop to adulthood and found a drop in the number of regenerated 

wings (Figure 29 B, C). Controls kept at 17°C to prevent cell death did not show any alteration 

of wing morphology (Figure 29 D).  

The NADPH oxidase DUOX acts as a source of H2O2. Only 75% of adult wings with DUOX 

inhibition in the anterior compartment and simultaneous cell death in salE/Pv domain could 

regenerate, which is consistent with previous results (Figure 29 E-H). Together, these results 

indicate that chemical and enzymatic ROS scavengers interfere with regeneration. 

Figure 29. ROS inhibition impairs regeneration. (A, E) Design for ectopic expression of enzymatic antioxidant 
transgenes and simultaneous cell death induction when shifted to 29°C for 11 h. The Gal4/UAS (red) activate 
Cat, Sod or Cat+Sod transgenes. Blue area: salE/Pv-LHG lexO-rpr.  Adult wings were scored for complete 
regeneration of the missing zone. Red coloration indicates zone influenced by the enzymatic antioxidant; 
purple: zone influenced by enzymatic antioxidant and cell death. Transgenes are under the control of 
tubGal80TS. (B, F) Percentage of regenerated wings in Cat, Sod, Cat:Sod and RNAi DUOX ectopically expressed 
transgenes. (C, G) Wings from individuals after cell death and transgene activation (ON). For Cat, Sod, Sod:Cat 
or RNAi DUOX and example of incomplete regeneration is shown. (D, H) Examples of control wings kept at 17°C 
(salEPv>rpr OFF). ** P>0,01. Error bars show Standard Deviation. 
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ROS control JNK activity 

The JNK signalling pathway has emerged as an early response to cell death and physical 

damage and appears to play a critical role in compensatory proliferation, regeneration and 

wound healing (Ryoo et al. 2004; Bosch et al. 2005; Bosch et al. 2008; Bergantiños et al. 2010; 

Smith-Bolton et al. 2009; Mattila et al. 2005; Lee et al. 2005; Fan et al. 2014; Pastor-Pareja et 

al. 2008).  

Thus, we wondered whether ROS could act on JNK during wing disc repair. To achieve that, we 

first monitored the activity of this pathway in wing discs after damage. We used two different 

reporters: puc-lacZ, which marks puc-expressing cells (Martin-Blanco et al. 1998) and the TRE-

DsRed.T4 reporter, which monitors the JNK substrate AP1 transcription factor (hereafter TRE-

red reporter) (Figure 30; Chatterjee & Bohmann 2012). 

Figure 30. JNK is activated upon cell death and physical injury. (A) Test of JNK reporters. All images in A 
correspond to the same disc after ptc>rpr induction. Top row: apical sections. Bottom row: basal sections. 
Notum: n (arrowhead). Wing pouch: wp (arrow). Cell death: TUNEL. (B) TRE-red and puc>GFP expression after 
physical injury. TRE-red expression is activated earlier and more extensive than puc>GFP. White wedges 
indicate the position of the cut. Dotted line indicates the edges of the disc. 
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In ptc>rpr discs, we found elevated levels of TRE-red reporter in the basal apoptotic zone and, 

to a lesser extent, in the apical living cells (Figure 30 A, 31 A). In contrast, puc-lacZ positive cells 

were found in the apical zone, as described previously (Bergantiños et al. 2010), and rarely in 

the apoptotic zone (Figure 30 A, 31 A). After physical injury, TRE-red reporter appeared 3 hours 

after cut, and spreads throughout the wound edges. However, puc>GFP positive cells were 

found later (5 hours) and with restricted expression close the wound site (Figure 30 B). Some 

puc positive cells incorporated EdU, supporting that JNK is also induced in living cells (Figure 31 

B).  

As in previous studies, we blocked JNK activity and regeneration was impaired. First, we fed 

salE/Pv>rpr larvae with a JNK inhibitor and we observed that only 23% of adult wings were 

recovered (Figure 32 B). Indeed, only 16% of adult wings with JNK inhibition in the anterior 

compartment and simultaneous cell death in salE/Pv domain could regenerate (salE/Pv>rpr 

ci>bskDN discs, Figure 32 C, D). These results confirmed previous findings about the essential 

role of JNK pathway after cell death (Bergantiños et al. 2010; Smith-Bolton et al. 2009). 

To determine the relationship between ROS and JNK in rpr-ablated discs we modified ROS with 

the antioxidant NAC. This molecule is the acetylated variant of the amino acid L-cysteine, an 

excellent source of sulfhydryl (SH) groups, and is converted in the body into metabolites 

capable of stimulating glutathione (GSH) synthesis, promoting detoxification, and acting 

directly as free radical scavengers (Kelly 1998).  

To test NAC effects on JNK, we used the TRE-red reporter because is more rapidly and 

extensively expressed than puc-lacZ  (Figure 30 A, 31 A) and because its activity is blocked in 

JNK mutants (Chatterjee & Bohmann 2012) or after chemical JNK inhibitors (Figure 32 A).  

 

 

Figure 31. Puckered positive cells incorporate EdU. (A) Zoom of a digital cross section of the zone marked with 
a white line in Figure 30 A. Endogenous puc-lacZ was found in the outer layer of peripodial membrane cells 
(pm). Puc-lacZ cells in the disc columnar epithelium are apical (white), most apoptotic cells are basal (red), and 
TRE-red positive cells are apical and basal (blue). (B) Three digital cross sections in an apical ptc>rpr section; 
puc-lacZ zone of the wing pouch (wp) and notum (n1, n2).  
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We found that the mean pixel intensity of the TRE-red reporter in ptc>rpr discs from animals 

grown in NAC-supplemented food was lower than in the same zone of individuals fed with 

Standard food (Figure 33 A, B). Moreover, discs cultured ex vivo in which NAC was added into 

the medium resulted in a drop of TRE-red activity after physical injury (Figure 33 C, D). These 

observations indicate that activation of JNK is ROS dependent. 

Figure 32. JNK inhibition impairs regeneration and JAK/STAT signalling. (A) The JNK Inhibitor IX eliminates 
TRE-red activity and upd expression after cell death. Top row: rpr–ablated disc from larvae fed with Standard 
food stained for nuclei (TP3: TO-PRO-3), AP1 (TRE-red reporter) and anti-Upd. Bottom row: rpr–ablated disc 
from larvae supplemented with JNK Inhibitor IX. (B) JNK Inhibitor IX inhibits regeneration. Quantification of 
regenerated salEPv>rpr wings after feeding with Standard or JNK Inhibitor IX supplemented food. (C) Design for 
ectopic expression of bsk dominant negative transgene and simultaneous cell death induction when shifted to 
29°C for 11 h. The Gal4/UAS (red) activates the bskDN. Blue area: salE/Pv-LHG lexO-rpr.  Adult wings were scored 
for complete regeneration of the missing zone. Transgenes are under the control of tubGal80TS. (D) 
Percentage of regenerated or normal wings after shifting to 29°C for 11 h. Right: Wings from individuals after 
cell death and transgene activation. *** P>0.001. Error bars show Standard Deviation. 
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ROS stimulates p38 phosphorylation 

Another potential response to ROS increase is the activation of the p38 signalling cascade 

(McCubrey et al. 2006; Craig et al. 2004; Seisenbacher et al. 2011). Active p38 signalling can be 

monitored using anti-phosphorylated p38 (P-p38). 

After physical injury wing discs showed P-p38 staining around the wound. P-p38 localization 

was variable and depended on the severity of the injury. Intact discs did not show P-p38 

(Figure 34 A). However, discs cultured for 3 to 8 hours with or without injury showed P-p38 

staining throughout the disc. This general staining is likely due to the stress generated by 

culturing, and contrasts with the fast local P-p38 response around the damaged zone (Figure 

34 A). We next wondered whether the boost of ROS that propagates to the surviving tissue 

triggers p38 activation. We observed that the early P-p38 staining was blocked in discs cut and 

cultured ex vivo in medium containing NAC (Figure 34 B, C).  

We also analysed p38 activation after inducing cell death and found P-p38 only in living cells 

but never in the basal apoptotic zone (Figure 34 E). In the absence of cell death, no P-p38 was 

detected (data not shown). Blocking of ROS production with NAC resulted in a significant drop 

in P-p38-labeled cells (Figure 34 E, F). In addition, we used the double transcriptional trans-

activator system consisting of the salE/Pv-LHG lexO-rpr to induce apoptosis and simultaneously 

interfere with ROS production by inducing UAS-Sod:UAS-Cat in the anterior (ci-Gal4) 

compartment (Figure 34 D). A strong reduction of P-p38 was found in the anterior (ci-Gal4 

UAS-Sod:UAS-Cat) compartment in comparison to the posterior one (Figure 34 D).  

 

Figure 33. Antioxidants decrease JNK activity. (A) TRE-red reporter in ptc>rpr discs of larvae fed with Standard 
food or NAC-supplemented food (NAC). TP-3: TO-PRO-3. (B) Mean pixel intensities of TRE-red reporter in 
ptc>rpr discs with Standard or NAC food. The pixel intensity for Standard food was 26.06 ± 7.22 (S.D.; n=15) and 
for NAC 18.12 ± 8.32 (S.D.; n= 25). (C) TRE-red reporter expression in physically injured discs, cultured for 7 h ex 

vivo in Schneider’s culture medium with or without NAC. Outline: disc contour. (D) Mean pixel intensities of 
TRE-red reporter in ex vivo cultured discs with or without NAC. The pixel intensity for Standard culture was 
88.98 ± 22.25 (S.D.; n=6) and for NAC 23.98 ± 10.26 (S.D.; n= 16).  **P<0.01, ***P<0.001.  
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Figure 34. ROS stimulate p38 phosphorylation. (A) P-p38 staining of intact (uncut, controls) and cut discs 
cultured for the indicated times after injury. White lines: wound edges; white arrowhead: small incision. (B) 
Discs cut and cultured with or without NAC and stained for P-p38. (C) Mean pixel intensities of P-p38 
fluorescence from cut discs cultured with standard medium (95.29 ± 17.52; S.D.) or NAC-supplemented 
(22.45±2.56; S.D.). (D) Genetic ROS scavenging using ci>Sod:Cat, activated in the anterior compartment (ci, 
black in the sketch). SalEPv>rpr cell death (blue in the sketch) in the same disc results in inhibition of P-p38 only 
in anterior compartment. TP-3: TO-PRO-3. Outlined white in D and E: apoptotic zone. (E) Apical and basal 
images of P-p38 after ptc>rpr induction with or without NAC supplementation. (F) Mean pixel intensities of P-
p38 fluorescent labeling from ptc>rpr discs fed with standard (52.17±19.96; S.D.) or NAC-supplemented food 
(7,85 ± 2,42; S.D.). ***P<0.001. 



82 
 

To test whether an independent source of ROS could activate P-p38 in discs, we fed larvae for 

2h with food supplemented with 1% H2O2 and checked for P-p38. Intact discs dissected from 

these larvae resulted in elevated levels of P-p38 as well as high CellROX Green fluorescence 

(Figure 35 A, B).  

Together, these observations show that ROS scavengers inhibit P-p38 and therefore indicate 

that oxidative stress is required for p38 activation.   

 

 

 

 

p38 signalling is required for tissue repair 

Next, we wondered how p38 inhibition could affect regeneration. Thus, we scored wing 

regeneration after salE/Pv>rpr induction of cell death in different mutant backgrounds of the 

p38 pathway. As most of the alleles are lethal or semilethal in homozygosis (Cully et al. 2010), 

we tested them in heterozygosis.  

Figure 36. p38 is necessary for tissue repair.  Adult wing parameters in p38 signaling mutant backgrounds after 
genetic ablation. Left: ratios of the wing areas between experimental groups (rpr induction salE/Pv>rpr ON) and 
control (no rpr induction salE/Pv>rpr OFF). Right: percentage of fully regenerated wings. Far right: examples of 
wings with full regeneration (wt: control) and incomplete regeneration (indicated genotypes) after salE/Pv>rpr 

induction.  

Figure 35. Oxidative stress promotes p38 phosphorylation. Discs from larvae were fed with 1% H2O2 for 2 h before 
processed for imaging. (A) Live imaging showing high ROS in the entire disc. (B) Fixed disc stained with P-p38. TP-3: 
TO-PRO-3 nuclear staining. 
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We found that heterozygous p38bd27 animals regenerated entire wings (Figure 36). However, a 

severe effect was observed with p38a1 as the resulting wings lacked some sectors and 

presented notches in the margin. Drosophila p38 signalling is activated by MKK3/licorne (lic)-

mediated phosphorylation (Suzanne et al. 1999). Heterozygous licd13 showed all wing sectors 

albeit wings were smaller than controls. However, double heterozygotes for licd13 and p38bd27 

were unable to regenerate some wing sectors. We also tested Atf2PB, a hypomorphic allele of 

the ATF2 transcription factor downstream of p38 (Seong et al. 2011) either in homozygosis or 

in double heterozygous combinations (licd13 Atf2PB or p38bd27 Atf2PB). We found in all cases 

defects in size and pattern after salE/Pv>rpr induction. Regeneration was severely impaired in 

double heterozygotes for p38a1 (MAPK) and Atf2PB (Figure 36).  

We also blocked the pathway with UAS-RNAi constructs for lic, p38b, p38a and Atf2 and 

analysed the adult wings. These transgenes were activated in the anterior compartment (ci-

Gal4 UAS-RNAi) and cell death was induced in the salE/Pv domain (salE/Pv-LHG lexO-rpr). We 

found a reduction of individuals capable to fully regenerate wings for those RNAi’s (Figure 37).  

 

To gain further insight into the requirement for p38, we chemically blocked the pathway using 

the imidazole drug SB202190, a specific cell permeable p38 MAP kinase inhibitor that has been 

reported to do not interfere JNK or ERK kinases and is known to prevent phosphorylation of 

Atf2 in Drosophila S2 cells (Frantz et al. 1998). We first tested the specificity of the SB202190 

on P-p38 in rpr-ablated discs and found significant differences between individuals fed with 

the drug and controls. In contrast, the differences on TRE-red reporter were not significant 

(Figure 38 A). This indicates that SB202190 strongly blocked P-p38 and weakly the TRE-red. 

 

Figure 37. p38 inhibition impairs tissue repair.  Ectopic expression of p38 RNAis under the control of ci-Gal4 
and simultaneous cell death induction with salE/Pv-LHG LexO-rpr when shifted to 29°C for 11 h. Adult wing size 
was measured after ectopic expression of the indicated RNAi transgenes.  
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SalE/Pv>rpr larvae grown at 17°C to prevent cell death and fed with food containing SB202190 

(0.12, 1.0 or 5.0 µM) emerged into normal adults (salE/Pv>rpr OFF in Figure 38 B). However, 

salE/Pv>rpr-induced larvae fed with SB202190 developed wings lacking some sectors. The 

highest percentage of aberrant wings was found using 5 µM SB202190 (salE/Pv>rpr ON in Figure 

38 B), indicating that this inhibitor act in a doses-dependent manner. This observation 

confirms that activation of p38 is required for wing repair.  

 

p38 and JNK act independently 

To assess the relationship between JNK and p38, we tested p38 activation in wounded null 

hemizygous JNKK hemipterous (hepr75) discs. P-p38 was localized near the wound after physical 

injury (Figure 39 A). This contrasts with the decrease in P-p38 when the MAPK kinase lic, which 

is the p38 activating kinase, was interfered with RNAi in injured discs (Figure 39 B). 

Figure 38. p38 inhibition impairs regeneration but does not affect JNK.  (A) Test for the reliability of the 
SB202190. Discs were dissected from rpr-ablated larvae that were fed with 5 µM SB202190, fixed and imaged. 
SB202190 intake reduces P-p38 activation after cell death as measured from the Mean Pixel Intensity in 
comparison to DMSO fed larvae. TRE-red in individuals fed with 5 µM SB202190 is active. Right: Mean Pixel 
Intensities for both experiments. For p38: control 48.77 ± 30.82 (S.D.); SB202190 10.52 ± 8.09 (S.D.). For TRE-
red: control 136.46 ± 44.5 (S.D.); SB202190 93.5 ± 23.19 (S.D.). ***P<0.001 for the P-p38 and P=0.15 n.s. for 
TRE-red. (B) Percentage of fully regenerated wings after SB202190 intake in salE/Pv>rpr flies. salE/Pv>rpr ON: wing 
fully regenerated (top) and examples of incomplete regeneration for each SB202190 concentration. salE/Pv>rpr 
OFF: Examples of control wings in which no rpr-ablation was induced (kept at 17°C) for the indicated 
concentrations of the p38 inhibitor SB202190. ***P<0.001. 
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Moreover, P-p38 staining was localized in hepr75 discs after ptc>rpr induction, as in the wt 

(Figure 40 A, compare with Figure 34 E) indicating that JNK and p38 act independently. We also 

fed animals with the JNK Inhibitor IX, which abolishes TRE-red reporter expression and inhibits 

regeneration (Figure 32 A, B), and found that P-p38 after rpr-ablation was not affected (Figure 

40 B).  

Figure 40. p38 is phosphorylated in the absence of JNK. (A) Apical and basal images of hepr75 hemizygous disc 
after ptc>rpr induction and stained for P-p38. Dead domain is outlined white. TP-3: TO-PRO-3. (B) Blocking JNK 
with JNK Inhibitor IX does not affect P-p38 after rpr-ablation. The dead domains are outlined in white. The 
sketch of the wing disc with square indicate the location of images. 

Figure 39. p38 and JNK are activated independently. (A) Hepr75 hemizygous disc cut and stained with P-p38. 
Sketch of wing disc with square indicate location of images. (B) RNA interference of MKK lic inhibits p38 
phosphorylation after injury. The UAS-RNAi lic was activated in the posterior compartment together with UAS-

GFP (white). Two injuries were inflected, one in the anterior and one in the posterior compartment. The cuts 
were performed in Schneider’s medium, and fixation for immunostaining 20’ after injury. P-p38 activation was 
localized in the anterior compartment and almost absent around the posterior cut.  
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To confirm that JNK and p38 act independently, we blocked the p38 pathway and checked for 

TRE-red reporter activity. As the p38a1 allele in heterozygosis strongly affects regeneration 

(Figure 36), we used this null allele in homozygosis and tested TRE-red activity after physical 

injury. Our results showed that TRE-red is induced at the wound edges of p38a1-/- mutant discs 

(Figure 41). Together, these results demonstrate that p38 and JNK stress responses act 

independently in damaged imaginal discs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41. JNK is activated after injury in p38 mutant background. Wild type and p38a1-/- discs, cultured for 7h 
showing TRE-red activation close to the cut edges. Right: Mean pixel intensity for TRE-red measured in discs 
with physical injury in wild type (88.24 ± 22.58; S.D.) and p38a1-/- (70.80 ± 19.14; S.D.). P =0.33 n.s. 
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Upd expression is triggered by ROS  

It has been found that JNK is active in the living tissue located near damaged zones (Figure 30 

A, B), and its inhibition results in defects in repair (Figure 32; Bosch et al. 2005; Lee et al. 2005; 

Mattila et al. 2005; Galko & Krasnow 2004; Bergantiños et al. 2010). Moreover, JNK activation 

promotes upd expression in different contexts (Pastor-Pareja et al. 2008; Bunker et al. 2015). 

We wondered whether those low non-deleterious JNK levels are capable of triggering tissue 

repair through upd expression.  

Figure 42.  Unpaired signaling is controlled by ROS and JNK. (A, B) FISH of upd (A) and upd3 (B) in wild type (wt) 
discs and JNKK hepr75 hemizygotes (C) after injury. (D) hepr75 hemizygote stained with anti-Upd after injury. (E, 
F) Upd (anti-Upd) is mainly expressed in living cells and not in dead cells after ptc>rpr or sal>rpr. (G) Upd 
expression declines after NAC intake. TP-3: TP-PRO-3 nuclei staining. (H) Mean pixel intensities of Upd stained 
ptc>rpr discs with or without NAC feeding (150.29 ± 7.11 and 96.69 ± 18.97, S.D.). (I, J) Mean pixel intensities of 
upd reporter (upd>myrtom Std food: 16.68 ± 3.22 and NAC: 9.01 ± 3.41, S.D.) and STAT92E reporter 
(10xSTAT92E-GFP Std food: 18.24 ± 2.73 and NAC: 8.63 ± 4.07, S.D.) after standard or NAC-supplemented food. 
White wedges indicate zone of injury. **P<0.01 *P<0.05. 
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Upd cytokines are ligands that binds to the receptor domeless (dome) to activate the kinase 

activity of the receptor associated protein kinase hopscotch (hop), which in turn 

phosphorylates dimers of the transcription factor STAT92E (Amoyel et al. 2014). Fluorescence 

in situ hybridization revealed upd and upd3 expression near the wound after both physical 

injury and cell death (Figure 42 A, B and E, F). This injury-induced upd expression was blocked 

in JNKK hepr75 hemizygous mutant background (Figure 42 C, D) and by JNK Inhibitor IX (Figure 

32 A), which is consistent with previous observations (Álvarez-Fernández et al. 2015; Pastor-

Pareja et al. 2008).  

We next analysed if JAK/STAT signalling requires ROS in this context. Two different reporters 

(10XSTAT92E-GFP and upd-Gal4 UAS-myrtomato) were used in physically injured discs and 

showed reduced expression after NAC feeding (Figure 42 I, F). In addition, ptc>rpr induced 

discs from NAC fed larvae showed a reduction of upd expression (Figure 42 E-H). Thus, this 

expression is ROS dependent after both physical injury and cell death. 

To study the requirement of JAK/STAT for regeneration, we used the salE/Pv-LHG lexO-rpr to 

induce apoptosis and simultaneously interfered with the receptor dome using the dominant 

Figure 43. Inhibition of the JAK/STAT signalling impairs wing regeneration. (A) Genetic design for double 
transactivator system to induce death (blue) and activate transgenes in anterior (red) or dorsal compartment 
(green). (B) Percentage of regenerated wings for controls (rpr, domeDN or Socs36E expression only) and 
experimental (rpr and domeDN/Socs36E dual expression). Note that domeDN wings were not able to regenerate, 
whereas domeDN wings in the absence of cell death are normal. (C) Examples of wings of controls and 
experimentals.  (D) Percentages of regenerated wings for the indicated genetic background after salE/Pv>rpr 
ablation. (E) salE/Pv>rpr ON column: top (wt) is an example of fully regenerated wing. The rest of wings are 
examples of non-regenerated or incomplete regeneration in the heterozygous condition indicated salE/Pv>rpr 
OFF column: wings of those genetic backgrounds without cell death (kept at 17°C).  All wings raised in those 
conditions contain the normal set of veins and interveins.  
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negative form UAS-domeDN driven by ci-Gal4 or ap-Gal4, as well as with the negative regulator 

of the pathway Sosc36E. These wings lacked most of the tissue where cell death was induced 

and dome was blocked (Figure 43 A, B, C). Socs36E overexpression in regenerating discs leads 

to 68% of regeneration (Figure 43 A, B, C), indicating that JAK/STAT signalling is needed for 

tissue recovery. Moreover, heterozygous alleles for the JAK/STAT pathway resulted in partial 

disruption of adult wing recovery after cell death (Figure 43 D, E).  

We speculated that if ROS operate upstream upd, the impairment of regeneration resulting 

from NAC feeding should be rescued by activating Upd. To this aim, we used the double 

transactivation system to induce cell death in NAC-fed individuals and concomitantly activate 

upd expression (Figure 44 A). Analysis of the resulting wings showed that upd ectopic 

expression rescued the NAC inhibition phenotype (Figure 44 B, C). These observations 

demonstrate that ROS function upstream of JAK/STAT during repair. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44. Inhibition of regeneration by NAC is rescued by ectopic expression of upd. (A) Experimental design 
for testing the rescue of NAC effects by ectopic activation of upd. (B) Quantification of the percentage of wings 
that regenerate after NAC feeding for the indicated genotypes. (C) Examples of wings from NAC-feeding with rpr-
ablation defects (upper) and with rescue after rpr-ablation and upd activation (lower). **P<0.01 ***P<0.001. 
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p38 controls upd expression 

 

We wondered whether p38 is also required for upd expression in damaged discs. Expression of 

upd or upd3 was severely reduced in p38a1-/- wound edges (Figure 45 A-F). This suggests that in 

addition to JNK, p38 is essential for upd expression upon stress.  

 

Finally, we argued that if p38 is required for repair through upd, its ectopic expression should 

rescue the impaired regeneration after inhibition of p38. We, again, used the double 

transactivation system to induce cell death in SB202190-fed individuals, to block p38 

phosphorylation and alongside activate upd expression (Figure 46 A). Indeed, we found that 

the number of wings that regenerated after p38 inhibition significantly increased (Figure 46 B, 

C). 

Altogether these results position Upd cytokines downstream from the ROS/p38/JNK module. 

 

 

 

Figure 45. p38 controls upd expression after injury. (A) In situ hybridization of upd in wild type (wt) and p38a1-/- 
cut discs. (B) In situ hybridization of upd3 in wild type (wt) and p38a1-/- cut discs.  (C) Immunostaining with anti-
Upd in wild type (wt) and p38a1-/- cut discs. White lines indicate the position of the cut. (D, E, F) Quantification 
of in situ hybridizations of upd mRNA (D), upd3 mRNA (E) and antibody localization for Upd (F). Regions of 
interest were determined around the wound edges. ***P<0.001 **P<0.01. Error bars indicate standard 
deviation. 
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Figure 46. SB202190 phenotype is rescued by ectopic expression of upd. (A) Experimental design for testing 
the rescue of SB202190 effects by ectopic activation of upd. (B) Quantification of the percentage of wings that 
regenerate after SB202190 feeding for the indicated genotypes. (C) Examples of wings from SB202190-feeding 
with rpr-ablation defects (upper) and with rescue after rpr-ablation and upd activation (lower). **P<0.01 
***P<0.001. 
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Ask1 is necessary for imaginal disc regeneration 

Drosophila Ask1 is the single orthologue of mammalian ASK1 (Kuranaga et al. 2002). In 

response to oxidative stress, ASK1 phosphorylates MAP kinases in JNK and p38 pathways. It 

contributes substantially to apoptosis, but is also implicated in determination of cell fate, 

differentiation, survival and immune responses (reviewed in Sakauchi et al. 2017).  Thus, in this 

second chapter, we investigated whether Ask1 could sense ROS upstream of SAPK p38 and JNK 

during imaginal disc repair.  

We first asked if Ask1 could be involved in imaginal disc regeneration. To achieve that, we 

scored wing regeneration of ask1 heterozygous mutants after cell death in spaltE/Pv domain 

(salE/Pv>rpr). We found that both heterozygous ask1MB06489 (Metaxakis et al. 2005) and 

ask1M102915 alleles (Venken et al. 2011) presented wings smaller in size, lacking some sectors 

and with vein defects. In ask1MB06489 heterozygous allele, only 15% of wings could regenerate 

properly, whereas in ask1M102915 heterozygous regenerated 23% of the total wings. SalE/Pv>rpr 

controls showed completely regenerated wings (Figure 47 A).  

We also used an UAS-RNAi construct to block ask1. The transgene was activated in the anterior 

compartment (ci-Gal4 UAS-RNAi) and cell death was induced in the salE/Pv domain (salE/Pv-LHG 

lexO-rpr) (Figure 47 B). Neither wing could regenerate after inhibition of ask1 in the anterior 

Figure 47. Ask1 is necessary for imaginal disc regeneration. (A) Percentage of fully regenerated wings in ask1 
mutant backgrounds after genetic ablation. Close to the indicated genotypes are examples of wings with full 
regeneration (control salE/Pv>rpr) and incomplete regeneration after rpr-ablation (salE/Pv>rpr ON). (B) Genetic 
design for double transactivator system to induce death (blue) and to activate transgenes in anterior (red) or 
dorsal compartment (green). Percentage of regenerated wings for controls (rpr or RNAi Ask1 expression only) 
and experimental (rpr and RNAi Ask1 dual expression) and examples of wings with complete regeneration 
(controls salE/Pv>rpr, ci>RNAi Ask1 and ap>RNAi Ask1) and incomplete regeneration (indicated genotypes). 
Right: Examples of wings without rpr-ablation (kept at 17°C, salE/Pv>rpr OFF) for each genotype. Error Bars 
indicate Standard Deviation.  ***P<0.001. 
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compartment (ci>RNAi Ask1 salE/Pv>rpr, Figure 47 B).  All wings were smaller than controls and 

most wings lacked some sectors in addition to show notches in the margins. Blocking Ask1 in ci 

without cell death does not affect wing size or pattern (ci>RNAi Ask1) (Figure 47 B). Using the 

dorsal driver apGal4 to inhibit ask1, we observed similar phenotypes. Only 17% of wings were 

fully regenerated (ap>RNAi Ask1 salE/Pv>rpr). For all the experiments controls of the same 

genotype without cell death induction resulted in normal wings (salE/Pv>rpr OFF wings in Figure 

47 A, B). 

 

Ask1 is activated after cell death or injury 

Drosophila Ask1 protein locus has two possible transcript isoforms encoding two different 

length peptides, Ask1-RB and Ask1-RC. Both have a protein kinase-like domain which presents 

a highly-conserved core of threonines (henceforth Thr-rich domain) and is the responsible for 

the functional activation of the protein (green domain in Figure 48). After Trx release, the Ask1 

oligomer undergoes conformational change leading to trans-autophosphorylation of the 

threonine residues corresponding to Thr838 in human ASK1 (Thr845, Thr806, Thr747 and 

Thr825 of mouse, human ASK2, Drosophila Ask1 and C.elegans NSY-1, respectively) (Figure 48 

B; reviewed in Takeda et al. 2008).  

However, Only the longer RC isoform possesses a domain called DUF4071, conserved 

throughout evolution (Figures 48 A in red, 49). We found a consensus sequence in the 

DUF4071 domain, which contains a Serine in position 83 surrounded by other characteristic 

residues (YHLGVRESF, Figures 48 A, 49). Remarkably, the AKT kinase downstream the PI3K 

pathway phosphorylates the Ser83 of human ASK1 to attenuate the activity of ASK1 in vitro 

(Kim et al. 2001).  

Figure 48. Ask1 activation is ROS-dependent. (A) Structural features of ask1-RC isoform. It possesses a 

phosphokinase domain in its midportion with a highly-conserved core of threonines (Thr-rich domain in green). 

In the N-terminal domain ask1-RC presents a DUF4071 domain, in which there is a consensus sequence 

surrounding the Serine 83 residue (in red). In the C-terminal domain RC isoform presents a coiled coil domain 

(ccc), which allow interactions between Ask1 monomers to form oligomers. (B) Activation of Ask1 is ROS-

dependent. Inactive Ask1 is constituted by association of Ask1 monomers through the ccc domain and the 

reduced form of thioredoxin (Trx-SH) in the N-terminal domain. Upon oxidation, Trx is oxidized (Trx-S-S) and 

released, which allows the Ask1 auto phosphorylation in the Thr-rich domain leading to an active Ask1. In this 

state, Ask1 activates JNK and p38 pathways (Sakauchi et al. 2017; Takeda et al. 2008).  
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We decided to study the activation of the Thr-rich domain of Ask1 after salE/Pv>rpr cell death. 

We monitored the activity of this domain with an antibody against the mouse Ask1 

phosphorylated Thr845 which also recognizes the Thr-rich domain in Drosophila (Choi & Chung 

2011). In the absence of cell death, no phosphorylation of Thr-rich domain was found (Figure 

50 A), as well as in injured discs (Figure 50 B). Curiously, we found activation of the Thr-rich 

domain in mitotic cells (Figures 50 A, 51). 

Apoptotic cells of salE/Pv>rpr discs showed a high localization of the activated Thr-rich domain. 

(Figure 50 D), which concurs with high activity of Ask1 in dying cells. This agrees with the 

proposal that high Ask1 activity will activate high levels of JNK that trigger apoptosis (Tobiume 

et al. 2001). 

We next studied the phosphorylation of the DUF4071 domain of Ask1, which is highly 

conserved with a Serine residue in position 83 (Figures 48 A, 49). We monitored the activity of 

the DUF4071 domain with a mammalian antibody against the Ser83 phosphorylated Ask1. 

Wild type discs show low levels of P-Ser83 at the basal side of the columnar epithelium (Figure 

54). After the activation of apoptosis in sale/Pv>rpr discs, we found an increase in the P-Ser83 in 

living cells surrounding the apoptotic domain. P-Ser83 was absent in apoptotic cells (Figure 50 

E). The localization in cells bordering the dying domain is more evident in younger third instar 

discs than in mature, perhaps because the folding masks the staining (8/8 young discs and 

11/27 mature discs analysed). After physical injury, P-Ser83 was found localized in the wound 

edges (Figure 50 C). In the absence of apoptosis, endogenous P-Ser83 staining dropped in Ask1 

RNAi discs (Figure 52 A). In the presence of apoptosis, the P-Ser83 staining abutting the cell 

death domain was absent in the anterior compartment of ci>RNAi Ask1 salE/Pv>rpr discs (Figure 

52 B). Moreover, the Thr-rich domain activation decrease in these discs too, both in dying cells 

as well as in mitotic cells close to the dying zone (compare Figure 52 C with 50 D).  

Figure 49. Sequence alignment for DUF4071 domain. First block of the core alignment of DUF4071 that was 

produced from 27 protein sequences from a range of species from diverse taxons with HMM model. The 

serine S83 (highlighted in green) is within a highly-conserved region. It can describe a pattern with the 

following context of most frequent amino acids: YHLGVRESF. 
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Figure 51. PH3 positive cells present Ask1 P-Thr747 labelling. Wt disc stained for Ask1 P-Thr747 and phospho-

Histone 3 (PH3). Merged images show PH3- and Ask1 P-Thr747 positive cells in yellow. White square indicates 

the magnification of the centre of the wing pouch. TP-3: TO-PRO-3 nuclei. 

 

Figure 50. Ask1 is activated in imaginal disc regeneration. (A) Wild-type (n= 14), (B) physically injured discs (n= 

7) and (D) salE/Pv>rpr (n= 21) stained with Ask1 P-Thr747. Note that Ask1 P-Thr747 is mainly expressed in dying 

cells. Cell death was labelled with TUNEL assay (in blue). Mitotic cells were labelled too. (C) physically injured 

discs (n= 6) and (E) salE/Pv>rpr (n= 35) stained with Ask1 P-Ser83, only detected in the wound edges and living 

cells after cell death. YP-1: YO-PRO-1 nuclei staining. 

 



99 
 

These observations suggest that after cell death two states of activity can be associated to the 

disc. One in the apoptotic cells, where the Thr-rich activation domain is highly activated and 

another in the regenerating cells, where the P-Ser83 of the DUF4071 domain attenuates Ask1 

activity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 52.  Ask1 RNAi prevents its activation. (A) Inhibition of Ask1 in posterior compartment with an UAS-RNAi 

construct (en> RNAi Ask1, GFP) decreases basal levels of P-Ser83. (B, C) After cell death and simultaneous 

inhibition of Ask1 with an UAS-RNAi in the anterior compartment (salE/Pv>rpr, ci> RNAi Ask1) both P-Ser83 (B) 

and P-Thr747 (C) are inhibited in this domain. White-dotted line indicates the AP boundary. 
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Phosphorylation of the Serine 83 in Ask1 depends on PI3K pathway 

The AKT kinase, downstream of PI3K and the Insulin/IGF signalling pathway, is responsible for 

the phosphorylation of  ASK1 Ser83 in mammals in order to attenuate its activity (Kim et al. 

2001). To determine if a similar event occurs in the fly Ask1 activity, we used a dominant 

negative form of PI3K/dp110 to drop the activity of the pathway (Figure 53 A, B) and test for 

Ask1 activity (ci>dp110DN salE/Pv>rpr). After PI3K inhibition, Ask1 P-Thr747 was not affected 

(Figure 53 C), whereas P-Ser83 dropped (Figure 53 D, E). Note that in these experiments the 

inhibition of the pathway is directed into one compartment, whereas the other acts as control. 

Moreover, ectopic activation of PI3K (ap> dp110CAAX), increased Ask1 P-Ser83 (Figure 54). 

 

 

Figure 53. Inhibition of Insulin/IGF signalling impedes Ask1 Ser83 phosphorylation. (A) P-AKT staining after 

salE/Pv>rpr cell death. AKT is activated in living cells surrounding the dead cells. (B) P-AKT staining after 

salE/Pv>rpr cell death and simultaneous inhibition of PI3K in the ci compartment (salE/Pv>rpr ci>dp110DN). P-AKT 

drops off in the anterior compartment. (C) The activation of the Ask1 Thr-rich domain does not vary after PI3K 

inhibition. (D) Control for Ask1 P-Ser83 staining after salE/Pv>rpr cell death. (E) Ask1 P-Ser83 decrease in the 

anterior compartment of salE/Pv>rpr ci>dp110DN discs, indicating that Insulin/IGF signalling controls Ser83 

phosphorylation. YP-1: YO-PRO-1 nuclear staining. White arrows indicate activation of proteins in these 

territories. 

 

Figure 54. Insulin/IGF signalling 

promotes Ask1 Serine 83 

phosphorylation. Left image: wt disc 

stained with Ask1 P-Ser83. Right image: 

Overexpression of PI3K in the dorsal 

compartment of a disc with the 

dp110CAAX construct (ap>dp110CAAX) 

increases Ask1 P-Ser83. White squares 

show magnification of those areas below. 

White arrows indicate Ask1 P-ser83 

activation in these territories. 
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We also scored the effects on wing regeneration after blocking the PI3K pathway. In akt1 

heterozygous mutant background, only 44% of the total wings could regenerate properly. The 

dominant negative form of PI3K/dp110 (ci>dp110DN salE/Pv>rpr) also impaired regeneration. 

Double heterozygous combinations of akt1 and ask1MB06489 or ask1M102915 severely block 

regeneration too (Figure 55). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 55. Insulin/IGF signalling is necessary for proper imaginal disc regeneration. Percentage of fully 

regenerated wings after genetic ablation and PI3K pathway inhibition alone or in combination with ask1 

mutant backgrounds (indicated genotypes). Right: Examples of wings with full regeneration (control salE/Pv>rpr 

ON) and incomplete regeneration after salE/Pv>rpr. In control wings salE/Pv>rpr OFF, no rpr-ablation was 

induced (kept at 17ºC). Error Bars indicate Standard Deviation. ***P<0.001. 
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Activation of Ask1 depends on oxidative stress 

To test whether Ask1 activation is ROS-dependent, we depleted ROS production and examined 

Ask1 activation (Figure 56 A). We fed sale/Pv>rpr larvae with food supplemented with NAC (N-

acetyl cysteine), a potent non-enzymatic scavenger that decreases ROS production. After cell 

death induction, we found a significant decrease of P-Thr747 (Figure 56 B, C). Similarly, the 

localization of Ask1 P-Ser83 in living cells was also reduced in NAC-fed larvae (Figure 56 D, E). 

In addition, we fed larvae with H2O2-supplemented food for 2 hours and observed a significant 

increase in P-Thr747 and P-Ser83 (Figure 57). This increase was not detected in ask1MB06489 

mutant discs (Figure 57). In addition we performed the same experiments with the ER stressor 

tunicamycin (Nishitoh et al. 2002), and found similar results. Summarizing, Ask1 activity in 

Drosophila imaginal discs is sensitive to oxidative stress. 

Figure 56. Activation of Ask1 depends on oxidative stress. (A) Protocol for antioxidant treatment before cell 

death induction. Larvae were transferred to NAC-supplemented food 24 hours before cell death induction. 

After salE/Pv>rpr cell death, discs were analysed. (B) Images of Ask1 P-Thr747 after salE/Pv>rpr induction in 

Standard or NAC-supplemented food. (C) Mean pixel intensities of Ask1 P-Thr747 fluorescent labelling from 

salE/Pv>rpr discs fed with Standard (dead cells 94.01±17.04; S.D., living cells 53.15±8.53; S.D.) or NAC-

supplemented food (dead cells 31.07±9.38; S.D., living cells 23.75±5.99; S.D.). (D) Images of Ask1 P-Ser83 after 

salE/Pv>rpr induction in Standard or NAC-supplemented food. White dotted line indicates the dying domain. 

White arrowheads show Ask1 P-Ser83 in the living cells. (E) Mean pixel intensities of Ask1 P-Ser83 fluorescent 

labelling from salE/Pv>rpr discs fed with Standard (living cells 57.56±23.27; S.D.) or NAC-supplemented food 

(living cells 29.54±5.92; S.D.). 
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These observations point to Ask1 as a pro-survival molecule that integrates the PI3K and ROS 

signals to maintains cellular homeostasis under stress conditions. To further dig into this we 

asked if under oxidative stress conditions Ask1 is required for life span. To this aim, we 

monitored the life span of ask1MB06489 mutant flies in H2O2-supplemented food and 

tunicamycin-supplemented food. As non-experimental group, w118 flies were scored. Five 

replicates were carried out independently. In minimal food, not significant changes were 

appreciated between strains (Figure 58). However, in H2O2- or in tunicamycin-food, life span of 

ask1MB06489 flies was strongly compromised (Figure 58).  

 

 

 

Figure 57. Oxidative stress activates Ask1. (A, B) Wing imaginal discs from wt (A) or ask1MB06489 (B) flies labelled 

with Ask1 P-Thr747 belonged to larvae fed with Standard food, H2O2- and Tunicamycin-supplemented food. (C) 

Ask1 P-Thr747 Mean pixel intensity of discs from larvae fed with Standard food (wt 79.36±18.65; S.D. and 

ask1MB06489 92.92±9.75; S.D.), H2O2- (wt 93.37±3.87; S.D. and ask1MB06489 83.66±7.11; S.D.) and Tunicamycin-

supplemented food (wt 125.49±12.51; S.D. and ask1MB06489 87.99±21.38; S.D.). (D, E) Wing imaginal discs from 

wt (D) or ask1MB06489 (E) flies labelled with Ask1 P- Ser83 belonged to larvae fed with Standard food, H2O2- and 

Tunicamycin-supplemented food. (F) Ask1 P-Ser83 Mean pixel intensity of discs from larvae fed with Standard 

food (wt 79.14±17.69; S.D. and ask1MB06489 81.83±20.25; S.D.), H2O2- (wt 110.89±15.43; S.D. and ask1MB06489 

87.51±6.40; S.D.) and Tunicamycin-supplemented food (wt 128.35±14.42; S.D. and ask1MB06489 90.27±13.26; 

S.D.). *P<0.05., ***P<0.001. Error bars indicate Standard Deviation. 



104 
 

 

 

Ask1 promotes JNK and p38 activation  

Next, we examined whether Ask1 operates upstream the SAPKs. We blocked Ask1 in the 

anterior compartment and used the posterior as internal control for the same disc. When cell 

death is driven with the salE/Pv>rpr system, which operates in the central zone of anterior and 

posterior compartments, activated p38 (P-p38) is found in surviving cells of both 

compartments (Figures 34 E, 59 A). However, ci>RNAi Ask1 salE/Pv>rpr discs showed P-p38 only 

in the posterior compartment (Figure 59 B).  

We also analysed whether Ask1 was required for SAPK after physical damage. Few minutes 

after physical injury, P-p38 appeared in the wound edges (Figure 34 B and 59 C). However, in 

injured en>GFP, RNAi Ask1 discs, we found that p38 is activated strongly in the anterior 

compartment (wt) comparing with the posterior (Figure 59 C, D).  

 

Figure 58. Ask1 acts as a pro-survival molecule. Longevity determination of ask1MB06489 homozygous mutant 

flies versus w118 flies in minimal food, 0.1% H2O2 and 1µg/ml Tunicamycin-supplemented food. In minimal food, 

no significant changes were appreciated between both strains, meanwhile ask1MB06489 flies are significantly 

more sensitive to H2O2 and Tunicamycin oxidative treatment compared to control flies Error bars showed 

Standard Deviation. 
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The effects of Ask1 on JNK activity were monitored using Mmp1 expression as read out of the 

pathway (Uhlirova & Bohmann 2006). After cell death in salE/Pv>rpr discs, Mmp1 appeared both 

in dying and in living domain of both compartments (Figure 59 E). Nevertheless, in ci>RNAi 

Ask1 salE/Pv>rpr discs, a severe decrease of Mmp1 staining in the anterior compartment was 

found (Figure 59 F). Likely, cut en>GFP, RNAi Ask1 discs resulted in a decrease of Mmp1 in the 

posterior compartment (Figure 59 G, H). In summary, these results demonstrated that Ask1 is 

upstream the p38 and JNK activation in regeneration. 

Figure 59. Ask1 promotes JNK and p38 signalling after damage. (A) P-p38 staining after salE/Pv>rpr induction. 

P38 is activated in living cells around the dying domain (n= 14). (B) P-p38 staining after salE/Pv>rpr induction and 

simultaneously inhibition of Ask1 in the anterior compartment (ci>RNAi Ask1). Note that p38 is only activated in 

the posterior compartment (n=7). (C, D) RNA interference of Ask1 inhibits p38 after injury. The UAS-RNAi Ask1 

was activated in the posterior compartment together with UAS-GFP (green). Two injuries were inflected with 

tungsten needles in Schneider’s medium, one in the anterior and one in the posterior compartment. (C) For P-

p38 staining discs were immediately fixed after injury. (D) Quantification of P-p38 activation in the wound site. 

P-38 significantly decreased after Ask1 inhibition in the posterior compartment. (E) Mmp1 staining after 

salE/Pv>rpr induction. Mmp1 is activated in dying and living cells (n=16). (F) Mmp1 staining in salE/Pv>rpr ci>RNAi 

Ask1 discs (n= 14). Mmp1 is only activated in the posterior compartment. TP-3: TO-PRO-3 nuclei staining.  White 

dotted line divides the discs into anterior (Ask1 inhibition) and posterior (wt) compartments. (G) RNA 

interference of Ask1 inhibits JNK after injury.  For Mmp1 staining discs were first cut and cultured for 5 hours. 

(H) Quantification of Mmp1 in the wound site. White arrows indicate the wound site. Error Bars indicate 

Standard Deviation. ***P<0.001. 
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TNF/Eiger is involved in JNK activation in regeneration 

Tumour necrosis factor (TNF) is a cytokine that acts upstream of JNK pathway. In mammals, 

TNF could activate ASK1, while there are ROS (Tobiume et al. 2001; Liu et al. 2000; Fujino et al. 

2007; Nishitoh et al. 1998; Saitoh et al. 1998). Moreover, when cells are incubated with TNF, 

they generate intracellular ROS, which is consistent with Ask1 activation (Lin et al. 2004; 

Goossens et al. 1995).  

Drosophila has a single orthologue of TNF, called eiger (egr) (Igaki et al. 2002; Moreno et al. 

2002). Egr is a membrane protein present in cells as a zymogen. To be activated, it needs to be 

cleaved and then, it can bind to its receptors Wengen (Wgn) (Kanda et al. 2002) and 

Grindelwald (Grnd) (Andersen et al. 2015). Both receptors have been proposed to operate 

upstream the JNK pathway.  

As a previous link was established between TNF and ASK1, we first scored wing regeneration 

after salE/Pv>rpr induction in different mutant backgrounds of TNF/Egr signalling. We found 

that homozygous grndminos animals as well as ci or ap>RNAi grnd salE/Pv>rpr regenerated entire 

wings. However, strong defects were detected in egr3, in egr RNAi or in grndextra, a transgene 

which binds to egr but does not transduce the signal (Andersen et al. 2015) (Figures 60, 61). 

The resulting wings lacked some sectors and presented notches in wing margins. We also 

found anomalous regeneration after wgn inhibition using wgn RNAi (ci or ap>RNAi wgn 

sale/Pv>rpr) (Figures 60, 61). 

Figure 60. TNF/Eiger signalling is necessary for proper regeneration. (A) Percentage of fully regenerated wings 

in Eiger signalling mutant backgrounds after genetic ablation. (B) Examples of wings with full regeneration 

(control salE/Pv>rpr) and incomplete regeneration (indicated genotypes) after salE/Pv>rpr. Error Bars indicate 

Standard Deviation. ***P<0.001. 

. 
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To be sure that Egr could act through Wgn, we expressed ectopically the soluble form of Egr in 

spaltE/Pv domain (salE/Pv>ecto-eiger). In those conditions Egr promotes cell death, and 100% of 

adult wings were smaller and presented vein defects (Figure 62). However, wgn inhibition with 

an UAS-RNAi construct (salE/Pv>ecto-eiger, RNAi wgn) rescues partially the phenotype 

associated with Egr-dependent cell death (Figure 62). Those experiments confirmed that Egr 

could act through Wgn, and that both are implicated in wing imaginal disc regeneration. 

Figure 61. Control wings for TNF/Egr signalling is necessary for proper regeneration. (A) Examples of control 

wings for Figure 60 A, B in which the RNAi construct was activated for 11h (29°C ON). (B) Examples of control 

wings of Figure 60 A, B in which no rpr-ablation was induced (kept at 17°C, salE/Pv>rpr OFF) for the indicated 

genotypes. The ’n’ number indicates the number of wings analyzed per each indicated phenotype. 

. 

Figure 62. Loss of Wgn partially rescues Egr-induced apoptosis. (A) Wgn Inhibition in spaltE/Pv domain does not 

affect wing size or vein pattern. Ectopic expression of ecto-egr in spaltE/Pv domain promotes autonomous and 

non-autonomous cell death, thus wings are reduced in size and presented vein defects. Wgn inhibition partially 

rescues Egr-induced cell death (65% wings partially recovered). (B) Sketch showing spaltE/Pv domain in imaginal 

disc and adult wing, were transgenes are expressed at 25 degrees. (C) Wing size of indicated genotypes. Error 

Bars indicate Standard Deviation. ***P<0.001 
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To confirm that Egr and Wgn are necessaries for JNK signalling, we analysed JNK after its 

inhibition. We used the salE/Pv-LHG lexO-rpr to induce apoptosis and simultaneously interfered 

with UAS-RNAi egr and/or UAS-RNAi wgn driven by ci-Gal4. Then we utilized Mmp1 staining as 

a read-out of JNK activation. 

We also observed that Mmp1, which in flies is downstream of JNK, dropped after egr or wgn 

inhibition (Figure 63 A-C). Moreover, in physically injured en>RNAi wgn discs, the TRE-red 

reporter significantly decrease after wgn inhibition (Figure 63 D-E), as well as Mmp1 in injured 

egr3 and wgnKO mutant discs (Figure 63 F-I).  

 

Figure 63. TNF/Eiger activates JNK in imaginal disc regeneration. (A) Mmp1 staining after salE/Pv>rpr induction.  

In salE/Pv>rpr discs Mmp1 is activated in salE/Pv zone. (B, C) After salE/Pv>rpr induction and simultaneous 

inhibition of egr or wgn in the anterior compartment (ci>RNAi egr/wgn) Mmp1 drops off. White dotted line 

divides the discs into anterior (egr or wgn inhibition) and posterior (wt) compartments. (D, E) RNA interference 

of wgn decrease JNK signalling after injury. The UAS-RNAi wgn was activated in the posterior compartment 

together with UAS-GFP (green). Two injuries were inflected with tungsten needles in Schneider’s medium, one 

in the anterior and one in the posterior compartment. Note that TRE-red reporter expression decrease after 

wgn inhibition. (F-I) wt, egr3 and wgnKO/+ cut and cultured discs stained for Mmp1. Note that in egr3 and wgnKO 

background Mmp1 expression dropped off. White arrows indicate the wound site. TP-3: TO-PRO-3 nuclei 

staining. ***P<0.001. *P<0.05.  
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Ask1 and p38 activation are independent of TNF/Eiger 

Once we found a second input for JNK activation after damage, we assessed if Ask1 activation 

depended on TNF/Egr too. After salE/Pv>rpr cell death and simultaneous inhibition of wgn with 

an UAS-RNAi construct in ci compartment (ci>RNAi wgn sale/Pv>rpr disc), Ask1 P-Ser83, P-

Thr747 and P-p38 appeared as in salE/Pv>rpr control discs (compare Figure 64 with Figures 50 

and 59). Moreover, in physically injured en>RNAi wgn discs, P-p38 did not change after Wgn 

inhibition (Figure 64 D, E). 

Altogether, we confirmed that there are two inputs for JNK in regeneration, Eiger through 

Wengen, and ROS-Ask1 module, which act independently. 

 

  

 

 

 

 

 

 

Figure 64. Ask1 and p38 activation are independent of TNF/Eiger. (A, B, C) Ask1 P-Ser83, P-Thr747 and P-p38 

staining after salE/Pv>rpr induction and simultaneous inhibition of wgn in the anterior compartment (salE/Pv>rpr 

ci>RNAi wgn). Note that the pattern does not change comparing to salE/Pv>rpr controls in Figures 49, 51, 53 and 

56. White arrows show P-Ser83 and P-p38 in living cells and white dotted line establish the A-P boundary. (D, E) 

P-p38 does not vary in injured en>RNAi wgn discs. 
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The results of this work contribute to the understanding of how regeneration is initiated. We 

demonstrated the activation of a stress-responsive module upon cell death or physical 

damage. This module consists of an early boost of ROS that triggers non-deleterious levels of 

JNK and p38 MAPKs necessaries for the expression of Upd and JAK/STAT signalling, which 

drives regeneration. Moreover, Ask1 integrates the burst of ROS with JNK and p38 activation 

to initiate regeneration. Insulin signalling attenuates Ask1 activity, very likely to prevent 

deleterious effects of an excess of Ask1 and JNK, and promotes survival. The TNF/Egr ligand 

activates JNK through Wgn independently of Ask1. Therefore, JNK is activated, at least, by two 

different inputs, oxidative stress and TNF (Figure 65). 

 

 

Towards the initiation of imaginal disc regeneration: ROS 

After damage, ROS signalling is conserved within the animal kingdom as a mechanism to 

trigger regeneration (Loo et al. 2012; Yoo et al. 2011; Yoo et al. 2012; Wittmann et al. 2012; 

Gauron et al. 2013; Han et al. 2014; Niethammer et al. 2009; Love et al. 2013; Ferreira et al. 

2016; Zhang et al. 2016; Pirotte et al. 2015; Wenger et al. 2014; Moreira et al. 2010; Fogarty et 

al. 2016; Santabárbara-Ruiz et al. 2015). Our results demonstrated that ROS are produced in 

the wound site and propagated throughout the living cells, both after cell death and physical 

injury. 

Figure 65. Model for imaginal disc regeneration. Dying cells present prominent levels of ROS that activate 

deleterious Ask1 and JNK, which in turn promote the pro-apoptotic program. However, in living cells, non-

deleterious ROS activate JNK and p38 MAPKs necessaries for the expression of Upd and JAK/STAT signalling. 

Moreover, Ask1 integrates ROS signalling with JNK and p38 activation. Insulin signalling attenuates Ask1 activity 

and promotes survival. The TNF/Egr ligand activates JNK through Wgn independently of Ask1, therefore JNK is 

activated, at least, by two different inputs. All those molecules form a stress-responsive module in living cells to 

initiate regenerative program and replace the missing tissue. 
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We concluded that the burst of ROS is necessary to initiate regeneration, chiefly because 

larvae fed with antioxidants cannot regenerate properly. Cells surrounding the dying domain 

should proliferate to recover lost tissue (Bergantiños et al. 2010), and we found that 

antioxidant treatment affects regenerative growth. Acordingly, low doses of H2O2 and 

superoxide accelerate cell proliferation in a wide variety of cancer cell types (reviewed in Liou 

& Storz 2010). Moreover, ROS can upregulate the mRNA levels of Cyclins that contribute to the 

G1 to S phase transition in breast cancer cells, including cyclin B2, cyclin D3, cyclin E1 and 

cyclin E2 (Felty et al. 2005). Conversely, antioxidants inhibit tumour cell proliferation (Behrend 

et al. 2003). In plants, ROS have a role in cell cycle activation of differentiated leaf cells, having 

a positive effect on the plant cell cycle machinery (Fehér et al. 2008). Our observations point to 

that an initial, very likely transitory, burst of ROS is key to activate the first signals that trigger 

regeneration and tissue repair. 

The same results were obtained after enzymatic manipulation of ROS. Superoxide dismutase 

(SOD) catalyses the dismutation of superoxide anion into oxygen and hydrogen peroxide. In 

the presence of hydrogen peroxide, Catalase (Cat) catalyses its breakdown into water and 

oxygen. The NADPH oxidase DUOX is activated by calcium waves in embryonic epidermal 

wounds and acts as a source of H2O2, recruiting macrophages to the wound within minutes 

(Razzell et al. 2013). Misexpression of those enzymes impairs regeneration. We thought that 

the low percentage of non-regenerated wings after enzymatic inhibition compared to the 

antioxidant treatment is because we only activated the transgenes for 11 hours, the same time 

as we induced cell death in sale/Pv domain. As DUOX inhibition leads to only 75% of wings 

recovered, we hypothesized that wound-induced calcium flashes are also occurring in injured 

imaginal discs to activate DUOX and trigger H2O2, which could act autonomously and non-

autonomously to initiate an inflammatory response involving haemocytes.  

In fact, we would like to include in this discussion some unpublished results that support our 

findings and our understanding of initial regeneration steps. For example, preliminary 

experiments in our laboratory pointed out that calcium flashes occur in injured or damaged 

Figure 66. A burst of calcium is found after physical injury or cell death. (A) Injured imaginal discs show 

high Calcium levels in necrotic cells in the wound site and lower levels in the surrounding tissue. (B, C) Two 

examples of Calcium imaging after sale/Pv>rpr cell death. Thermal LUT indicates pixel intensity (red high, 

blue low). Fluo-4 was used to label Calcium and TO-PRO-3 to label cell death in vivo. 
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imaginal tissues (Figure 66). We used the Fluo-4 calcium indicator ex vivo, which emits 

fluorescence upon Ca2+ binding. We found elevated levels of calcium in dying cells, as well as 

low levels in the surrounding living tissue (Figure 66). These results have been already 

published by others (Restrepo & Basler 2016). 

Thus, as suggested by others, Ca2+ activates DUOX, in turn DUOX produces H2O2, and H2O2 

attracts macrophages (Love et al. 2013; Niethammer et al. 2009; Razzell et al. 2013). 

Therefore, we decided to deplete haemocytes from the whole larvae and analyse wings after 

sale/Pv>rpr cell death. In the absence of cell death, removal of haemocytes (hml>rpr larvae) 

does not show any phenotype in the wing. However, upon cell death, only about 60% of the 

wings regenerated properly (Figure 67). Moreover, in heterozygous hemolectin (hmlMB01940), a 

gene crucial for haemostasis and coagulation after wounding (Chang et al. 2012; Goto et al. 

2003), regeneration is not fully achieved (Figure 67, unpublished observations). These findings 

indicate that, in addition to the epithelial response found in this thesis, haemocytes also 

contribute to repair, although their function and mechanism is still unknown. Similar 

observations have been published by others (Fogarty et al. 2016).  

Another key point that needs to be addressed is how ROS are produced and how they spread 

between cells. We used two dyes to detect general ROS in living tissues, the CellROX Green 

Reagent, which is an indicator of oxidative stress in living cells and the cell-permeant H2DCFDA 

which upon oxidation is converted to the highly fluorescent DCF. Both reagents are non-

fluorescent or very weakly fluorescent when reduced and upon oxidation exhibit strong 

Figure 67. Haemocytes are required in imaginal disc regeneration. (A) Percentage of fully regenerated wings 

after haemocyte and wing imaginal disc ablation. Note that adult wings are normal in the absence of 

haemocytes. However, the wings cannot regenerate properly if haemocytes are ablated too.  (B) Examples of 

wings with full regeneration and incomplete regeneration (indicated genotypes) after salE/Pv>rpr. Error Bars 

indicate Standard Deviation. ***P<0.001. 
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fluorogenic signal. They detect a wide range of ROS and therefore we cannot discriminate 

between membrane oxidases or mitochondrial origin. However, since Rpr acts on 

mitochondria (Freel et al. 2008; Abdelwahid et al. 2007), mitochondrial alterations could cause 

the burst of ROS in apoptotic cells. Of note, we observed that high ROS levels are associated 

with elevated levels of JNK in apoptotic cells. Preliminar experiments in the laboratory 

suggested that the superoxide anion is concentrated only in dying cells (Figure 68). To achieve 

that, we used the MitoSOX indicator, which is a fluorogenic dye for highly selective detection 

of superoxide, which is generated as a byproduct of oxidative phosphorylation, primarily in 

mitochondria. Lethal bursts in superoxide production have been implicated in cardiovascular 

and  neurodegenerative diseases (reviewed in Schieber & Chandel 2014), which is consisted 

with MitoSOX labelling only in dying cells. 

As H2O2 has been suggested as signalling molecule (Veal et al. 2007), we propose the use of 

specific dyes and inhibitors of this molecule to decipher its properties in regeneration. 

Mitochondrial superoxide can be converted into H2O2 in the cytoplasm by the action of SOD, 

thus one possibility is that the source of general ROS after damage would be the mitochondria.  

Another possibility, is that damage induced calcium waves propagated via gap junctions 

(Narciso et al. 2015; Restrepo & Basler 2016) could activate DUOX and subsequently generate  

H2O2 (Razzell et al. 2013). This ROS could propagate across aquaporin channels. Aquaporins 

have been proposed, in addition to water, as ‘’open doors’’ by which ROS could break through 

cell membranes (Bienert & Chaumont 2014; Miller et al. 2010; Ferreira et al. 2016). In a first 

approach, current work of our lab is pointing to that both innexins and aquaporins are 

required for regeneration (Figure 69). Experiments to detect ROS diffusion into cells will reveal 

potential new targets to modulate regeneration.   

Figure 68. Superoxide is only present in dying cells. After ptc>rpr cell death, MitoSOX indicator, which detects 

the mitochondrial superoxide, was only found in dying cells (TP-3 positive). Thermal LUT shows pixel intensity 

(red high, blue low). Images correspond to different sections of the same disc, from the basal side (bottom 

images) to the apical side (upper images). 
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Nitric Oxide Synthase (NOS) activity in the prothoracic gland seems to be involved in the 

decrease of the growth rate in undamaged tissues when regeneration occurs in the damaged 

one through regulation of endocrine signals (Jaszczak et al. 2015; Jaszczak et al. 2016). Thus, 

systemic response also involves ROS signalling. 

Recent findings showed that ROS produced during dorsal closure, which is a model for wound 

healing, operate as a tuning mechanism for cytoskeleton reorganization (Muliyil & Narasimha 

2014). Therefore, it could be that changes in mechanical stress generated during wounding 

and epithelial disruption (mechanical stretching) results in ROS production. Interestingly, 

mechanical forces have been proposed as growth regulators (Shraiman 2005).   

Changes in mechanical tension could affect the voltage gradients across the plasma 

membrane. These transmembrane potentials arise from the combined activity of numerous 

ion channels, pumps and gap junction complexes. It has been proposed that the mitotic rate 

can be regulated by bioelectric signals, because the function of membrane voltage and specific 

potassium, sodium and chloride ion channels influence cell proliferation (Blackiston et al. 2009; 

Levin 2009). In Xenopus tadpole tail regeneration, NADPH oxidases in the membrane produce 

both H2O2 and modify the membrane electrogenic properties, allowing wound healing and 

regenerative growth (Ferreira et al. 2016). The interplay between ultra-fast biochemical and 

biophysical signals will shed some light on the initial steps of tissue response to damage.  

Redox signalling can account for quite a lot of mechanisms. Among them, ROS can promote 

the oxidation of cysteine residues within proteins (Rhee 2006), as in the case of Ask1. ROS, 

and in particular H2O2, can oxidize the protonated cysteine (Cys-SH) to the thiolate anion (Cys-

S·), which in turn can be oxidized into its sulfenic form (Cys-SOH) causing allosteric changes 

Figure 69. Innexins and Aquaporins are necessaries for imaginal disc regeneration. (A) Percentage of 

regenerated wings for controls (rpr or RNAi inx or aqp expression only) and experimental (rpr and RNAi inx or 

aqp dual expression). (B) Examples of wings with full regeneration and incomplete regeneration (indicated 

genotypes) after salE/Pv>rpr. Error Bars indicate Standard Deviation. ***P<0.001. 
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that modify protein function (Finkel 2012). The protein can be returned to its original state by 

enzymatic and non-enzymatic scavengers, creating a reversible signal transduction mechanism 

(Winterbourn & Hampton 2008). This mechanism has been described for a many transcription 

factors, kinases, protein phosphatases and matrix metalloproteases (Meng et al. 2002; Lee et 

al. 2002; Kamata et al. 2005; Nadeau et al. 2007; Marinho et al. 2014; Nelson & Melendez 

2004). While kinases can be activated by ROS, phosphatases are inactivated (Rhee et al. 2000; 

Rhee 2006). Although our findings revealed a decisive role of ROS in Ask1 activation, we 

cannot discard that can also inhibit phosphatases as Puckered, which is a JNK inhibitor, or 

PTEN, which attenuates Insulin signalling.  

Furthermore, ROS could be implicated in epigenetic changes and modifications in chromatin 

structure leading to changes in gene expression (Halicka et al. 2009; Frost et al. 2014). ROS not 

only modulate histone folding, stability and post-translational modifications, altering histone 

marks leading to aberrant transcription or chromatin packaging but also chromatin-associated 

proteins (reviewed in Kreuz & Fischle 2016). In addition, DNA could be sensitive to oxidation 

and methylation (Clark et al. 2012). In mammals, many enhancers are controlled by ROS 

(reviewed in Kreuz & Fischle 2016), and in Drosophila, the localized epigenetic silencing of 

WNT damage-responsive enhancer restrict regenerative capacity in maturing organisms (Harris 

et al. 2016). Actually, some trithorax group genes control JNK and Dilp8 expression to delay 

pupariation (Skinner et al. 2015). JNK, in turn, downregulates polycomb group genes to 

facilitate cell fate changes (Lee et al. 2005). Indeed, the chromatin regulator Taranis, protects 

regenerating tissue from deleterious side effects of wound healing and regeneration by 

controlling JNK (Schuster & Smith-Bolton 2015). 

The ability to regenerate as well as to prevent damage are two determinants of aging. In many 

organisms, regenerative skills may decrease with age, and the implication of ROS signalling in 

this process has been extensively studied (Schieber & Chandel 2014). How ROS could influence 

the epigenetic status in younger and older organisms is an exciting question that scientists will 

answer soon.  

 

 

MAPKs as key molecules driving regenerative growth 

JNK pathway has been extensively described to be needed in wound healing and regenerative 

growth (Bosch et al. 2005; Bosch et al. 2008; Mattila et al. 2005; Lee et al. 2005; Smith-Bolton 

et al. 2009; Bergantiños et al. 2010; Blanco et al. 2010). Although JNK has often been linked to 

apoptosis because the pro-apoptotic genes reaper and hid can activate this pathway (Adachi-

Yamada et al. 1999; Shlevkov & Morata 2012; Ryoo et al. 2004). it is currently accepted that 

JNK signalling can switch from the pro-apoptotic role to a proliferative function in the presence 

of oncogenic Ras or upon JNK activation (Uhlirova & Bohmann 2006; Uhlirova et al. 2005; Zhu 

et al. 2010). 

After ptc>rpr cell death, we monitored JNK activity with the puc-lacZ and the TRE-red reporter, 

which monitors the JNK substrate AP1 transcription factor. Whereas TRE-red reporter 
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expression was found extensively in the apoptotic zone and, to a lesser extent, in the apical 

living cells, Puc positive cells were found apically. Indeed, some of them incorporated EdU, 

which is consistent with previous studies about the role of JNK in proliferation and 

regeneration.  

We verified that JNK is crucial for imaginal disc regeneration. Larvae treated with JNK inhibitor 

IX-supplemented food could not regenerate properly. In fact, when we observed those wing 

imaginal discs after ptc>rpr or salE/Pv>rpr cell death, we could not detect healing. The 

combination of Gal4 and LexA binary systems allowed us to inhibit JNK signalling in a whole 

compartment and simultaneously induce cell death in salE/Pv domain (ci>bskDN salE/Pv>rpr). With 

this combination, we demonstrated that JNK is mainly required in living cells to trigger 

regenerative growth. 

In addition, after tissue damage, as for tumorous growth, Dilp8 is secreted from imaginal discs 

in response to JNK, Yki and JAK/STAT, in order to delay metamorphosis and obtain extra time 

to reach the final size (Colombani et al. 2012; Garelli et al. 2012; Katsuyama et al. 2015; Boone 

et al. 2016). Nevertheless, the precise mechanisms controlling systemic response after growth 

perturbations are largely unknown. 

In front of this plethora of functions of the JNK, we propose here that JNK is required 

essentially in the imaginal disc cells to push healing and regeneration. From our observations, 

we conclude that two different inputs control JNK activity after damage, ROS and the TNF/Egr 

signalling. Imaginal discs exposed to antioxidants result not only in less incidence of 

regeneration but also of JNK activity. Interestingly, the decrease of JNK after ROS inhibition 

was always partial or mild, which suggests that JNK may be activated by other inputs.  

Besides ROS, we described that the TNF/Egr through Wgn are necessaries for JNK activation 

after tissue damage. Inhibition of both molecules after cell death or physical injury prevent the 

expression of the TRE-red reporter and the protein Mmp1, a known target of the pathway 

(Uhlirova & Bohmann 2006; McClure et al. 2008). We hypothesized that TNF/Egr could 

contribute not only in TRAF2/6 activation to activate Ask1 as it has been studied in ASK1-

deficient mice (Nishitoh et al. 1998b; Kei Tobiume et al. 2001; Liu et al. 2000b; Fujino et al. 

2007b; Noguchi et al. 2005) but also to trigger JNK and Dilp8 expression to activate the PI3K 

pathway autonomously, thus attenuate Ask1 and promotes survival.  

Both Wgn (Kanda et al. 2002) and Grnd (Andersen et al. 2015) have been described as 

receptors for TNF/Egr ligand. In this work we found that only Wgn was implicated in imaginal 

disc regeneration, whereas Grnd has been proposed to act as an effector of Egr-dependent cell 

death, and a JNK promoter both in the eye (Andersen et al. 2015) and in the Insulin Producing 

cells of the brain (IPCs) (Agrawal et al. 2016). This suggests that TNF/Egr could act in a context 

specific manner and promote different responses. 

The activation of JNK by ROS seems to be a conserved mechanism. Not only in Drosophila, 

where ROS associated with tumour-like overgrowths lead to JNK activation (Fogarty et al. 

2016; Clemente-Ruiz et al. 2016), but also in lower organisms as in the yeast S. pombe, where 

the AP1-like transcription factor Pap1, as well as the Atf1, drive the transcriptional response of 

cells to low levels of H2O2 (Quinn et al. 2002). Actually, in mammalian cell lines, the inhibition 
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of the scavenger PrxII (Peroxidaxin II), enhances H2O2 production and therefore JNK and p38 

activation as well (Kang et al. 2004). Nevertheless, there are exceptions. For example, in breast 

cancer cells, the theaflavin, a bioactive flavonoid of black tea, suppress breast cancer 

metastasis by activating the p53-ROS-p38MAPK and inhibiting JNK (Adhikary et al. 2010). 

We cannot discard the implication of other molecules upstream of JNK. For example, the Rho 

family of small GTPses (Rac, Cdc42 and Rho1), that participate in dorsal and thorax closure 

(Jacinto et al. 2002; Agnès et al. 1999; Baek et al. 2010). Indeed, The PVR/PVF signalling, the 

Drosophila homolog of the PDGF/VEGF, is a potent mitogen which has been associated with 

JNK induction during thorax closure and in neoplastic tumours (Ishimaru et al. 2004; Ohsawa 

et al. 2011). Moreover, members of apicobasal polarity complexes (lgl-dlg-scrib) suppress JNK, 

therefore, its modulation after damage could involve changes in JNK activity (Igaki et al. 2006; 

Uhlirova et al. 2005).  

Transcriptomic analysis of regenerating discs revealed that a major class of genes, whose 

expression increases during early regeneration, possesses AP1 binding sites in their regulatory 

regions, sequences targeted by the AP1 complex Fos and Jun (Blanco et al. 2010). Many of 

these genes are transcription factors that somehow might be involved in tissue remodelling. 

Moreover, JNK activity is responsible for increasing Yki translocation into the nucleus through 

Ajuba proteins (Sun & Kenneth D. Irvine 2011; Sun & Irvine 2013). Besides proliferation, Yki 

induces the expression of the DIAP1 inhibitor of apoptosis, being other feasible way to 

promote JNK-dependent proliferation. 

ROS are stressors involved in p38 activation (Son et al. 2013; Plotnikov et al. 2011). We 

demonstrated that antioxidants decrease p38 activation not only after cell death but also after 

physical injury. Moreover, we described that not only JNK but also p38 is required for imaginal 

disc regeneration. In different p38 mutant backgrounds, as well as after p38 inhibition with 

UAS-RNAi constructs, we appreciated that regeneration was impaired. Particularly the p38a1 

allele, seems to affect upd expression and regeneration. This is consistent with the finding that 

Drosophila p38a is more susceptible to environmental stressors, such as oxidative stress (Craig 

et al. 2004). However, other p38 members also contribute to tissue regeneration. Indeed, 

heterozygous alleles of the p38 activating kinase lic, which normally do not show patterning 

defects after rpr-mediated ablation, can result in incomplete regeneration when a dose of 

p38b is missing.  

Many other proteins have been described as upstream activators of p38, as ASK1, DLK1 (dual-

leucine zipper-bearing kinase 1), TAK1, TAO (thousand-and-one amino acid) 1 and 2, TPL2 

(tumour progression loci 2), MLK3 (mixed lineage kinase 3), MEKK3 (MEK kinase 3), MEKK4, 

and ZAK1 (leucine zipper and sterile-a motif kinase 1) (Cuadrado & Nebreda 2010). Of note, 

some of these MAPKs that trigger p38 MAPK activation can also activate the JNK pathway. We 

found that Ask1 is implicated in p38 activation, but little is known about the function of these 

upstream molecules of the pathway. Besides p38a and p38b, we cannot discard a function of 

p38c after damage, which is involved in intestinal immune homeostasis (Chakrabarti et al. 

2014). We focused on the Atf-2 transcription factor, but many other downstream molecules of 

p38 kinases have been described (Zarubin & Han 2005). The Drosophila Activating transcription 
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factor 3 (Atf3), preserves metabolic and immune system homeostasis, and its loss, results in 

chronic inflammation and starvation responses (Rynes et al. 2012). 

In mammals, the p38 MAPKs are activated by various pro-inflammatory and stressful stimuli, 

such as tumour necrosis factor-α (TNF-α) and interleukin-1b (IL-1b), and therefore have been 

broadly studied in the field of inflammation (Yong et al. 2009). In Drosophila, we uncovered 

that both cytokines and TNF/Egr play a role after damage. We found that TNF/Egr is not 

involved in p38 activation, because although TNF/Egr inhibition, P-p38 is in the wound sites. 

However, we cannot discard a positive feedback loop after upd expression to amplify the p38 

pro-survival signal. 

In contrast to JNK, p38 activation was only found in living cells surrounding the wounded area. 

Hence, although there could be both stimulatory and inhibitory interactions within and across 

MAPK signalling, upstream signals may differ from dying to living cells to initiate regeneration. 

We have found that both hepr75 and p38a1 mutant backgrounds inhibit upd expression. But 

hepr75 mutants, which block JNK signalling, do not affect p38 phosphorylation and vice versa, 

p38a1 mutants, which block at least the p38a branch of the p38 kinase, do not interfere with 

the TRE-red reporter expression. This suggests that ROS activate p38 and JNK independently 

and that both MAPKs stimulate the transcriptional expression of the cytokines unpaired to 

drive tissue repair. 

The p38 cascade exhibits a considerable crosstalk and shared components with JNKs (Kyriakis 

& Avruch 2001). Similarly, these cascades are activated primarily by stress stimuli, but p38 

respond to a wide variety of other molecules and cellular events (Zarubin & Han 2005). The 

variances in activation of these two pathways after damage should be mediated by specific 

scaffold proteins, compartmentalization, and available substrates. Consequently, although JNK 

and p38 are evolutionary conserved pathways that participate in stress response, seems that 

the interactions and crosstalk between both depend on the cellular context, thus future efforts 

should provide more information to consider those molecules as therapeutic targets in 

regenerative medicine. 
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Cytokines: diffusible molecules for multiples responses 

The role of JAK/STAT signalling has been well-characterized in hinge (Ayala-Camargo et al. 

2013; Johnstone et al. 2013) and in wing pouch development (Recasens-Alvarez et al. 2017). 

Our results showed that JAK/STAT signalling must be activated by the cytokines Unpaired to 

promote regeneration after damage. In this work, we utilized an antibody against Upd and the 

reporter line 10XSTAT-GFP (Bach et al. 2007) after cell death or injury, and found localization 

surrounding the wounded area, in addition to the endogenous expression in the hinge region. 

in mammals, the activation of JAK/STAT signalling pathway is triggered by a wide range of 

interleukins, interferons and growth factors, whereas in Drosophila is mediated by only three 

Upd ligands (Gilbert et al. 2005; Harrison et al. 1998; Hombría et al. 2005; Wang et al. 2014). 

After injury, FISH of upd and upd3 revealed that transcription of both genes is confined near 

the wound. In p38a-/- and hepr75 discs, upd and upd3 expression associated to the wound 

significantly decreases, revealing that the transcription of those molecules is dependent on 

MAPK activation. In fact, ectopic expression of upd rescued the phenotype caused by p38 and 

ROS inhibition. The other unpaired gene, upd2, has been related with systemic response after 

fasting (Rajan & Perrimon 2012), and its function in regeneration is still not known. 

We also found that ectopic expression of a dominant negative form of the receptor Domeless 

as well as the Socs36E inhibitor impairs regeneration. Socs36E is both a target (it contains 

multiple high affinity STAT92E binding sites) and an inhibitor of the pathway and therefore 

promotes a negative feedback loop to attenuate JAK/STAT signalling upon pathway activation 

(Callus & Mathey-Prevot 2002; Karsten et al. 2002; Stec et al. 2013). In fact, the 10xSTAT-GFP 

activity reporter in based on the STAT92E binding sites present in the first intron of socs36E 

gene (Bach et al. 2007). Socs36E inhibits JAK/STAT signalling at the level of the Dome receptor, 

regulating its stability and lysosomal degradation as well as preventing its phosphorylation by 

Hop (Stec et al. 2013). 

Socs36E has also been shown to inhibit the EGFR pathway in imaginal tissues as well as to limit 

EGFR-induced overgrowth in Drosophila epithelial transformation models (Almudi et al. 2009; 

Callus & Mathey-Prevot 2002; Herranz et al. 2012). The role of EGRF after damage has not 

been described yet, although preliminary experiments in the lab showed that is also implicated 

in the genetic network controlling the recovery of imaginal tissues (Figure 70). 

JAK/STAT signalling promotes cell proliferation in different cellular contexts (Zeidler et al. 

2000). In neoplastic tumours, the JAK/STAT pathway is activated in a JNK-dependent manner, 

inducing proliferation and metastasis (Pastor-Pareja et al. 2008; Wu et al. 2010; Igaki et al. 

2009). Interestingly, epithelial tumours are often originated from tumour hotspots located in 

the hinge region, which concurs with elevated STAT92E activity (Tamori et al. 2016). This 

region appears to be particularly resistant to irradiation and drug-induced apoptosis (Verghese 

& Su 2016).  STAT92E can protect cells from irradiation-induced apoptosis directly upregulating 

dIAP1 through two conserved STAT92E binding sites on the diap1 locus (Betz et al. 2008). After 

wounding wing discs or gut, upd genes expression, are elevated in a JNK dependent manner, 

and are required to increase proliferation (Wu et al. 2010; Jiang et al. 2009). Moreover, 

activation of the JAK/STAT pathway upregulates CycD and CycB levels (Mukherjee et al. 2005; 
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Tsai & Sun 2004), as well as the competitive status of proliferating cells in imaginal discs. It has 

been reported that cells with hyperactivated STAT92E become winners and display super 

competitor features (Rodrigues et al. 2012).  

Constitutive activation of several STATs has been observed in numerous human diseases, as in 

blood cancers (Calò et al. 2003). In humans, STAT promotes G1/S transition and activates c-

Myc, which is a transcriptional regulator of cell cycle progression and cell growth (Bowman et 

al. 2000; Calò et al. 2003).   

 

 

 

 

 

 

 

 

 

Figure 70. Inhibition of EGFR signalling impairs regeneration. Percentage of regenerated wings in heterozygous 

mutant background of EGFR signalling. Right: Examples of wings with full regeneration and incomplete 

regeneration (indicated genotypes) after salE/Pv>rpr cell death. Error Bars indicate Standard Deviation. ***P<0.001. 
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Ask1 as a ROS sensor to promote tissue repair 

To uncover the molecular mechanisms of ROS-mediated activation of JNK and p38 MAPK 

pathways we focused on Ask1, which is activated when ROS oxidizes Trx and dissociates from 

Ask1 (Katagiri et al. 2010). We observed that Ask1 inhibition impairs regeneration. Ask1 is an 

evolutionary conserved signalling intermediate between cytotoxic stress and cellular responses 

(Saitoh et al. 1998b; Nishitoh et al. 2002; Takeda et al. 2004; Matsuzawa et al. 2005). The 

mechanism by which Trx is oxidized and released was discovered more than twenty years ago 

(Saitoh et al. 1998; Liu et al. 2000), and is an extremely accurate system to initiate stress 

responses. In mice, after Trx release, the Thr845 is auto-phosphorylated, which is essential for 

ASK1 activation. However, it has been proposed that this residue can also be trans-

phosphorylated by an unidentified kinase in response to ROS (Tobiume et al. 2002). In 

Drosophila, we also found that after cell death and the subsequent burst of ROS, there is an 

activation of the Thr-rich domain in dead cells, whereas lower or unappreciated levels in 

surrounding living cells.  No other kinases have been identified upstream of Ask1. 

ASK1 function was initially related to cell death. Constitutively active ASK1 induces cell death, 

mainly through mitochondria-dependent caspase activation (Hatai et al. 2000; Kanamoto et al. 

2000; Saitoh et al. 1998a). In Drosophila, reaper activates Ask1 and JNK and induce cell death 

(Kuranaga et al. 2002), which is consistent with our results. 

However, it has been demonstrated a role of ASK1 in proliferation, survival and differentiation 

(Takeda et al. 2000; Sayama et al. 2001; Rubiolo et al. 2006). We found that PH3-positive cells 

present Ask1 P-Thr747. In interphase, the hypophosphorylated Cdc25C (cell division cycle 25C) 

phosphatase suppresses mammalian ASK1, by dephosphorylating P-Thr-838 in vitro. But during 

mitotic arrest, hyperphosphorylated Cdc25C has significantly reduced affinity to ASK1, 

suggesting that enhanced ASK1 activity in mitosis was due to reduced binding of 

hyperphosphorylated Cdc25C to ASK1 (Cho et al. 2015). 

Several of our findings point to that Ask1 acts as key molecule in regenerating tissue. First, 

ask1 mutant flies develop normal and are healthy in standard laboratory conditions. However, 

under stress insults, their life span is compromised, which is consistent with experiments done 

in ASK1-deficient mice (Yokoi et al. 2006; Izumiya et al. 2003; Yamaguchi et al. 2003; Watanabe 

et al. 2005; Izumi et al. 2003; Yamaguchi et al. 2004; Izumi et al. 2005; Harada et al. 2006). 

Second, inhibition or reduction of Ask1 impairs regeneration. Third, blocking the PI3K/Akt, 

which is key for the inhibitory phosphorylation of Ser83, results in regeneration defects. 

Many Ask1 positive and negative regulators were reported (reviewed in Takeda et al. 2008; 

Sakauchi et al. 2017). In this study, we proposed a new role of Akt in flies by promoting stress 

tolerance and survival through Ask1. We uncovered that Insulin signalling controls the 

phosphorylation of the Ask1 Ser83. The role of Insulin signalling in growth and metabolism has 

been extensively described (reviewed in Nässel & Broeck 2016; Nässel et al. 2015). The 

inhibition of this pathway leads to defects in regeneration, presumably by preventing 

attenuation of Ask1 activity. Additionally, the combination of akt and ask1 mutant alleles 

blocks entirely the regenerative response. These results are in agreement with the notion that 
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PI3K/AKT are required for cell survival as their loss of function results in apoptosis (Staveley et 

al. 1998) (Scanga et al. 2000).  

AKT activity is regulated by PI3K via synthesis of 3-phosphoinositides (3-PPIs), and by the lipid 

phosphatase PTEN, via degradation of PPIs. In breast cancer cells ROS-mediated tumour 

progression was found to be dependent on activation of PI3K pathway and reduction of PTEN 

activity (De Luca et al. 2010). It is noteworthy that PTEN, a tumour suppressor and negative 

regulator of the PI3K pathway, can be oxidized and inactivated by ROS (Leslie et al. 2003; Kwon 

et al. 2004; Lee et al. 2002). Moreover, H2O2 has also been shown to promote metastasis by 

upregulating P-AKT and inactivating PTEN in prostate cancer cells (Chetram et al. 2011). 

Therefore, we propose that soon, the role of tumour suppressor genes as PTEN in imaginal disc 

regeneration must be explored. 

 

General overview of the regenerative response to damage 

This work contributes to the understanding of the robustness of Drosophila imaginal discs to 

overcome growth perturbations. In nature, Drosophila populations adapted to live in relatively 

extreme conditions. The regenerative capacity of the imaginal discs can be considered as a 

mechanism of adaptation for survival in life-threatening environmental conditions. This 

wonderful ability of adaptation, allows the imaginal tissues to be modulated by external 

inputs, such as nutrient availability and temperature to reach its final size before 

metamorphosis (reviewed in Boulan et al. 2015). 

Although it has been proposed that the same pathways act in normal and in regenerative 

growth, as Wg (Gibson & Schubiger 1999; McClure et al. 2008; Katsuyama et al. 2015) by 

increasing Myc (Smith-Bolton et al. 2009), JAK/STAT (Katsuyama et al. 2015; Pastor-Pareja et 

al. 2008b; La Fortezza et al. 2016; Verghese & Su 2016) and Hippo/Yki (Repiso et al. 2013; 

Grusche et al. 2011; Sun & Irvine 2011; Meserve & Duronio 2015), the damage-induced signals 

differ from the development in the mechanism that they are recruited. For example, the WNT 

protein wingless (Wg) is likely activated by a damage responsive enhancer (Harris et al. 2016). 

Unpaired is activated by JNK and p38, which in turn depend on ROS. How ROS activate those 

pathways throughout Ask1 has been analyzed in this work, demonstrating the presence of 

another stress signal necessary for tissue repair and regeneration. 

Taking together, we propose the following model (Figure 71). After cell death or injury, 

damage-induced signals as ROS or calcium trigger the response in imaginal tissues. Calcium 

could activate the Dual oxidase DUOX, with in turn will produce H2O2. Besides that, other 

calcium-dependent proteins could be involved in cytoskeletal rearrangements, secretion or in 

the transcriptional response. Calcium and ROS propagation between adjacent cells could be 

accomplished by gap junctions and/or aquaporin channels. ROS oxidize thioredoxin that 

releases Ask1. The Ask1 protein will have a dual function. First, in cells committed to die will 

contribute to apoptosis. Second, in surviving cells where the insulin pathway is active, its 

deleterious function will be attenuated and the tolerable levels of Ask1 will be sufficient to 

activate JNK and p38.  In addition, JNK can be also modulated by TNF/Egr. Downstream of 

MAPKs, Yki (Sun & Irvine 2011; Sun & Irvine 2013), JAK/STAT (Pastor-Pareja et al. 2008; 
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Katsuyama et al. 2015; Santabárbara-Ruiz et al. 2015) and the epigenetic machinery (Lee et al. 

2005c; Smith-Bolton et al. 2009) will induce the transcriptional response for wound healing, 

regenerative growth and re-patterning of the missing tissue. Moreover, Dilp8 and retinoids 

will be secreted from the disc epithelium to turn on the systemic response (Garelli et al. 2012; 

Colombani et al. 2012; Halme et al. 2010) . These systemic molecules will circulate through the 

hemolimph and bind to their receptors in the neurans that trigger the ecdysone response from 

the Prothoracic gland (PG). Haemocytes could provide signals to improve the regenerative 

response. We cannot discard the implication of cues coming from the fat body, the organ 

which senses nutrient availability and has a well-characterised crosstalk with neurons to 

control systemic growth. 

 

 

 

Figure 71. Hypothetical model for imaginal disc regeneration. Scheme of molecules involved in imaginal disc 

regeneration and their probable connections between them, as well as the possible crosstalk concerning 

different organs to initiate the systemic response.  
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Biological relevance of Drosophila regeneration 

All multicellular organisms can respond to injury, but there is an enormous variety in how this 

process occurs. The study of wound repair in different creatures could provide information on 

the different strategies to replace cells in nature. The parallelism in the mechanisms underlying 

some types of regeneration in vertebrates and invertebrates, has contributed to the proposal 

that an ancient patterning system is being repeatedly used to recover lost tissues and organs.  

The old perception regarding the deleterious effects of ROS has been substituted by so-called 

‘redox biology’, which primarily supports that oxidative protein modifications can be specific 

and reversible and, consequently, may play a crucial role in cellular physiology. It has been 

shown that ROS are cellular stimuli capable of activating MAPK pathways in a number of 

different cell types (Son et al. 2013). After damage, these MAPKs drive the regenerative 

response, thus the study of the site, concentration and kinetics of ROS production as well as 

scavenger molecules controlling redox state are most likely to be potential targets determining 

the regenerative ability of tissues and organs. 

The use of Drosophila imaginal discs as a model for tissue repair has allowed scientists the 

identification and functional characterization of the molecules involved in wound repair, 

particularly in re-epithelialization. These discoveries have been made thanks to the genetic 

tools developed in these organisms, as well as to the recent advances in live-imaging 

techniques. Not only after damage, but also the morphological events, such as dorsal closure 

and tracheal fusion, have a remarkable resemblance to healing in mammalian skin wounds 

(Gurtner et al. 2008). 

Similarities between fly and vertebrate wound healing have been proposed. First, the 

formation of an actin cable upon wounding. Cells orient and migrate towards the wound by 

extending their filopodia. Then they re-specificate in the blastema to recover lost tissue. 

Moreover, it seems that JNK signalling and the consequent activation of the transcription 

factor AP1 in the wound site, are crucial for successful wound repair in Drosophila (Bosch et al. 

2005d; Smith-Bolton et al. 2009; Bergantiños et al. 2010). Likewise, AP1 proteins have a similar 

role in the mammalian wound repair (Li et al. 2003), although some of their functions are 

probably hidden by redundancy between the many members of the mammalian AP1 family 

(Schäfer & Werner 2007). We found that JAK/STAT activation is crucial after damage. In 

mammals, the transcription factor STAT3 is involved in re-epithelialization after wounding 

(Sano et al. 1999). 

Many differences have been reported. In mammals, the gap caused by injury is filled by a clot, 

in which many types of cells as well as stem cells are recruited to the wound site. However, in 

Drosophila imaginal discs, these processes do not occur. It seems that in mammals, the rapid 

interposition of fibrotic tissue, prevents subsequent regeneration. As the fruit fly is one of the 

most genetic tractable models, screenings can be easily performed. Perhaps if we fully 

understand how the epithelium of the imaginal disc is able to recover, we will be ready to 

design some genetic strategies to trigger epithelial recovery in mammals. 
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From my point of view, the study of regeneration in Drosophila has a special social interest. 

First, taking in account that the fruit fly is an extraordinarily genetic tractable organism and 

that shares more than half of its genome with humans, it can be used as a source of 

information to improve the field of regenerative biology. Moreover, Drosophila, also offers the 

opportunity to test the coordination between regeneration and tissue homeostasis, besides 

the hormonal control of growth.  

For more than a century, traditional regenerative research has focused on the understanding 

of the mechanisms of regeneration in lower species. One should consider if now is the time to 

apply this knowledge to enhance wound repair in humans. The current therapies are mainly 

focused on skin substitutes, stem cell biology and innovative biomaterials for manipulation 

and delivery of patient-compatible tissues which could recapitulate the regenerative response. 

The creation of bioartificial functional limbs will be possible in a few years, thanks to the HEAL 

(Hartford Engineering a Limb) project, which aims to regenerate human limbs by 2030. 

Truthfully, the direct biomedical applications of Drosophila knowledge of wound healing and 

regeneration are narrow, but research in fruit flies has contributed to the detection of novel 

genes and epigenetic mechanisms that could help in the development of new therapies, due to 

the evolutionary conserved molecules underlying regeneration. For example, I firmly believe 

the sequence of events ROS ->Ask1->Trx, JNK->cytokines->repair and its dependence on the 

insulin pathway can be of interest in pharmaceutical applications.  

One strategy to improve regeneration includes the use of soluble factors and molecular 

cocktails. In this regard, Drosophila could facilitate the identification of drugs capable of 

accelerating and stimulate wound healing and repair. The high-throughput methodology and 

the easy handling of flies, allow the performance of large-scale compound screenings in vivo, 

such as those performed in fly models of human diseases (Chang et al. 2008). One question I 

am particularly interested, is how nutrition could enhance regeneration. Many molecules have 

been proposed to modify the cellular redox state, as curcumin, flavonoids, vitamins, soy, green 

tea or carotenoids (Nimse & Pal 2015). But their role in cancer and wound healing is still not 

described. Hence, large-scale diet screens could reveal innovative roles of these molecules in 

this process. Numerous genes involved in wound healing are also present in human highly 

malignant tumours, as prostate, liver, colon and breast cancers (reviewed in Arnold et al. 

2015). Therefore, these studies highlight the importance of functional genomic research in 

fruit flies to provide additional information about the role of tumour inducers and tumour 

suppressors in wound healing events. 

Thanks to the revolutionary CRISPR methodology, gene therapy has emerged as one of the 

most challenged techniques to improve any disease. The identification of essential genes 

implicated in chronic wounds and metastatic events could be easily applied to Drosophila, by 

performing in vivo genetic screens. The main advantages are the reproducibility, the speed, 

because they could be done faster than in other organisms, and the obtaining of a large 

number of progeny. Moreover, not only genes but enhancer regions could be identified simply 

in this type of screenings. 
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As a summary of this work, we described how imaginal disc regeneration starts, and how these 

early signals are transduced to recover lost tissue after cell death or injury. 

 

1. Specific conclusions: 

 

• One of the earliest responses to damage consisted on the production of Reactive 

Oxygen Species, in higher levels in dying cells and in lower levels in surrounding 

living cells. This burst of ROS is necessary for JNK and p38 MAPK signalling, which 

are independent pathways that transduce the damage induced-signal to recover 

lost tissue. Besides ROS, the TNF/Eiger throughout Wengen acts as a second input 

controlling JNK pathway. 

 

• The Apoptotic signal-regulating kinase 1 (Ask1) is the intermediate between the 

boost of ROS and MAPK activation. This protein integrates oxidation and Insulin 

signalling in the living tissue to promote regeneration. 

 

• JNK and p38 signalling initiate tissue recovery regulating JAK/STAT pathway at the 

level of the cytokines unpaired. The activation of JAK/STAT is crucial for 

regenerative growth. 

 

2. Global conclusion: 

 

• Although antioxidants usually present health benefits, we demonstrated that they 

impair the onset of regeneration in imaginal discs. 
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Annex 1: Genotypes 

 

Figure 27. A, G. wt. C, D,E, F. ptc>rpr: UAS-rpr/+; ptc-Gal4/+; tubGal80TS/+ 

 

Figure 28. A. wt. B, C, D, E. salE/Pv>rpr: UAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/+ 

F, G. ptc>rpr: UAS-rpr/+; ptc-Gal4:tubGal80TS/+ 

 

Figure 29. A-D. salE/Pv>rpr nub>GFP: w; nub-Gal4/UAS-GFP; salE/Pv-LHG:tubGal80TS/lexO-rpr 

salE/Pv>rpr nub>Cat: w; nub-Gal4/UAS-Cat; salE/Pv-LHG:tubGal80TS/lexO-rpr  

salE/Pv>rpr nub>Sod: w; nub-Gal4/UAS-Sod; salE/Pv-LHG:tubGal80TS/lexO-rpr 

salE/Pv>rpr nub>Sod:Cat: w; nub-Gal4/UAS-Sod:Cat; salE/Pv-LHG:tubGal80TS/lexO-rpr 

E-H. salE/Pv>rpr: w; ci-Gal4/UAS-GFP; salE/Pv-LHG:tubGal80TS/lexO-rpr 

ci>RNAi DUOX: w; ci-Gal4/UAS-RNAi DUOX; salE/Pv-LHG:tubGal80TS/lexO-GFP 

salE/Pv>rpr ci>RNAi DUOX: w; ci-Gal4/UAS-RNAi DUOX; salE/Pv-LHG:tubGal80TS/lexO-rpr 

 

Figure 30. A. ptc>rpr: UAS-rpr/+; ptc-Gal4:tubGal80TS/TRE-DsRed.T4; puc-LacZ/+ 

B, C. w; TRE-DsRed.T4/+; puc-Gal4:UAS-GFP/+ 

 

Figure 31. A. ptc>rpr: UAS-rpr/+; ptc-Gal4:tubGal80TS/TRE-DsRed.T4; puc-LacZ/+ 

B. ptc>rpr: UAS-rpr/+; ptc-Gal4:tubGal80TS/+; puc-LacZ/+ 

 

Figure 32. A. ptc>rpr: UAS-rpr/+; ptc-Gal4:tubGal80TS/TRE-DsRed.T4 

B. salE/Pv>rpr: UAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/+ 

C, D. salE/Pv>rpr: w; ci-Gal4/ lexO-rpr; salE/Pv-LHG:tubGal80TS/+ 

ci> UAS-bskDN: w; ci-Gal4/+; salE/Pv-LHG:tubGal80TS/UAS-bskDN 

salE/Pv>rpr ci> UAS-bskDN: w; ci-Gal4/ lexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-bskDN 

 

Figure 33. A, B. ptc>rpr: UAS-rpr/+ ; ptc-Gal4/+; tubGal80TS/+. C, D. w; TRE-DsRed.T4 

 



174 
 

Figure 34. A, B, C. wt. D. w; ci-Gal4/UAS-Sod:Cat; salE/Pv-LHG:tubGal80TS/lexO-rpr 

E, F. ptc>rpr: UAS-rpr/+ ; ptc-Gal4/+; tubGal80TS/+ 

 

Figure 35. A, B, C. wt.  

 

Figure 36. wt: w; +; salE/Pv-LHG:tubGal80TS/lexO-rpr (control for lexO-rpr on the third 
chromosome) and w; lexO-rpr/+; salE/Pv-LHG:tubGal80TS/+ (control for lexO-rpr on the second 
chromosome). 

licd13/+: licd13/+; +; salE/Pv-LHG:tubGal80TS/lexO-rpr 

p38bd27/+: w; p38bd27/+; salE/Pv-LHG:tubGal80TS/lexO-rpr  

p38a1/+: w; lexO-rpr/+; p38a1/salEPv-LHG:tubGal80TS 

licd13/+p38bd27/+: licd13/+; p38bd27/+; salEPv-LHG:tubGal80TS/lexO-rpr 

dATF2PB/+: w; Atf2PB/+; salE/Pv-LHG:tubGal80TS/lexO-rpr 

dATF2PB-/-: w; Atf2PB/Atf2PB; salE/Pv-LHG:tubGal80TS/lexO-rpr  

licd13/+ dATF2PB/+: licd13/+; Atf2PB/+; salE/Pv-LHG:tubGal80TS/lexO-rpr 

p38bd27/+ dATF2PB/+: w; p38bd27/Atf2PB; salE/Pv-LHG:tubGal80TS/lexO-rpr 

dATF2PB/+p38a1/+: w; Atf2PB/lexO-rpr; p38a1/salEPv-LHG:tubGal80TS  

 

Figure 37. salE/Pv>rpr: w; ci-Gal4/UAS-GFP; salE/Pv-LHG:tubGal80TS/lexO-rpr 

ci>RNAi p38a: w; ci-Gal4/UAS-RNAi p38a; salE/Pv-LHG:tubGal80TS/lexO-GFP 

salE/Pv>rpr ci>RNAi p38a: w; ci-Gal4/UAS-RNAi p38a; salE/Pv-LHG:tubGal80TS/lexO-rpr 

ci>RNAi p38b: w; ci-Gal4/UAS-RNAi p38b; salE/Pv-LHG:tubGal80TS/lexO-GFP 

salE/Pv>rpr ci>RNAi p38b: w; ci-Gal4/UAS-RNAi p38b; salE/Pv-LHG:tubGal80TS/lexO-rpr 

ci>RNAi Atf2: w; ci-Gal4/UAS-RNAi Atf2; salE/Pv-LHG:tubGal80TS/lexO-GFP 

salE/Pv>rpr ci>RNAi Atf2: w; ci-Gal4/UAS-RNAi Atf2; salE/Pv-LHG:tubGal80TS/lexO-rpr 

ci>RNAi lic: w; ci-Gal4/UAS-RNAi lic; salE/Pv-LHG:tubGal80TS/lexO-GFP 

salE/Pv>rpr ci>RNAi lic: w; ci-Gal4/UAS-RNAi lic; salE/Pv-LHG:tubGal80TS/lexO-rpr 

 

Figure 38. A. salE/Pv>rpr: UAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/+ 

B. ptc>rpr: UAS-rpr/+; ptc-Gal4:tubGal80TS/TRE-DsRed.T4 
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Figure 39. A. hepr75: hepr75/Y. B. en>RNAi lic: w; en-Gal4:UAS-GFP/UAS-RNAi lic 

 

Figure 40. A. ptc>rpr hepr75: hepr75/Y; ptc-Gal4:tubGal80TS/+; UAS-rpr/+  

B. ptc>rpr: UAS-rpr/+; ptc-Gal4/+; tubGal80TS/+ 

 

Figure 41. wt: w; TRE-DsRed.T4. p38a-/-: w; TRE-DsRed.T4; p38a1/p38a1 

 

Figure 42. A, B. wt. C, D. hepr75: hepr75/Y  E, F, G, H ptc>rpr: UAS-rpr/+; ptc-Gal4/+; tubGal80TS/+ 

salE/Pv>rpr: UAS-rpr/+; sal-Gal4/+; tubGal80TS/+ 

I, J. upd-Gal4/+; UAS-myrtomato/10XSTAT92E-GFP 

 

Figure 43. A, B, C. salE/Pv>rpr ci>GFP: w; ci-Gal4/lexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-GFP 

ci>domeDN salE/Pv>GFP: w; ci-Gal4/lexO-rCD2::GFP; salE/Pv-LHG:tubGal80TS/UAS-domeDN 

salE/Pv>rpr ci> domeDN: w; ci-Gal4/lexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-domeDN 

salE/Pv>GFP ap>domeDN: w; ap-Gal4/lexO-rCD2::GFP; salE/Pv-LHG:tubGal80TS/UAS-domeDN 

salE/Pv>rpr ap> domeDN: w; ap-Gal4/lexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-domeDN 

ci>Socs36E salE/Pv>GFP: w; ci-Gal4/lexO-rCD2::GFP; salE/Pv-LHG:tubGal80TS/UAS-Socs36E 

salE/Pv>rpr ci> Socs36E: w; ci-Gal4/lexO-rpr; salE/Pv-LHG:tubGal80TS/UAS- Socs36E 

D, E, F. wild type: UAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/+ 

hop2/+: UAS-rpr/hop2; salE/Pv-Gal4/+; tubGal80TS/+ 

hop27/+: UAS-rpr/hop27; salE/Pv-Gal4/+; tubGal80TS/+ 

stat92e397/+: UAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/stat92e397 

stat92e06346/+: UAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/stat92e06346 

updYM56/+: UAS-rpr/updYM55; salE/Pv-Gal4/+; tubGal80TS/+ 

 

Figure 44. A, B, C. ci-Gal4 UAS-upd: w; ci-Gal4/UAS-upd; salE/Pv-LHG:tubGal80TS/lexO-rCD2::GFP 

salE/Pv-LHG lexO-rpr: w; ci-Gal4/UAS-GFP; salE/Pv-LHG:tubGal80TS/lexO-rpr 

ci-Gal4 UAS-upd salE/Pv-LHG lexO-rpr: w; ci-Gal4/UAS-upd; salE/Pv-LHG:tubGal80TS/lexO-rpr 

 

Figure 45. A, B, C, D, E, F. wt: wild type. p38a-/-: w; +; p38a1/p38a1 
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Figure 46. A, B, C. ci-Gal4 UAS-upd: w; ci-Gal4/UAS-upd; salE/Pv-LHG:tubGal80TS/lexO-rCD2::GFP 

salE/Pv-LHG lexO-rpr: w; ci-Gal4/UAS-GFP; salE/Pv-LHG:tubGal80TS/lexO-rpr 

ci-Gal4 UAS-upd salE/Pv-LHG lexO-rpr: w; ci-Gal4/UAS-upd; salE/Pv-LHG:tubGal80TS/lexO-rpr 

 

Figure 47. A. salE/Pv>rpr: wUAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/+ 

salE/Pv>rpr ask1MB06489/+: wUAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/ask1MB06489 

salE/Pv>rpr ask1M102915/+: wUAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/ask1M102915 

B. salE/Pv>rpr: w; ci-Gal4/LexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-GFP 

ci>RNAi Ask1: w; ci-Gal4/LexO-GFP; salE/Pv-LHG:tubGal80TS/UAS-RNAi Ask1 

salE/Pv>rpr ci>RNAi Ask1: w; ci-Gal4/LexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-RNAi Ask1 

ap>RNAi Ask1: w; ap-Gal4/LexO-GFP; salE/Pv-LHG:tubGal80TS/UAS-RNAi Ask1 

salE/Pv>rpr ap>RNAi Ask1: w; ap-Gal4/LexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-RNAi Ask1 

 

Figure 50. A, C, D, F. wt and injured: Canton S  

B, E. salE/Pv>rpr: wUAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/+ 

 

Figure 51. Canton S 

 

Figure 52. A. en> RNAi Ask1: w; en-Gal4/UAS-GFP; UAS-RNAi Ask1/+  

B, C. salE/Pv>rpr ci>RNAi Ask1: w; ci-Gal4/LexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-RNAi Ask1 

 

Figure 53. A, C. salE/Pv>rpr: w; +; salE/Pv-LHG:tubGal80TS/LexO-rpr 

B, D, E. salE/Pv>rpr ci>dp110DN: w; ci-Gal4/UAS-dp110DN; salE/Pv-LHG:tubGal80TS/ LexO-rpr 

 

Figure 54. wt � w118; +; +. ap>dp110CAAX: w; ap-Gal4/UAS-dp110CAAX 

 

Figure 55. salE/Pv>rpr: w; LexO-rpr/ +; salE/Pv-LHG:tubGal80TS/+ (control for LexO-rpr in the 

second chromosome) and wUASrpr/+; salE/Pv-Gal4; tubGal80TS (control for mutant backgrounds) 

ci>dp110DN: w; ci-Gal4/UAS-dp110DN; salE/Pv-LHG:tubGal80TS/+ 

salE/Pv>rpr ci>dp110DN: w; ci-Gal4/UAS-dp110DN; salE/Pv-LHG:tubGal80TS/ LexO-rpr 
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salE/Pv>rpr akt1: wUAS-rpr/+; salE/Pv-Gal4; tubGal80TS; akt1/+ 

salE/Pv>rpr ask1MB06489/+: wUAS-rpr/+; salE/Pv-Gal4; tubGal80TS; akt1/ask1MB06489 

salE/Pv>rpr ask1M102915/+: wUAS-rpr/+; salE/Pv-Gal4; tubGal80TS; akt1/ask1M102915 

 

Figure 56. CTRL and NAC: wUAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/+ 

 

Figure 57. A, D. CTRL: w118; +; +. B, E. ask1-/- � w; +; ask1MB06489 

 

Figure 58. wt: w118; +; +. ask1-/-: w; +; ask1MB06489 

 

Figure 59. A, E. salE/Pv>rpr: w; LexO-rpr/ +; salE/Pv-LHG:tubGal80TS/+ 

B, F.  salE/Pv>rpr ci>RNAi Ask1: w; ci-Gal4/LexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-RNAi Ask1 

C, G. en>RNAi Ask1: w; en-Gal4/UAS-GFP; UAS-RNAi Ask1/+  

 

Figure 60. CTRL salE/Pv>rpr: w; LexO-rpr/ +; salE/Pv-LHG:tubGal80TS/+ (control for LexO-rpr in the 

second chromosome) and w; +; salE/Pv-LHG:tubGal80TS/LexO-rpr (control for LexO-rpr in the 

third chromosome) 

ci>RNAi egr salE/Pv>rpr: w; ci-Gal4/UAS-RNAi egr; salE/Pv-LHG:tubGal80TS/LexO-rpr 

ap>RNAi egr salE/Pv>rpr: w; ap-Gal4/UAS-RNAi egr; salE/Pv-LHG:tubGal80TS/LexO-rpr 

ci>grndextra salE/Pv>rpr: w; ci-Gal4/LexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-grndextra 

ap>grndextra salE/Pv>rpr: w; ap-Gal4/LexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-grndextra 

egr3/+ salE/Pv>rpr: w; egr3/LexO-rpr; salE/Pv-LHG:tubGal80TS/+ 

ci>RNAi wgn salE/Pv>rpr: w; ci-Gal4/LexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-RNAi wgn 

ap>RNAi wgn salE/Pv>rpr: w; ap-Gal4/LexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-RNAi wgn 

ci>RNAi grnd salE/Pv>rpr: w; ci-Gal4/UAS-RNAi grnd; salE/Pv-LHG:tubGal80TS/LexO-rpr 

ap>RNAi grnd salE/Pv>rpr: w; ap-Gal4/UAS-RNAi grnd; salE/Pv-LHG:tubGal80TS/LexO-rpr 

grndminos salE/Pv>rpr: w; grndminos; salE/Pv-LHG:tubGal80TS/LexO-rpr 

 

Figure 61. ci>RNAi egr: w; ci-Gal4/UAS-RNAi egr; salE/Pv-LHG:tubGal80TS/+ 

ap>RNAi egr: w; ap-Gal4/UAS-RNAi egr; salE/Pv-LHG:tubGal80TS/+ 

ci> grndextra: w; ci-Gal4/+; salE/Pv-LHG:tubGal80TS/UAS-grndextra 
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ap> grndextra: w; ap-Gal4/+; salE/Pv-LHG:tubGal80TS/UAS-grndextra 

ci>RNAi wgn: w; ci-Gal4/+; salE/Pv-LHG:tubGal80TS/UAS-RNAi wgn 

ap>RNAi wgn: w; ap-Gal4/+; salE/Pv-LHG:tubGal80TS/UAS-RNAi wgn 

ci>RNAi grnd: w; ci-Gal4/UAS-RNAi grnd; salE/Pv-LHG:tubGal80TS/+ 

ap>RNAi grnd: w; ap-Gal4/UAS-RNAi grnd; salE/Pv-LHG:tubGal80TS/+ 

salE/Pv>rpr: w; LexO-rpr/ +; salE/Pv-LHG:tubGal80TS/+ (control for LexO-rpr in the second 

chromosome) and w; +; salE/Pv-LHG:tubGal80TS/LexO-rpr (control for LexO-rpr in the third 

chromosome) 

ci>RNAi egr salE/Pv>rpr: w; ci-Gal4/UAS-RNAi egr; salE/Pv-LHG:tubGal80TS/LexO-rpr 

ap>RNAi egr salE/Pv>rpr: w; ap-Gal4/UAS-RNAi egr; salE/Pv-LHG:tubGal80TS/LexO-rpr 

ci>grndextra salE/Pv>rpr: w; ci-Gal4/LexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-grndextra 

ap>grndextra salE/Pv>rpr: w; ap-Gal4/LexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-grndextra 

egr3/+ salE/Pv>rpr: w; egr3/LexO-rpr; salE/Pv-LHG:tubGal80TS/+ 

ci>RNAi wgn salE/Pv>rpr: w; ci-Gal4/LexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-RNAi wgn 

ap>RNAi wgn salE/Pv>rpr: w; ap-Gal4/LexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-RNAi wgn 

ci>RNAi grnd salE/Pv>rpr: w; ci-Gal4/UAS-RNAi grnd; salE/Pv-LHG:tubGal80TS/LexO-rpr 

ap>RNAi grnd salE/Pv>rpr: w; ap-Gal4/UAS-RNAi grnd; salE/Pv-LHG:tubGal80TS/LexO-rpr 

grndminos salE/Pv>rpr: w; grndminos; salE/Pv-LHG:tubGal80TS/LexO-rpr 

 

Figure 62. salE/Pv>RNAi wgn: w; salE/Pv-Gal4/+; UAS-RNAi wgn/+ 

salE/Pv>ecto-egr: w; salE/Pv-Gal4/UAS-ecto-eiger 

salE/Pv> ecto-egr, RNAi wgn: w; salE/Pv-Gal4/ UAS-ecto-eiger; UAS-RNAi wgn/+ 

 

Figure 63. A. salE/Pv>rpr: w; LexO-rpr/ +; salE/Pv-LHG:tubGal80TS/+ 

B. ci>RNAi egr salE/Pv>rpr: w; ci-Gal4/UAS-RNAi egr; salE/Pv-LHG:tubGal80TS/LexO-rpr 

C. ci>RNAi wgn salE/Pv>rpr: w; ci-Gal4/LexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-RNAi wgn 

D, E. enGal4> RNAi wgn: w; en-Gal4/TRE.DsRedT4; UAS-RNAi wgn/+ 

F. CTRL: w118; +; +. G. egr3: w; egr3 /egr3. H. wgnKO: wgnKO/+ 

 

Figure 64. A-C. salE/Pv>rpr ci>RNAi wgn: w; ci-Gal4/LexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-RNAi 

wgn 
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D, E. enGal4> RNAi wgn: w; en-Gal4/+; UAS-RNAi wgn/+ 

 

Figure 66. A. wt disc. B, C. salE/Pv>rpr: w; +; salE/Pv-LHG:tubGal80TS/LexO-rpr 

 

Figure 67. hml (A)>rpr: wUASrpr/+; hmlGal4/+ 

hml (B)>rpr: wUASrpr/+; +; hmlGal4/+ 

hmlMB01940>rpr: wUASrpr/+; +; hmlMB01940/+ 

salE/Pv>rpr: wUASrpr/+; salE/Pv-Gal4/+; tubGal80TS/+ 

hml (A), salE/Pv >rpr: wUASrpr/+; hmlGal4/salE/Pv-Gal4; tubGal80TS/+ 

hml (B), salE/Pv >rpr: wUASrpr/+; salE/Pv-Gal4/+; hmlGal4/ tubGal80TS 

hmlMB01940>rpr: wUASrpr/+; salE/Pv-Gal4/+; hmlMB01940/ tubGal80TS 

 

Figure 68. ptc>rpr: UAS-rpr/+; ptc-Gal4/+; tubGal80TS/+ 

 

Figure 69. salE/Pv>rpr: w; LexO-rpr/ +; salE/Pv-LHG:tubGal80TS/+  

ci>RNAi inx1: w; ci-Gal4/+; salE/Pv-LHG:tubGal80TS/UAS-RNAi inx1 

ci>inx1 salE/Pv>rpr: w; ci-Gal4/LexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-RNAi inx1 

ci>RNAi inx2: w; ci-Gal4/+; salE/Pv-LHG:tubGal80TS/UAS-RNAi inx2 

ci>inx2 salE/Pv>rpr: w; ci-Gal4/LexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-RNAi inx2 

ci>RNAi aqp: w; ci-Gal4/+; salE/Pv-LHG:tubGal80TS/UAS-RNAi aqp 

ci>aqp salE/Pv>rpr: w; ci-Gal4/LexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-RNAi aqp 

 

Figure 70. salE/Pv>rpr: wUASrpr/+; salE/Pv-Gal4/+; tubGal80TS/+ 

salE/Pv>rpr; pntd88/+: wUASrpr/+; salE/Pv-Gal4/+; tubGal80TS/pntd88 

salE/Pv>rpr; rasc40b/+: wUASrpr/+; salE/Pv-Gal4/+; tubGal80TS/rasc40b 

salE/Pv>rpr; rl1/+: wUASrpr/+; salE/Pv-Gal4/rl1; tubGal80TS/+ 

salE/Pv>rpr; top1/+: wUASrpr/+; salE/Pv-Gal4/top1; tubGal80TS/+ 
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ROS-Induced JNK and p38 Signaling Is Required for Unpaired Cytokine Activation 

during Drosophila Regeneration.  

Santabárbara-Ruiz P, López-Santillán M, Martínez-Rodríguez I, Binagui-Casas A, Pérez L, Milán 

M, Corominas M and Serras F.  

(2015) PLoS Genetics 11(10): e1005595. 
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ROS-Induced JNK and p38 Signaling Is
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Abstract
Upon apoptotic stimuli, epithelial cells compensate the gaps left by dead cells by activating

proliferation. This has led to the proposal that dying cells signal to surrounding living cells to

maintain homeostasis. Although the nature of these signals is not clear, reactive oxygen

species (ROS) could act as a signaling mechanism as they can trigger pro-inflammatory

responses to protect epithelia from environmental insults. Whether ROS emerge from dead

cells and what is the genetic response triggered by ROS is pivotal to understand regenera-

tion of Drosophila imaginal discs. We genetically induced cell death in wing imaginal discs,

monitored the production of ROS and analyzed the signals required for repair. We found

that cell death generates a burst of ROS that propagate to the nearby surviving cells. Propa-

gated ROS activate p38 and induce tolerable levels of JNK. The activation of JNK and p38

results in the expression of the cytokines Unpaired (Upd), which triggers the JAK/STAT sig-

naling pathway required for regeneration. Our findings demonstrate that this ROS/JNK/p38/

Upd stress responsive module restores tissue homeostasis. This module is not only acti-

vated after cell death induction but also after physical damage and reveals one of the earli-

est responses for imaginal disc regeneration.

Author Summary

Regenerative biology pursues to unveil the genetic networks triggered by tissue damage.
Regeneration can occur after damage by cell death or by injury. We used the imaginal disc
of Drosophila in which we genetically activated apoptosis or physically removed some
parts and monitored the capacity to repair the damage. We found that dying cells generate
a burst of reactive oxygen species (ROS) necessary to activate JNK and p38 signaling path-
ways in the surrounding living cells. The action of these pathways is necessary for the
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activation of the cytokines Unpaired (Upd). Eventually, Upd will turn on the JAK/STAT
signaling pathway to induce regenerative growth. Thus, we present here a module of sig-
nals that depends on oxidative stress and that, through the p38-JNK interplay, will activate
cytokine-dependent regeneration.

Introduction
Tissues and organs need to function reliably regardless of adverse environmental conditions.
Injuries, disease, infection and environmental insults are stressors causing cell damage that can
be repaired via homeostatic machinery. Thus, optimal health is largely dependent upon tissue
homeostasis, which involves cell replacement and tissue repair. Although many signaling path-
ways have been proposed to respond to environmental insults, the early activation of those sig-
nals is poorly understood.

Response to damage can involve oxidative stress and, subsequently, the stimulation of
stress-activated protein kinases. The production of reactive oxygen species (ROS) by various
redox metabolic reactions, which has generally been considered to be deleterious, is now
emerging as an active participant in cell signaling events [1,2]. ROS are byproducts of aerobic
metabolism that include superoxide O2

-, peroxide H2O2 and hydroxyl radicals OH�. ROS, and
in particular H2O2 are required for inflammatory cell recruitment [3,4]. Amphibian and zebra-
fish injuries produce the ROS necessary to promote proliferation and regeneration [5–8]. In
mammalian cells, ROS are known to act as second messengers to activate diverse redox-sensi-
tive signaling transduction cascades, including the stress-activated MAP kinases p38 and the
Jun-N Terminal kinase (JNK) [9–11]. ROS-mediated p38 activation occurs during the inflam-
matory response in rats [12] and during the loss of self-renewal and differentiation in glioma-
initiating cells [13]. It has also been found that p38 and JNK are differentially required during
repair. In endothelial cells, TNF-α stimulates repair through the positive action of JNK and
negative regulation of p38 [14], whereas in corneal repair, p38, and not JNK, is required for epi-
thelial migration [15]. In Drosophila both MAPK have been associated with stress responses
[16]. Drosophila p38 pathway responds to different environmental stimuli and stressors
[17,18]. Moreover, increasing ROS beyond basal level triggers precocious differentiation of
Drosophila hematopoietic progenitors through JNK signaling [19].

The JNK signaling pathway has emerged as an early response to cell death and physical
damage and appears to play a critical role in compensatory proliferation, regeneration and
wound healing [20–28]. Moreover, upon apoptotic stimulus p53 and JNK are activated by the
caspase Dronc and function upstream of pro-apoptotic genes, creating an amplifying loop that
ensures cell death [29–33]. One of the early known responses to cell death is the transcriptional
activation of the phosphatase puckered (puc), a downstream effector of the JNK pathway and a
powerful negative regulator of the same pathway. Interestingly puc has been found in surviving
cells of nearby tissue after cell death [23,27] and after physical injury [22,34]. JNK activation of
the cytokines unpaired (upd), a family of cytokines linked to the human interleukin-6, is neces-
sary for hyperproliferation in Drosophila tumors and for wound healing [34–36]. Thus, we
hypothesize here that the activation of JNK, which is amplified in dying cells, is in some way
propagated to nearby surviving tissue where beneficial low levels of JNK promote upd
expression.

Apoptotic cells have been observed in the early regeneration of different animals and are
thought to provide signals that regulate wound healing and regeneration [37–39]. As apoptosis
has been associated with oxidative stress and cytokines act as a functional link between
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oxidative stress and compensatory proliferation in mammals [40], we decided to investigate
whether ROS occur upstream from the stress-activated protein kinases p38 and JNK and cyto-
kines during tissue repair. We took advantage of the regeneration capacity of Drosophila imagi-
nal disc epithelium (reviewed in [41,42]) to address these questions. Imaginal discs are larval
epithelial sacs that possess a robust ability for homeostatic cell renewal to overcome the effect
of stressors. We report here that, either by inflicting a physical lesion or after inducing cell
death, imaginal disc cells produce ROS that are linked to the activation of p38 and JNK stress
MAP kinases. In addition, JNK and p38 activity in the living tissue triggers transcription of the
cytokine unpaired (upd), which acts as a ligand of the JAK/STAT signaling pathway and pro-
motes regeneration of the missing part.

Results

ROS are produced after tissue damage
To monitor ROS after tissue damage we used CellROX Green, a cell-permeant fluorogenic
probe that is non-fluorescent in the reduced state and exhibits bright fluorescence upon oxida-
tion. We found high levels of CellROX Green near the wound edges of physically cut wing
imaginal discs. Only a few of the CellROX Green positive cells were TO-PRO-3 positive cells
(dying cells), indicating that most ROS-producing cells were alive (Fig 1A). We examined the
production and propagation of ROS over time. Few minutes after cut (0–5’) some cells at the
wound edges were CellROX Green positive, indicating that the oxidative burst is rapidly occur-
ring after damage (Figs 1B and 1C and S1). Ex vivo imaging showed that fluorescence propa-
gates to the neighboring cells during the first 30’ after damage (Figs 1B and S1).

We next monitored ROS production after controlled induction of cell death (also known as
genetic ablation), which can be used as a type of insult to study cellular responses. Apoptosis
was induced using patched (ptc)-Gal4 to drive expression of the pro-apoptotic gene reaper
(rpr) under the control of a UAS (henceforth ptc>rpr); the Gal4/UAS system was controlled by
the temperature-sensitive form of Gal80 (Gal80TS), which inhibits Gal4 and enables examina-
tion of regeneration after cell death [23,24]. As previously described, ptc>rpr discs show a
stripe of apoptotic cells that eventually extrudes basally and is replaced apically by living cells
(Fig 1D) [23]. CellROX Green was strongly incorporated into the ptc>rpr apoptotic cells
(TO-PRO-3 positive) (Fig 1E). Strikingly, living cells adjacent to the apoptotic zone also
showed ROS, albeit at much lower levels than in dead cells (Fig 1E and 1F). Similar observa-
tions were obtained using 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) which upon
oxidation is converted to the highly fluorescent DCF. Indeed, cut or rpr-ablated discs, showed
high levels of fluorescence on the wound edges, in the apoptotic cells and also in the living cells
near the apoptotic (S1B, S1C and S1D Fig).

Thus, these results showed that both physical injury and genetically induced apoptosis are
insults that result in the production of ROS.

ROS are required for tissue repair
Oxidative burst following death or damage could propagate from dying to living cells in sub-
toxic doses and initiate repair. To explore this issue, we decided to deplete ROS production and
examine adult wings after cell death. We first checked whether antioxidants (vitamin C, Trolox
or N-acetyl cysteine [NAC]) are capable of blocking ROS production. We incubated cut discs
in Schneider’s medium containing antioxidants, and found strong reduction of CellROX Green
fluorescence (S2 Fig).

Next, we studied the effects of ROS scavenging on regeneration. We used a Gal4 construct
under the control of a wing-specific enhancer (salE/Pv-Gal4), which allows analysis in adult
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Fig 1. ROS produced after physical injury and after cell death. (A) Cut disc cultured ex vivo (white wedge
indicates cut edges) and thermal LUT of CellROX Green. (B) Cut disc cultured ex vivo, imaged at just after cut
(0–5’) and 30’ later. Thermal scale indicates pixel intensity. (C) Sketch of wing imaginal discs with the area
(black square) shown in A, B and E. (D) Fixed disc stained for nuclei to show disc contour (TP-3: TO-PRO-3)
and caspase-3 after ptc>rpr activation for 11h at 29°C. (E) ptc>rpr disc cultured ex vivo; basal images at the
bottom, apical at the top. Left, cell death (TO-PRO-3). Right, thermal LUT taken from the ROS channel
(CellROXGreen) of the same preparation. Note that most dead cells (TO-PRO-3 positive) show high ROS
(red in thermal image) whereas living cells (TO-PRO-3 negative) had low ROS (green-cyan in thermal
image). (F) Mean pixel intensity (grey value) of the indicated zones in control discs without cell death (ptc>rpr
OFF) and discs with cell death (ptc>rprON). The pixel intensity in the ptc domain in the absence of cell death
(ptc>rprOFF) was 1.76 ± 0.55 (SD; from 48 regions of interest [ROI] in n = 5 discs). The mean pixel intensity
for the apoptotic region (basal; ptc>rprON) was 33.14±8.18 (SD), measured in 27 ROI on confocal images
taken from n = 6 discs. Living cells adjacent to the apoptotic zone showed a mean grey value of 8.51±2.12
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wings while not affecting the rest of the organism, to activate UAS-rpr (henceforth salE/Pv>rpr).
To deplete intracellular ROS, sal

E/Pv

>rpr larvae were fed with food supplemented with antioxi-
dants (Fig 2A). ROS scavengers in salE/Pv>rpr controls kept at 17°C to prevent cell death did
not show any alteration of wing morphology (S2B Fig). Conversely, a salE/Pv>rpr control
group without scavengers moved to 29°C for 11 h showed complete wing regeneration (Fig
2B). However, the salE/Pv>rpr experimental group with ROS scavengers and induced cell death
showed incomplete regeneration in about 50% of the cases (Fig 2B and 2C). We considered
incomplete regeneration when some veins or intervein sectors were missing. To discard that
these effects could be caused by differences in survival or developmental delay, we checked
whether proliferation is impaired after ROS depletion. We counted the number of mitoses after
cell death induction in discs from NAC-fed larvae and found a significant decrease compared
to discs from larvae fed in the absence of antioxidants (Fig 2D). The number of mitoses in
controls fed with or without antioxidants and kept at 17°C to block cell death did not vary
(Fig 2D).

In addition, we used enzymatic manipulation of ROS. Superoxide dismutase (Sod) catalyzes
the dismutation of superoxide anion into oxygen and hydrogen peroxide. In the presence of
hydrogen peroxide, Catalase (Cat) catalyzes its breakdown into water and oxygen. Thus, over-
expression of Sod or Cat will remove their respective ROS substrates, whereas simultaneous
activation of Sod and Cat will enhance the depletion of both O2

- and H2O2. UAS-Sod, UAS-Cat
or UAS-Sod:UAS-Cat were ectopically expressed under the nub-Gal4 driver, which operates
throughout the wing pouch (Fig 2E). To induce cell death, we used an independent transactiva-
tor based on the LexA/lexO binary system. We generated a salE/Pv-LHG transgene, which
includes a Gal80 suppressible form of LexA [43], to conditionally express lexO-rpr in the salE/Pv

domain. This combination permits control of the temporary expression of two binary systems
(salE/Pv-LHG lexO-rpr and nub-Gal4 UAS-transgene) by tubGal80TS (Fig 2E). This design has
the advantage of simultaneously activating two wing-specific transgenes (nub-Gal4 and salE/Pv-
LHG) in overlapping domains, therefore hindering early ROS. After salE/Pv-LHG lexO-rpr
genetic ablation and nub-Gal4 UAS-transgene expression we allowed the larvae to develop to
adulthood and found a drop in the number of regenerated wings (Figs 2F and 2G and S2C and
S2D). Together, these results indicate that chemical and enzymatic ROS scavengers interfere
with regeneration.

ROS control JNK activity
To determine whether ROS act on JNK during wing disc repair, we first monitored the activity
of this pathway in wing discs after cell death. We used two different reporters to monitor JNK
activity: puc-lacZ, which marks puc-expressing cells [44], and the TRE-DsRed.T4 reporter,
which monitors the JNK substrate AP1 transcription factor (hereafter TRE-red reporter) (Fig
3A and S3A Fig) [45]. In ptc>rpr discs, we found high levels of TRE-red reporter in the basal
apoptotic zone and, to a lesser extent, in the apical living cells (Fig 3A and 3B). In contrast,
puc-lacZ positive cells were found in the apical zone, as described previously [23], and rarely in
the apoptotic zone. Some puc positive cells incorporated EdU, supporting that JNK is also
induced in living cells (Fig 3C).

As NAC is an excellent source of sulfhydryl SH- groups and efficiently promotes scavenging
of free radicals [46], it was the most suitable antioxidant to determine the relationship between

(SD; 15 ROI from 6 discs taken from cells near the ptc domain). White rectangles in E: example ROI for Basal
Apoptotic Zone (1) and Apical Living Zone (2). The ROI’s for the ptc Zone, in discs in which ptc>rpr is OFF,
were placed as (1). ***P<0.001. Thermal scale indicates sample values from raw images.

doi:10.1371/journal.pgen.1005595.g001
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ROS and JNK in stressed imaginal discs. To test NAC effects on JNK, we used the TRE-red
reporter because is more rapidly and extensively expressed than puc-lacZ (Figs 3A and S3B)
and because its activity is blocked in JNK mutants [45] or after chemical JNK inhibitors (S3C
Fig). We found that the mean pixel intensity of the TRE-red reporter in ptc>rpr wing discs

Fig 2. ROS are required for tissue repair. (A) Design for chemical antioxidant intake and cell death induction. At 17°C and 24 h before cell death induction,
larvae were transferred to a vial with standard food supplemented with antioxidant. Cell death (salE/Pv>rprON) was induced by shifting temperature to 29°C for
11 h (blue stripes in the disc). Larvae were transferred to 17°C where they regenerated and emerged into adults, in which wings were scored. Blue color in the
wing: area emerged from salE/Pv. Controls salE/Pv>rprOFF were kept at 17°C to avoid cell death. (B) Percentage of regenerated wings after cell death (salE/
Pv>rprON) in the absence of antioxidant (Std Food), or in the presence of antioxidants (NAC, Trolox or Vitamin C). (C) Examples of salE/Pv>rprONwings with
the indicated food supplement. In controls without antioxidants (Std Food), the complete wing recovered. For each antioxidant an example of incomplete
regeneration after cell death induction is shown. (D) Mitosis number in ptc>rpr discs from larvae fed with and without NAC and with or without rpr-ablation (ON
versus OFF). Ptc>rprOFF: 41.86 ± 9.84 (S.D.); NAC ptc>rprOFF: 39.9 ± 4.68 (S.D.); ptc>rprON: 49.73 ± 8.18 (S.D.); NAC ptc>rprON: 29.52 ± 9.41 (S.D.) (E)
Design for ectopic expression of enzymatic antioxidant transgenes and simultaneous cell death induction when shifted to 29°C for 11 h. The Gal4/UAS (red)
activate Cat, Sod or Cat+Sod transgenes. Blue striped area: salE/Pv-LHG lexO-rpr. Adult wings were scored for complete regeneration of the missing zone. Red
coloration indicates zone influenced by the enzymatic antioxidant; purple: zone influenced by enzymatic antioxidant and cell death. salE/Pv-LHG and nub-Gal4
are under the control of tubGal80TS. (F) Percentage of regenerated wings in Cat, Sod or Cat and Sod ectopically expressed transgenes. (G) Wings from
individuals after cell death and transgene activation (ON). For Cat, Sod or Sod:Cat and example of incomplete regeneration is shown. TP-3: TO-PRO-3.
***P<0.001

doi:10.1371/journal.pgen.1005595.g002
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from animals grown in NAC-supplemented food was lower than in the same zone of individu-
als fed with standard food (Fig 3D and 3E). Moreover, discs cultured ex vivo in which NAC
was added into the medium resulted in a drop of TRE-red activity after physical injury (Fig 3F
and 3G). These observations indicate that activation of JNK is ROS dependent.

ROS stimulates p38 phosphorylation
Another potential response to ROS increase is the activation of the p38 signaling cascade
[10,17,18]. Active p-38 signaling can be monitored using anti-phosphorylated p38 (P-p38). We
found that discs fixed and incubated with anti-P-p38 a few minutes after physical injury
showed P-p38 staining around the wound. P-p38 localization was variable and depended on
the severity of the injury. In contrast, intact discs immediately stained after fixing did not show
P-p38 (Fig 4A). However, discs cultured for 3 to 8 hours with or without injury showed P-p38

Fig 3. ROS control JNK activity. (A) Test of JNK reporters. All images in A correspond to the same disc after ptc>rpr induction. Top row: apical sections.
Bottom row: basal sections. Note that puc is more abundant in apical than basal sections, particularly in the notum (n; arrowhead) and wing pouch (wp;
arrow). Cell death (TUNEL) and high TRE-red are more abundant in basal sections. (B) Zoom of a digital cross section of the zone marked with a white line in
A. Endogenous puc-lacZ is found in the outer layer of peripodial membrane cells (pm). Puc-lacZ cells in the disc columnar epithelium are apical (white), most
apoptotic cells are basal (red), and TRE-red positive cells are apical and basal (blue). (C) Three digital cross section in an apical puc-lacZ zone of the wing
pouch (wp) and notum (n1, n2). Each example contains three to four cells with co-localization of ß-galactosidase and EdU. (D) TRE-red reporter in ptc>rpr
discs of larvae fed with standard food or NAC-supplemented food (NAC). TP-3: TO-PRO-3. (E) Mean pixel intensities of TRE-red reporter in ptc>rpr discs
with standard or NAC food. The pixel intensity for standard food was 26.06 ± 7.22 (S.D.; n = 15) and for NAC 18.12 ± 8.32 (S.D.; n = 25). (F) TRE-red reporter
expression in physically injured discs, cultured for 7 h ex vivo in Schneider’s culture medium with or without NAC. Outline: disc contour. Wedges: cut. (G)
Mean pixel intensities of TRE-red reporter in ex vivo cultured discs with or without NAC. The pixel intensity for standard culture was 88.98 ± 22.25 (S.D.;
n = 6) and for NAC 23.98 ± 10.26 (S.D.; n = 16). **P<0.01, ***P<0.001.

doi:10.1371/journal.pgen.1005595.g003
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staining throughout the disc. This general staining is likely due to the stress generated by cul-
turing, and contrasts with the fast local P-p38 response around the damaged zone. We next
wondered whether the boost in ROS that propagates to the surviving tissue triggers p38 activa-
tion. We observed that the early P-p38 staining was blocked in discs cut and cultured ex vivo in
medium containing NAC (Fig 4B and 4C).

We also analyzed p38 activation after inducing cell death and found P-p38 only in living
cells but never in the basal apoptotic zone (Fig 4D). In the absence of cell death, no P-p38 was
detected. Blocking of ROS production with NAC resulted in a significant drop in P-p38-labeled
cells (Fig 4D and 4E). In addition, we used the double transcriptional trans-activator system
consisting of the salE/Pv-LHG lexO-rpr to induce apoptosis and simultaneously interfere with
ROS production by inducing UAS-Sod:UAS-Cat in the anterior (ci-Gal4) compartment (Fig
4G). The results showed a strong reduction of P-p38 in the anterior (ci-Gal4 UAS-Sod:UAS-
Cat) compartment in comparison to the posterior.

Fig 4. ROS stimulate p38 phosphorylation. (A) P-p38 staining of intact (uncut, controls) and cut discs cultured for the indicated times after injury. White
lines: wound edges; white arrowhead: small incision. (B) Discs cultured with or without NAC, cut and stained for P-p38. (C) Mean pixel intensities of P-p38
fluorescence from cut discs cultured with standard medium (95.29 ± 17.52; S.D.) or NAC-supplemented (22.45±2.56; S.D.). (D) Apical and basal images of
P-p38 after ptc>rpr induction. (E) Apical and basal images of ptc>rpr after NAC supplementation showing reduction of P-p38 localization. (F) Mean pixel
intensities of P-p38 fluorescent labeling from ptc>rpr discs fed with standard (52.17±19.96; S.D.) or NAC-supplemented food (7,85 ± 2,42; S.D.). (G) Genetic
ROS scavenging using ci>Sod:Cat, activated in the anterior compartment (ci, black in the sketch). SalEPv>rpr cell death (blue in the sketch) in the same disc
results in inhibition of P-p38 only in anterior compartment. TP-3: TO-PRO-3 nuclei staining. Outlined white in D, E and G: apoptotic zone. ***P<0.001.

doi:10.1371/journal.pgen.1005595.g004
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To test whether an independent source of ROS could activate P-p38 in discs, we fed larvae
for 2h with food supplemented with 1% H2O2 and checked for P-p38. Intact discs (no cut, no
cell death) from these larvae resulted in high levels of P-p38 as well as high CellROX Green
fluorescence (S4 Fig).

Together, these observations show that chemical (NAC) or genetic (UAS-Sod:UAS-Cat)
ROS scavengers inhibit P-p38 and therefore indicate that oxidative stress is required for p38
activation.

p38 signaling is required for tissue repair
We next scored wing regeneration after salE/Pv>rpr induction of cell death in different mutant
backgrounds of the p38 pathway. As most of the alleles are lethal or semilethal in homozygosis
[47], we tested them in heterozygosis. Alleles of two Drosophila p38 genes, p38a and p38b, were
used in this work. We found that heterozygous p38bd27 animals regenerated entire wings (Fig
5A). However, a severe effect was observed with p38a1 as the resulting wings lacked some sec-
tors and presented notches in the margin. Drosophila p38 signaling is activated by MKK3/
licorne (lic)-mediated phosphorylation [48]. Heterozygous licd13 showed all wing sectors albeit
wings were smaller than controls. However, double heterozygotes for licd13 and p38bd27 were
unable to regenerate some wing sectors. We also tested Atf2PB, a hypomorphic allele of the
ATF2 transcription factor downstream of p38 [49], either in homozygosis or in double hetero-
zygous combinations (licd13 Atf2PB or p38bd27 Atf2PB). We found defects in size and pattern
after salE/Pv>rpr induction. Regeneration was severely impaired in double heterozygotes for
p38a1 (MAPK) and Atf2PB (Fig 5A).

We also blocked the pathway with UAS-RNAi constructs for lic, p38b, p38a and Atf2 and
analyzed the adult wings. These transgenes were activated in the anterior compartment (ci>R-
NAi) and cell death was induced in the salE/Pv domain (salE/Pv-LHG lexO-rpr). We found a
reduction of individuals capable to fully regenerate wings for those RNAi’s (S5A Fig).

To gain further insight into the requirement for p38, we chemically blocked the pathway
using the imidazole drug SB202190, a specific cell permeable p38 MAP kinase inhibitor that
has been reported to do not interfere JNK or ERK kinases and is known to prevent phosphory-
lation of Atf2 in Drosophila S2 cells [50]. We first tested the specificity of the SB202190 on P-
p38 in rpr-ablated discs and found significant differences between individuals fed with the
drug and controls. In contrast, the differences on TRE-red reporter were not significant (S5C
Fig). This indicates that SB202190 strongly blocked P-p38 and weakly the TRE-red. SalE/Pv>rpr
larvae grown at 17°C to prevent cell death and fed with food containing SB202190 (0.12, 1.0 or
5.0 μM) emerged into normal adults (S5B Fig). However, salE/Pv>rpr-induced larvae fed with
SB202190 developed wings lacking some sectors. The highest percentage of aberrant wings was
found using 5 μM SB202190 (Fig 5B). This observation confirms that activation of p38 is
required for wing repair.

p38 and JNK act independently
To assess the relationship between JNK and p38, we tested p38 activation in wounded null
hemizygous JNKK hemipterous (hepr75) discs. P-p38 was localized near the wound after physi-
cal injury (Fig 6A). This contrasts with the decrease in P-p38 when the MAPK kinase lic, which
is the p38 activating kinase, was interfered with RNAi in injured discs (S6A Fig).

Moreover, P-p38 staining was localized in hepr75 discs after ptc>rpr induction, as in the
wild type (Fig 6B, compare with Fig 4), indicating that JNK and p38 act independently. In addi-
tion, we fed animals with the JNK Inhibitor IX, which abolishes TRE-red reporter expression
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and inhibits regeneration (S3C and S3D Fig), and found that P-p38 after rpr-ablation was not
affected (S6B Fig).

To confirm that JNK and p38 act independently, we blocked the p38 pathway and checked
for TRE-red reporter activity. As the p38a1 allele in heterozygosis strongly affects regeneration
(Fig 5), we used this null allele in homozygosis and tested TRE-red activity after physical injury.
Our results showed that TRE-red is induced at the wound edges of p38a1-/- mutant discs (Fig
6C and 6D). Together, these results demonstrate that p38 and JNK stress responses act inde-
pendently in damaged imaginal discs.

Upd expression is triggered by ROS
The evidence that JNK is active in the living tissue located near damaged zones arises from the
expression of puc and TRE-red reporters (Fig 3A and 3B), and also because inhibition of JNK

Fig 5. p38 inhibition impairs tissue repair. (A) Adult wing parameters in p38 signaling mutant backgrounds after genetic ablation. Left: ratios of the wing
areas between experimental groups (rpr induction salE/Pv>rprON) and control (no rpr induction salE/Pv>rprOFF). Right: percentage of fully regenerated
wings. Far right: examples of wings with full regeneration (control) and incomplete regeneration (indicated genotypes) after salE/Pv>rpr. (B) Percentage of fully
regenerated wings after SB202190 intake in salE/Pv>rpr flies. Right: wing fully regenerated (top) and examples of incomplete regeneration for each SB202190
concentration.

doi:10.1371/journal.pgen.1005595.g005
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results in defects in repair [21,23,25,26,51]. Moreover, JNK activation promotes upd expression
in different contexts [28,52]. We wondered whether those low non-deleterious JNK levels are
capable of triggering tissue repair through upd expression. Upd cytokines are ligands that asso-
ciate with the receptor domeless (dome) to stimulate the kinase activity of the receptor associ-
ated protein kinase hopscotch (hop), which in turn phosphorylates dimers of the transcription
factor STAT92E [53]. We found upd and upd3 expression near the wound after both physical
injury and cell death (Fig 7A, 7B, 7F and 7G). This injury-induced upd expression was blocked
in JNKK hepr75 mutants (Fig 7C and 7D) and by JNK Inhibitor IX (S3C Fig), which is consis-
tent with previous observations [28,35].

To study the requirement for JAK/STAT for regeneration, we used the salE/Pv-LHG lexO-rpr
to induce apoptosis and simultaneously interfered with the receptor dome using the dominant
negative form UAS-domeDN driven by ci-Gal4. These wings lacked most of the tissue where cell
death was induced and dome was blocked (Fig 7J and 7K), indicating that JAK/STAT signaling
is needed for tissue recovery. Moreover, heterozygous alleles for the JAK/STAT pathway
resulted in partial disruption of adult wing recovery after cell death (S7 Fig).

Fig 6. p38 and JNK are activated independently. (A)Hepr75 hemizygous disc cut (wedge) and stained with
P-p38. Sketch of wing discs with square indicate location of images. (B)Hepr75 hemizygous disc after ptc>rpr
induction and stained for P-p38. Dead domain is outlined white. TP-3; TO-PRO-3. (C) Wild type and p38a1-/-

discs, cultured for 7h showing TRE-red activation close to the cut edges. (D) Mean pixel intensity for TRE-red
measured in discs with physical injury in wild type (88.24 ± 22.58; S.D.) and p38a1-/- (70.80 ± 19.14; S.D.).
P = 0.33 n.s.

doi:10.1371/journal.pgen.1005595.g006
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Fig 7. Cytokine signaling is controlled by ROS and JNK. (A, B) In situ hybridization of upd (A) and upd3 (B) in wild type (wt) discs and JNKK hepr75

hemizygotes (C) after injury. (D) hepr75 hemizygote stained with anti-Upd after injury. (E) Mean pixel intensities of upd reporter (upd>myrtom Std food:
16.68 ± 3.22 and NAC: 9.01 ± 3.41, S.D.) and STAT92E reporter (10xSTAT92E-GFP Std food: 18.24 ± 2.73 and NAC: 8.63 ± 4.07, S.D.) after standard or
NAC-supplemented food. White wedges indicate zone of injury. (F, G) Upd (anti-Upd) is mainly expressed in living cells and not in dead cells after ptc>rpr or
sal>rpr. (H) Upd expression declines after NAC intake. TP-3: TP-PRO-3 nuclei staining. (I) Mean pixel intensities of Upd stained ptc>rpr discs with or without
NAC feeding (150.29 ± 7.11 and 96.69 ± 18.97, S.D.). (J) Inhibition of the JAK/STAT signaling within domeDN impairs wing regeneration. Genetic design (J)
using double transactivator system (as in Fig 2) to induce death (blue) and activate domeDN (red). (K) Percentage of regenerated wings for controls (rpr or
domeDN expression only) and experimental (rpr and domeDN dual expression). Note that domeDN wings were not able to regenerate (rpr and domeDN dual
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We next analyzed if JAK/STAT signaling requires ROS in this context. Two different report-
ers (10XSTAT92E-GFP and upd-Gal4 UAS-myrtomato) were used in physically injured discs
and showed reduced expression after NAC feeding (Fig 7E). In addition, ptc>rpr induced discs
from NAC fed larvae showed a reduction of upd expression (Fig 7H and 7I). Thus, this expres-
sion is ROS dependent after both physical injury and cell death. We speculated that if ROS
operate upstream upd, the impairment of regeneration resulting from NAC feeding should be
rescued by activating Upd. To this aim, we used the double transactivation system to induce
cell death in NAC-fed individuals and concomitantly activate upd expression (Fig 7L). Analysis
of the resulting wings showed that upd ectopic expression rescued the NAC inhibition pheno-
type (Fig 7M and 7N). These observations demonstrate that ROS function upstream of JAK/
STAT during repair.

We wondered whether p38 is also required for upd expression in damaged discs. Expression
of upd or upd3 was severely reduced in p38a1-/- wound edges (Figs 8A–8C and S8). This sug-
gests that in addition to JNK, p38 is essential for upd expression upon stress. Finally, we argued
that if p38 is required for repair through upd, its ectopic expression should rescue the impaired
regeneration after inhibition of p38. We, again, used the double transactivation system to
induce cell death in SB202190-fed individuals, to block p38 phosphorylation and alongside
activate upd expression (Fig 8D). Indeed, we found that the number of wings that regenerated
after p38 inhibition increased (Fig 8E and 8F). Altogether these results position Upd cytokines
downstream from the ROS/p38/JNK module.

Discussion
In this work, we demonstrate a stress-responsive module activated upon cell death or physical
damage. This module consists of ROS dependent stimulation of non-deleterious levels of JNK
and p38 MAP kinases necessary for the expression of Upd and JAK/STAT signaling which
drives regeneration. Non-lethal levels of JNK may have multiple functions, among them cyto-
skeleton organization [44,54], healing and initiation of regenerative growth [21,23–
26,51,55,56]. Thus, this early responsive module is crucial to maintain tissue in a healthy condi-
tion, trigger tissue repair and restore homeostasis.

In an apoptotic context, Rpr dimerizes and, through direct binding, brings the Drosophila
inhibitor of apoptosis protein-1 (DIAP1) to mitochondria, concomitantly promoting DIAP1
auto-ubiquitination and destruction [57,58]. Rpr action on the mitochondria results in alter-
ation of cytochrome C driven by caspases [59] and in mitochondrial disruption [60]. The ROS
dyes used here detect a wide range of ROS, and therefore we cannot discriminate between
membrane oxidases or mitochondrial origin. However, since Rpr acts on mitochondria, mito-
chondrial alterations could cause the burst of ROS in apoptotic cells. Of note, we observed that
high ROS levels are associated with high levels of JNK in apoptotic cells. It has been proposed
that ROS can mediate the activation of JNK [61] by quenching the MAP kinase phosphatases
[62]. Conversely, low levels of ROS detected in nearby surviving tissue correlate with low non-
deleterious levels of JNK and activation of MAP kinase phosphatases. Thus, pucMAP kinase
phosphatase could protect the living cells close to the damage from the noxious effects of high
JNK. Indeed, living cells near the wound retain low levels of JNK, not sufficient to kill but nec-
essary for tissue recovery.

expression), whereas domeDN wings in the absence of cell death are normal. Examples of wings (left) of controls and experimental. (L) Experimental design
for testing the rescue of NAC effects by ectopic activation of upd. (M) NAC effect on repair ability was rescued by upd overexpression. Quantification of the
percentage of wings that regenerate after NAC feeding for the indicated genotypes. (N) Examples of wings from NAC-feeding with rpr-ablation defects
(upper) and with rescue after rpr-ablation and upd activation (lower). *P<0.05 **P<0.01.

doi:10.1371/journal.pgen.1005595.g007
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Additionally, the caspase Dronc, which acts downstream from Rpr, has functions beyond
apoptosis [63]. Dronc is involved in the activation of JNK and p53, which activate the pro-apo-
ptotic genes, creating an amplification loop that ensures apoptosis [27,29–31,64]. The JNK/p53
driven apoptosis stimulates proliferation of the nearby tissues [29–31,65]. Although still
unclear, it has been proposed that apoptotic cells can release the products of mitogenic genes
such as wingless (wg) and decapentaplegic (dpp) [33,66,67][31,68]. Alternatively, we show here
that ROS operate as signals responding to insults (apoptosis, mechanical stress) that turn on
the homeostatic machinery to compensate the epithelial damage. This fits with a scenario in
which ROS are able to either diffuse from cell to cell or perhaps to propagate their production
to several rows of cells. Indeed, ROS have been proven to cross cell membranes, to spread
through gap junctions [69–71] and to enter into the cell through specific membrane aquaporin
channels [71,72]. Therefore, ROS behave as an efficient paracrine signal that ultimately will
result in Upd activation.

In addition to JNK, ROS are stressors involved in p38 activation [73]. ROS may activate the
p38 pathway through the oxidative modification of intracellular kinases such as redox-sensitive
activating protein-1 ASK1 [74]. We showed here that not only JNK but also p38 is required for
regeneration. Moreover, the p38a1 allele seems to particularly affect upd expression and regen-
eration. This concurs with the finding that Drosophila p38a is more susceptible to environmen-
tal stressors, such as oxidative stress [18]. However, other p38 kinases could contribute to

Fig 8. p38 controls upd expression. (A) In situ hybridization of upd in wild type (wt) and p38a1-/- cut discs. (B) In situ hybridization of upd3 in wild type (wt)
and p38a1-/- cut discs. (C) Immunostaining with anti-Upd in wild type (wt) and p38a1-/- cut discs. White lines and wedges indicate the position of the cut (D)
Experimental design for testing the rescue of SB202190 effects by ectopic activation of upd. (E) SB202190 effect on repair ability was rescued by upd
overexpression. Quantification of the percentage of wings that regenerate after SB202190 feeding for the indicated genotypes. (F) Examples of wings from
SB202190-feeding with rpr-ablation defects (upper) and with rescue after rpr-ablation and upd activation (lower).

doi:10.1371/journal.pgen.1005595.g008
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tissue regeneration. Indeed, heterozygous alleles of the p38 activating kinase lic, which nor-
mally do not show patterning defects after rpr-mediated ablation, can result in incomplete
regeneration when a dose of p38b is missing (Fig 5A). Moreover, RNAi of p38b also can show
defective regeneration individuals (S2 Fig). In addition, we cannot discard that p38c, which has
been recently found involved in intestinal immune homeostasis [75], may also function in
imaginal disc regeneration.

We have found that both hepr75 and p38a1 inhibit upd expression. But hepr75 mutants,
which block JNK signaling, do not affect p38 phosphorylation and viceversa, p38a1 mutants,
which block at least the p38a branch of the p38 kinase, do not interfere with the TRE-red
reporter expression. This suggests that ROS activate p38 and JNK independently and that both
MAP kinases act on upd expression to drive tissue repair. Thus, ROS signaling operates
through these two MAP kinase pathways that in turn will converge to stimulate the transcrip-
tional expression of the cytokines (Fig 9).

JNK and p38 are not only activated after cell death but also after physical injury. Beneficial
ROS production is an ubiquitous reaction associated with inflammatory responses to wound-
ing [4,6,76]. Recent findings show that ROS produced in dynamic epithelia operate as a tuning
mechanism for reorganization of epithelia [77]. Therefore, it could be that changes in mechani-
cal stress generated during wounding and epithelial disruption (mechanical stretching) results
in ROS production. Some dead cells were also found after physical injury. Thus, a partial con-
tribution of dead cells in addition to the stress due to epithelial disruption can account for the
oxidative burst generated after physical injury.

In summary, an early boost of oxidative stress is required to activate p38 and JNK in apo-
ptotic cells or near the wound. Moreover, upd is turned on downstream JNK and p38. Thus,
downstream of the stress response module, cytokines operate to control tissue growth during
regeneration.

Materials and Methods

Drosophila strains
The Drosophila melanogaster strains used were ptc-Gal4 [78], tubGal80TS [79], UAS-rpr [80],
ci-Gal4 [81], nub-Gal4 [82] sal-Gal4 and salE/Pv-Gal4 [83], p38bd27, licd13 [47], dATF2PB [49],
p38a1, [17], LexO-rCD2::GFP [43], TRE-DsRed.T4 [45] as AP1 reporter, puc-lacZ [44],
pucE69-A-Gal4 [84], UAS-upd [85], upd-Gal4 (from D. Harrison), 10XSTAT92E-GFP [86], en-
Gal4, UAS-GFP, UAS-myrtomato, UAS-Sod.A (sod1), UAS-Cat.A, UAS-domeDN, hop2, hop27,

Fig 9. Cell protection module activated by injury or cell death.Oxidative stress in dying cells is likely of
mitochondrial origin and results in highly toxic JNK. However, low levels of ROS propagate to adjacent
surviving cells (arrows). Non-deleterious ROS will activate moderate levels of JNK and p38 only in surviving
cells. P38 and JNK are required for cytokine activation and tissue repair.

doi:10.1371/journal.pgen.1005595.g009
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stat92e06346 (Bloomington Stock center), stat92e397 [87], and hepr75 [88]. Transgenic Drosophila
shRNAi lines were obtained from the Vienna Drosophila RNAi Center (VDRC). Canton S was
used as the wild type control.

Imaginal disc culture and physical injury
Wing discs were dissected from third instar larvae in Schneider’s insect medium (Sigma-
Aldrich) and a small fragment was removed with tungsten needles. Discs were cultured in
Schneider’s insect medium supplemented with 2% heat activated fetal calf serum, 2.5% fly
extract and 5 μg/ml insulin, for different periods of time (from 1 to 10 hours) at 25°C. Ex vivo
images were taken using a Leica SPE confocal microscope and processed with Fiji software.

Generation of LexA/lexO strains for genetic ablation
The salE/Pv-LHG construct was created cutting the wing specific enhancer of spalt, salE/Pv [83]
from pC4LacZ-Spalt PE EcoRI/BamHI and cloning this fragment into the plasmid attB-LHG
containing a Gal80-suppressible form of LexA transcriptional activator (LHG) [43]. LHG con-
tains both the binding domain of LexA and the activator domain of Gal4, which is recognized
by the inhibitor Gal80TS.The LexO-rpr strain was obtained subcloning the pro-apoptotic gene
reaper (rpr) from pOT2-rpr (IP02529) EcoRI/XhoI in the pLOTattB plasmid [89] carrying the
lexA operator LexO. Transgenic flies were performed with standard protocols.

Genetic ablation and dual Gal4/LexA transactivator system
Cell death was genetically induced as previously described [23,90]. We used two different driv-
ers to induce cell death. The first, ptc-Gal4 which is expressed in a narrow stripe in the center
of the disc. This strain was used to induce cell death in imaginal discs (UAS-rpr), because the
dead domain can be easily discerned from the neighboring living domain. The second, salE/Pv-
Gal4 strain, which consists of sal wing enhancer with expression confined to the wing [83] has
been used in this work to score adult wing parameters.

The UAS line used to promote cell death was UAS-rpr, and the system was controlled by the
thermo sensitive repressor tubGal80TS. We also used the salE/Pv-LHG and LexO-rpr strains for
genetic ablation using the same design as for Gal4/UAS.

Embryos were kept at 17°C until the 8th day/192 h after egg laying (equivalent to 96 hours
at 25°C) to prevent rpr expression. They were subsequently moved to 29°C for 11 hours and
then back to 17°C until adulthood. Controls without rpr expression were always treated in
parallel.

In dual transactivation experiments, we used the salE/Pv-LHG LexO-rpr to ablate the salE/Pv

domain, whereas Gal4 was used to express different transgenes under the control of nub-Gal4
or ci-Gal4.

In the experiments on antioxidants (Fig 2) and upd (Figs 7 and 8) overexpression, larvae
were transferred to NAC- (100 μg/ml) or SB202190- (5 μM) supplemented food 24 h before
cell death induction.

ROS detection ex vivo
All experiments for ROS detection were done in living conditions. To detect the presence of
ROS we used CellROX Green Reagent (Life Technologies), which is an indicator of oxidative
stress in living cells. For both genetic ablation and physical injury experiments, third instar
discs were dissected in Schneider´s medium immediately after cell death or injury and incu-
bated for 15 minutes in medium containing 5 μMCellROX Green Reagent, followed by three
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washes. Samples were protected from light throughout. Then they were mounted using culture
medium supplemented with 1 μMTO-PRO-3 (Life Technologies) nucleic acid stain. As
TO-PRO-3 only enters dead cells, we used it to distinguish dead cells from living cells in the ex
vivo experiments. Images were taken using a Leica SPE and SPII confocal microscope. Grey
values of regions of interest (ROI) were measured using Fiji software. ROIs were established at
the wound edges of injured discs (examples in S2 Fig), or in rectangles as indicated in Fig 1E.
Pixel intensities were collected and analyzed from raw images taken under the same laser con-
focal conditions. Thermal LUT images were rendered from slices taken from the confocal
using the Interactive 3D Surface Plot tool of the Fiji software (ImageJ). We also used the cell-
permeant 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA 5μM, Life Technologies)
which upon oxidation is converted to the highly fluorescent 2',7'-dichlorofluorescein (DCF).

To visualize the ROS images in Fig 1 after genetic ablation, the whole stacks were subject to
the Enhance Contrast tool at 0.4 pixel saturation in whole stack normalization. For physical
injury images, thermal LUT images were obtained from raw stacks.

ROS scavenging
To prevent ROS production, we used two protocols. The first was mainly used for rpr-ablation
discs. It consisted in that antioxidants were supplemented into standard fly food. As antioxi-
dants we used vitamin C (250 μg/ml), Trolox (an analog of vitamin E; 20 μg/ml) and N-acetyl
cysteine (NAC) (100 μg/ml), all from Sigma-Aldrich. To score adult wings, larvae were trans-
ferred from vials containing standard food to vials containing food with the desired antioxidant
concentration. Antioxidant treatment was administered at 168 h of development at 17°C
(equivalent to 84 h AEL at 25°C). After 24 hours, experimental larvae were moved to 29°C for
11 hours to promote rpr apoptosis. Meanwhile one control consisted of larvae maintained at
17°C and another control consisted of larvae transferred to a vial with standard food and
moved to 29°C for the same period as in the experimental group. After rpr induction tempera-
ture was returned to 17°C to allow tissue recovery. This protocol was applied for Figs 2A–2D,
3D, 3E, 4E, 4F and 7E.

The second was used for ex vivo cultured discs. Wing imaginal discs were incubated for 30
minutes in Schneider’s insect medium supplemented with NAC 100 μg/ml. Then, they were
transferred to Schneider’s containing CellROX Green (S2 Fig). NAC incubated discs were used
for monitoring TRE-red (Fig 3F and 3G) or for P-p38 antibody staining (Fig 4B and 4C). In S2
Fig medium was supplemented with NAC, Trolox or Vit C.

Chemical inhibition of p38 and JNK pathway
The imidazole drug SB202190 (Sigma-Aldrich) was added to standard fly food to prevent p38
activation. We used three different concentrations (0.12 μM, 1 μM and 5 μM), and DMSO as
the control. To inhibit chemically JNK we used the JNK Inhibitor IX (5 μM, Selleckchem)
which is a thienylnaphthamide compound that is a selective and potent inhibitor of the ATP
binding site of JNK. The timing and protocol followed to inhibit both pathways was the same
as that to scavenge ROS.

Oxidative stress induction
Third instar larvae were transferred to vials containing 1% H2O2, 1,3% low melting agarose
and 5% sucrose. To avoid loss of oxidative capacity, H2O2 was added at a temperature under
45°C. Larvae were fed for 2h in this medium prior dissection and fixation of the discs. Controls
without H2O2 were done in parallel.
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Test for regenerated adult wings and statistics
For testing the capacity to regenerate we used adult wings emerged from salE/Pv>rpr individu-
als, in which patterning defects can be easily scored. Flies were fixed in glycerol:ethanol (1:2)
for 24 h. Wings were dissected on water and then washed with ethanol. Then they were
mounted on 6:5 lactic acid:ethanol and analyzed and imaged under a microscope.

Definition of regenerated/non-regenerated wings: when veins or interveins were missing,
we considered them as defective in their capacity to restore the normal pattern. Therefore, the
% of regenerated wings (Figs 2, 5, 7, 8, S2, S3, S5 and S7) was calculated after the number of
wings with the complete set of veins and interveins. For each sample of “regenerated wings” we
scored the percentage of individuals that belong to the “regenerated wings” class and calculated
the standard error of sample proportion based on binomial distribution (regenerate complete
wing or not) SE =

p
p (1-p)/n, where p is the proportion of successes in the population.

Ratios between wing areas (Fig 5) were used as an indication of the size achieved after cell
death for each genetic background, and consisted of a comparison between wing size with and
without rpr induction.

Immunochemistry and fluorescence in situ hybridization (FISH)
Immunostaining and FISH were performed using standard protocols. Primary antibodies used
in this work were P-p38 (rabbit 1:50, Cell Signaling Technology), phospho-Histone-H3 (rabbit
1:1000, Millipore), ß-galactosidase (rabbit 1:1000, ICN Biomedicals), Upd (rabbit 1:800, gift
from D. Harrison) and cleaved caspase-3 (rabbit 1:100, Cappel).

Fluorescently labeled secondary antibodies were from Life Technologies and Jackson Immu-
nochemicals. Discs were mounted in SlowFade (Life Technologies) supplemented with 1 μM
TO-PRO-3 (Life Technologies) to label nuclei. Note that in fixed tissues all nuclei are
TO-PRO-3 labeled, whereas in ex-vivo culture only nuclei of dead or dying cells are TO-PRO-
3 labeled.

The number of mitosis after analyzing the stacks of confocal images was calculated using
Fiji software (Cell counter plug-in). Mitosis were counted for the entire anterior compartment
of the wing pouch for each disc.

For apoptotic cell detection, we used both anti cleaved caspase 3 or TUNEL assay. For
TUNEL we used the fluorescently labeled dUTP ChromaTide BODIPY FL-14-dUTP (Life
Technologies) and incorporated using terminal deoxynucleotidyl transferase (Roche).

EdU was incorporated using the Click-iT EdU Imaging Kit (Life Technologies). Wing discs
were dissected after cell death induction and incubated in Schneider’s insect medium supple-
mented with 1 mg/ml EdU for 5 minutes. Following EdU incorporation, discs were fixed and
immunostained.

Riboprobes for upd and upd3 were synthesized using cDNA clones from DGRC AT1366

and FI03911.Genotypes

Fig 1
A, B.Wild type
D, E, F. ptc>rpr: UAS-rpr/+; ptc-Gal4/+; tubGal80TS/+
Fig 2
A, B, C. salE/Pv>rpr: UAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/+
D. ptc>rpr: UAS-rpr/+; ptc-Gal4:tubGal80TS/+
E, F, G. salE/Pv>rpr nub>GFP: w; nub-Gal4/UAS-GFP; salE/Pv-LHG:tubGal80TS/lexO-rpr
salE/Pv>rpr nub>Cat: w; nub-Gal4/UAS-Cat; salE/Pv-LHG:tubGal80TS/lexO-rpr
salE/Pv>rpr nub>Sod: w; nub-Gal4/UAS-Sod; salE/Pv-LHG:tubGal80TS/lexO-rpr
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salE/Pv>rpr nub>Sod:Cat: w; nub-Gal4/UAS-Sod:Cat; salE/Pv-LHG:tubGal80TS/lexO-rpr
Fig 3
A, B. ptc>rpr: UAS-rpr/+; ptc-Gal4:tubGal80TS/TRE-DsRed.T4; puc-LacZ/+
C. ptc>rpr: UAS-rpr/+; ptc-Gal4:tubGal80TS/+; puc-LacZ/+
D, E. ptc>rpr: UAS-rpr/+; ptc-Gal4:tubGal80TS/TRE-DsRed.T4
F, G. w; TRE-DsRed.T4
Fig 4
A, B, C.Wild type.
D, E, F. ptc>rpr: UAS-rpr/+; ptc-Gal4/+; tubGal80TS/+
G. w; ci-Gal4/UAS-Sod:Cat; salE/Pv-LHG:tubGal80TS/lexO-rpr
Fig 5
A. Control: w; +; salE/Pv-LHG:tubGal80TS/lexO-rpr (control for lexO-rpr on the third chro-

mosome) and w; lexO-rpr/+; salE/Pv-LHG:tubGal80TS/+ (control for lexO-rpr on the second
chromosome)

licd13/+: licd13/+; +; salE/Pv-LHG:tubGal80TS/lexO-rpr
p38bd27/+: w; p38bd27/+; salE/Pv-LHG:tubGal80TS/lexO-rpr
p38a1/+: w; lexO-rpr/+; p38a1/salEPv-LHG:tubGal80TS

licd13/+p38bd27/+: licd13/+; p38bd27/+; salEPv-LHG:tubGal80TS/lexO-rpr
dATF2PB/+: w; Atf2PB/+; salE/Pv-LHG:tubGal80TS/lexO-rpr
dATF2PB-/-: w; Atf2PB/Atf2PB; salE/Pv-LHG:tubGal80TS/lexO-rpr
licd13/+ dATF2PB/+: licd13/+; Atf2PB/+; salE/Pv-LHG:tubGal80TS/lexO-rpr
p38bd27/+ dATF2PB/+: w; p38bd27/Atf2PB; salE/Pv-LHG:tubGal80TS/lexO-rpr
dATF2PB/+p38a1/+: w; Atf2PB/lexO-rpr; p38a1/salEPv-LHG:tubGal80TS

B. salE/Pv>rpr: UAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/+
Fig 6
A. hepr75: hepr75/Y
B. ptc>rpr hepr75: hepr75/Y; ptc-Gal4:tubGal80TS/+; UAS-rpr/+
C. wt: w; TRE-DsRed.T4
p38a-/-: w; TRE-DsRed.T4; p38a1/p38a1

Fig 7
A, B.Wild type.
C, D. hepr75: hepr75/Y
E. upd-Gal4/+; UAS-myrtomato/10XSTAT92E-GFP
F, G, H, I. ptc>rpr: UAS-rpr/+; ptc-Gal4/+; tubGal80TS/+
salE/Pv>rpr: UAS-rpr/+; sal-Gal4/+; tubGal80TS/+
J, K. salE/Pv>rpr ci>GFP: w; ci-Gal4/lexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-GFP
ci>domeDN salE/Pv>GFP: w; ci-Gal4/lexO-rCD2::GFP; salE/Pv-LHG:tubGal80TS/UAS-

domeDN

salE/Pv>rpr ci> domeDN: w; ci-Gal4/lexO-rpr; salE/Pv-LHG:tubGal80TS/UAS-domeDN

L, M, N. ci-Gal4 UAS-upd: w; ci-Gal4/UAS-upd; salE/Pv-LHG:tubGal80TS/lexO-rCD2::GFP
salE/Pv-LHG lexO-rpr: w; ci-Gal4/UAS-GFP; salE/Pv-LHG:tubGal80TS/lexO-rpr
ci-Gal4 UAS-upd salE/Pv-LHG lexO-rpr: w; ci-Gal4/UAS-upd; salE/Pv-LHG:tubGal80TS/

lexO-rpr
Fig 8
A, B, C.Wild type.
p38a-/-: w; +; p38a1/p38a1

D, E, F. ci-Gal4 UAS-upd: w; ci-Gal4/UAS-upd; salE/Pv-LHG:tubGal80TS/lexO-rCD2::GFP
salE/Pv-LHG lexO-rpr: w; ci-Gal4/UAS-GFP; salE/Pv-LHG:tubGal80TS/lexO-rpr
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ci-Gal4 UAS-upd salE/Pv-LHG lexO-rpr: w; ci-Gal4/UAS-upd; salE/Pv-LHG:tubGal80TS/
lexO-rpr

S1 Fig
A, C, D.Wild type.
B. ptc>rpr: UAS-rpr/+; ptc-Gal4:tubGal80TS/+
S2 Fig
A. wt
B. salE/Pv>rpr: UAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/+
C. salE/Pv>rpr nub>GFP: w; nub-Gal4/UAS-GFP; salE/Pv-LHG:tubGal80TS/lexO-rpr
salE/Pv>rpr nub>Cat: w; nub-Gal4/UAS-Cat; salE/Pv-LHG:tubGal80TS/lexO-rpr
salE/Pv>rpr nub>Sod: w; nub-Gal4/UAS-Sod; salE/Pv-LHG:tubGal80TS/lexO-rpr
salE/Pv>rpr nub>Sod:Cat: w; nub-Gal4/UAS-Sod:Cat; salE/Pv-LHG:tubGal80TS/lexO-rpr
D. salE/Pv>rpr nub>GFP: w; nub-Gal4/UAS-GFP; salE/Pv-LHG:tubGal80TS/lexO-rpr
salE/Pv>rpr nub>Cat: w; nub-Gal4/UAS-Cat; salE/Pv-LHG:tubGal80TS/lexO-rpr
nub>Cat: w; nub-Gal4/UAS-Cat; salE/Pv-LHG:tubGal80TS/lexO-GFP
salE/Pv>rpr nub>Sod: w; nub-Gal4/UAS-Sod; salE/Pv-LHG:tubGal80TS/lexO-rpr
nub>Sod: w; nub-Gal4/UAS-Sod; salE/Pv-LHG:tubGal80TS/lexO-GFP
salE/Pv>rpr nub>Sod:Cat: w; nub-Gal4/UAS-Sod:Cat; salE/Pv-LHG:tubGal80TS/lexO-rpr
nub>Sod:Cat: w; nub-Gal4/UAS-Sod:Cat; salE/Pv-LHG:tubGal80TS/lexO-GFP
S3 Fig
A.Wild type.
B. w; TRE-DsRed.T4/+; puc-Gal4:UAS-GFP/+
C. ptc>rpr: UAS-rpr/+; ptc-Gal4:tubGal80TS/TRE-DsRed.T4
D. salE/Pv>rpr: UAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/+
S4 Fig
Wild type
S5 Fig
A. salE/Pv>rpr: w; ci-Gal4/UAS-GFP; salE/Pv-LHG:tubGal80TS/lexO-rpr
ci>RNAi p38a: w; ci-Gal4/UAS-RNAi p38a; salE/Pv-LHG:tubGal80TS/lexO-GFP
salE/Pv>rpr ci>RNAi p38a: w; ci-Gal4/UAS-RNAi p38a; salE/Pv-LHG:tubGal80TS/lexO-rpr
ci>RNAi p38b: w; ci-Gal4/UAS-RNAi p38b; salE/Pv-LHG:tubGal80TS/lexO-GFP
salE/Pv>rpr ci>RNAi p38b: w; ci-Gal4/UAS-RNAi p38b; salE/Pv-LHG:tubGal80TS/lexO-rpr
ci>RNAi Atf2: w; ci-Gal4/UAS-RNAi Atf2; salE/Pv-LHG:tubGal80TS/lexO-GFP
salE/Pv>rpr ci>RNAi Atf2: w; ci-Gal4/UAS-RNAi Atf2; salE/Pv-LHG:tubGal80TS/lexO-rpr
ci>RNAi lic: w; ci-Gal4/UAS-RNAi lic; salE/Pv-LHG:tubGal80TS/lexO-GFP
salE/Pv>rpr ci>RNAi lic: w; ci-Gal4/UAS-RNAi lic; salE/Pv-LHG:tubGal80TS/lexO-rpr
B. salE/Pv>rpr: UAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/+
C. salE/Pv>rpr: UAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/+
ptc>rpr: UAS-rpr/+; ptc-Gal4:tubGal80TS/TRE-DsRed.T4
S6 Fig
en>RNAi lic: w; en-Gal4:UAS-GFP/UAS-RNAi lic
S7 Fig
Control: UAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/+
hop2/+: UAS-rpr/hop2; salE/Pv-Gal4/+; tubGal80TS/+
hop27/+: UAS-rpr/hop27; salE/Pv-Gal4/+; tubGal80TS/+
stat92e397/+: UAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/stat92e397

stat92e06346/+: UAS-rpr/+; salE/Pv-Gal4/+; tubGal80TS/stat92e06346

S8 Fig
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Wild type.
p38a-/-: w; +; p38a1/p38a1

Supporting Information
S1 Fig. Additional data on ROS activation after damage. (A) Propagation of ROS labeled
with CellROX Green towards the adjacent tissue during the first 15’ after injury. Thermal scale
corresponds to the same as in Fig 1B. White line indicates cut edge. (B) ROS detected with
H2DCFDA after ptc>rpr. ROS are found in dead cells and in adjacent living cells. TP-3:
TO-PRO-3. (C, D) ROS detected with H2DCFDA after physical injury (white wedge).
(TIF)

S2 Fig. Additional controls for Fig 2. (A) Ex vivo analysis of cut imaginal discs cultured in
Schneider’s medium, incubated with NAC, Trolox or VitC. Top row shows images of control
discs (no antioxidant). Lower row shows images of discs incubated with the indicated antioxi-
dant. Dotted lines indicate zones used as ROI for pixel intensity measurements (below). White
wedges indicate the position of the cut. �P<0.05 ��P<0.01. (B) Examples of control wings kept
at 17°C (salEPv>rpr OFF) that grew in food supplemented with antioxidant. All cases, showed
normal set of interveins and veins. (C) Examples of control wings kept at 17°C (salEPv>rpr
OFF) that grew from the indicated genotypes. (D) Controls for transgenes of Fig 2F. Activation
of transgenes (nub>Cat; nub>Sod; nub>Sod:Cat) in the absence of cell death results in normal
wings.
(TIF)

S3 Fig. Test of JNK reporters and additional data for Fig 3. (A) Endogenous expression of
the TRE-red and puc-lacZ reporters. Note that both reporters are expressed only at the tip of
the notum (n: notum; wp: wing pouch). (B) TRE-red and puc>GFP expression after physical
injury. Note that TRE-red expression is activated earlier and more extensive than puc>GFP.
White wedges indicate the position of the cut. Dotted line indicates the edges of the disc. (C)
The JNK Inhibitor IX eliminates TRE-red activity and upd expression. Top row: rpr–ablated
disc from larvae fed with standard food stained for nuclei (TP3: TO-PRO-3), TRE-red reporter,
and anti-Upd. Bottom row: rpr–ablated disc from larvae supplemented with JNK Inhibitor IX.
(D) JNK Inhibitor IX inhibits regeneration. Quantification of regenerated salEPv>rpr wings
after feeding with standard food or JNK Inhibitor IX supplemented.
(TIF)

S4 Fig. Additional data for Fig 4. To test whether P-p38 is activated after an independent
mechanism of oxidative stress in the absence of damage, larvae were fed with 1% H2O2 for 2 h
before processed for imaging. (A) Live imaging showing high ROS in the entire disc. (B) Fixed
disc stained with P-p38.
(TIF)

S5 Fig. Additional data for Fig 5. (A) Inhibition of p38 with RNAi constructs prevents tissue
repair. Ectopic expression of p38 RNAis under the control of ci-Gal4 and simultaneous cell
death induction with salE/Pv-LHG LexO-rpr when shifted to 29°C for 11 h. Adult wing size was
measured after ectopic expression of the indicated RNAi transgenes (red). The experiments
with rpr-ablation are indicated in blue. (B) Examples of control wings of Fig 5B, in which no
rpr-ablation was induced (kept at 17°C) for the indicated concentrations of the p38 inhibitor
SB202190. (C) Test for the reliability of the SB202190. Discs were dissected from rpr-ablated
larvae that were fed with 5 μM SB202190, fixed and imaged. SB202190 intake reduces P-p38
activation after cell death as measured from the Mean Pixel Intensity in comparison to DMSO
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fed larvae. TRE-red in individuals fed with 5 μM SB202190 is active. Right: Mean Pixel Intensi-
ties for both experiments. For p38: control 48.77 ± 30.82 (S.D.); SB202190 10.52 ± 8.09 (S.D.).
For TRE-red: control 136.46 ± 44.5 (S.D.); SB202190 93.5 ± 23.19 (S.D.). ���P<0.001 for the P-
p38 and P = 0,15 n.s. for TRE-red.
(TIF)

S6 Fig. Additional data for Fig 6. (A) RNA interference of MKK lic inhibits p38 phosphorila-
tion after injury. The UAS-RNAi lic was activated in the posterior compartment together with
UAS-GFP (white). Two injuries were inflected with tungsten needles, one in the anterior and
one in the posterior compartment. The cuts were performed in Schneider’s medium, and fixa-
tion for immunostaining 20’ after injury. P-p38 activation was localized in the anterior com-
partment and almost absent around the posterior cut. (B) Blocking JNK with JNK Inhibitor IX
does not affect P-p38 after rpr-ablation. The domain of dead cells is outlined in white.
(TIF)

S7 Fig. Loss of JAK/STAT impedes repair after rpr-ablation. Percentages of regenerated
wings for the indicated genetic background after salE/Pv>rpr ablation. Right wings: salE/Pv>rpr
OFF column: wings of those genetic backgrounds without cell death (kept at 17°C). All wings
raised in those conditions contain the normal set of veins and interveins. salE/Pv>rpr ON col-
umn: top (wt) is an example of fully regenerated wing. The rest of wings are examples of non-
regenerated or incomplete regeneration in the heterozygous condition indicated.
(TIF)

S8 Fig. Additional data for Fig 8.Quantification of in situ hybridizations of updmRNA (A)
and upd3mRNA (B) and antibody localization for Upd (C). Regions of interest were deter-
mined around the wound edges (as in S2 Fig) of wild type discs (wt) and p38a1-/- mutants.
Images in Fig 8A–8C are examples of the quantification shown here. ���P<0.001 ��P<0.01.
Bars indicate standard deviation.
(TIF)
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