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Abstract

The capacity for tissues to regenerate often varies during development. Better understanding how 

developmental context regulates the regenerative capacity remains an important step in our ability 

to enhance the regenerative capacity of tissues to repair disease or damage. Recent work 

examining the regeneration of imaginal discs in the fruit fly, Drosophila melanogaster, has begun 

to identify mechanisms by which developmental progress restricts regeneration, and how 

Drosophila coordinates regenerative repair with the growth and development of the entire 

organism. Here we review recent advances in describing the interplay between development and 

tissue regeneration in Drosophila and identify questions that arise from these recent findings.

Regenerative capacity varies greatly throughout nature. A few animals, such as flatworm 

planarians, have the ability to regenerate not only individual organs, but entire body axes 

throughout their life. However, for most animals, regenerative capacity is limited by 

developmental stage and declines with age. For example, prenatal and one-day-old neonatal 

mice can regenerate functional cardiac tissue through activation of cardiomyocyte 

proliferation, but newborn mice lose this capacity by the time they reach seven days of age 

[1]. The ability to “reactivate” the regenerative capacity once present at earlier stages of 

development holds promise for the development of new treatments for damaged or diseased 

tissues.

For this reason, many researchers, working in different experimental systems, have begun to 

examine the developmental constraints on regenerative capacity. Experiments focused on the 

regeneration of Drosophila melanogaster imaginal discs are providing unique insights into 

mechanisms that coordinate regeneration with development.
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Regeneration of Drosophila imaginal discs is developmentally constrained

Imaginal discs are larval epithelial tissues that will transform during metamorphosis into 

most of the visible adult structures (Figure 1). Studies of Drosophila imaginal discs have 

been crucial to our understanding tissue patterning and growth. In addition, the ability of 

imaginal discs to regenerate following experimentally-induced damage has long been 

recognized (reviewed by [2]). Damage to imaginal discs, by either physical injury, X-

irradiation, or genetic ablation, produces a regenerative blastema that is characterized by 

proliferation localized to the site of damage [3,4] and the activation of a complex signaling 

and transcriptional response. This response includes: 1) Activation of the JNK signaling 

pathway [5–8] and downstream targets of JNK such as matrix metalloproteinase 1 (MMP1)

[9] and the secreted peptide Dilp8 [8,10–12], 2) expression of the Drosophila Wnt1 

homologue, wingless (wg) [3,13], 3) increased myc expression [3], 4) activation of the JAK/

STAT pathway [12], and 5) Hippo pathway downregulation [4,14]. These coordinated 

responses in the blastema mediate wound healing, regenerative growth, and cellular 

respecification (reviewed in [15]).

After embryogenesis, a Drosophila larva hatches and progresses through three larval instars, 

which are separated by molts (Figure 2a). The larva has the ability to repair imaginal disc 

damage induced during the first two instars. However, regenerative capacity is lost near the 

end of the third and final larval instar. Damage to mature imaginal discs (<24 hours before 

the end of the final larval instar) is incompletely regenerated ([3,13,16], Figure 2a). This loss 

of regenerative ability is correlated with reduced expression of regenerative signaling 

pathways in the mature imaginal discs following damage ([3,13], Figure 2b). Interestingly, 

the activation of JNK appears to be unaffected by developmental progression of the tissue, 

whereas damage-induced expression of the the JNK-activated genes MMP1 and Dilp8 is 

reduced in mature discs [13]. Therefore, it is likely that developmental attenuation of 

regeneration functions downstream of JNK activation in mature discs. To address how the 

mature discs attenuate the transcriptional responses to damage, Harris et al. examined the 

regenerative regulation of wg transcription and demonstrated that a defined regulatory 

element is responsible for the activation of wg expression following damage. They also 

demonstrate that in mature discs, regenerative activation of wg through this regulatory 

element is suppressed through Polycomb Group (PcG)-mediated epigenetic silencing [13]. 

Since PcG regulatory sequences are found in the regulatory regions of other genes whose 

regenerative induction is attenuated in mature discs, it is possible that this may represent a 

mechanism for coordinately suppressing the regenerative response to damage. However, the 

experiments by Harris et al. do not address what determines the timing of PcG silencing in 

mature discs.

The change in regenerative capacity is observed when the larvae are near the end of larval 

development and the beginning of pupation, a transition coordinated by systemic endocrine 

signaling through an increase in circulating ecdysteroids. The steroid hormone ecdysone, 

produced by the prothoracic gland (PG), regulates developmental transitions via its active 

form 20-hydroxyecdysone (20E). Pulses of ecdysone synthesis during larval development 

initiate molting and advance the larvae into the pupal phase of development ([17], Figure 

2a). The developmental response, whether to molt or pupate, elicited by ecdysone at 
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different stages in larval development is determined by a second hormone, Juvenile hormone 

(JH). JH is present throughout much of early larval development, and then JH levels decline 

during the middle of the final instar ([18], Figure 2a). The large pulse of ecdysone that 

terminates larval development is triggered by prothoracicotropic hormone (PTTH, Figure 

2a), a neuropeptide expressed in four neurons in the brain that extend axons out from the 

brain and contact the PG ([19], Figure 4). In larvae, ecdysone levels can be experimentally 

manipulated by introducing 20E to the growth medium. Even small amounts of 20E added 

to the food after damage to imaginal discs substantially limits the regenerative capacity of 

tissues [16]. Therefore, ecdysone signaling also restricts the regenerative capacity of 

imaginal discs. To date, there is little experimental evidence to connect ecdysone signaling 

and changes in PcG-mediated gene silencing, so it remains unclear whether ecdysone acts to 

limit regeneration in imaginal discs through PcG epigenetic silencing, or whether it limits 

regenerative capacity through a distinct pathway.

Imaginal disc damage activates a regeneration checkpoint that extends the 

regenerative period

As early as the 1930s, experiments demonstrated that irradiation of Drosophila larvae 

extends the period of larval development [20]. Subsequent experiments demonstrated that 

damage of imaginal discs is necessary and sufficient to produce this developmental delay: 1) 

If imaginal discs are completely removed, pupation is not inhibited [21–23], but it does 

prevent developmental delays caused by subsequent irradiation [24]. 2) Transplantation of 

an ectopic, damaged imaginal disc into an undamaged recipient larva is sufficient to produce 

delay [25,26]. These experiments suggest that there is some signal produced by damaged 

imaginal discs that causes developmental delay.

Interestingly, when imaginal discs are damaged early in larval development, the timing of 

the first two molting transitions are unaffected. Instead, development is extended by 

increasing the duration of the final larval instar [16,27,28] (Figure 3a). Thus, the timing of 

imaginal disc damage can be separated from the timing of developmental delay. This 

observation led us [16] and others [29] to propose that the developmental delay observed in 

response to imaginal disc damage functions as a developmental or regeneration checkpoint, 

conceptually similar to a cell-cycle checkpoint. In Drosophila larvae, a checkpoint 

mechanism monitors the progress of growth and development of the imaginal discs. When 

damage to the imaginal discs occurs, checkpoint activation will delay a critical 

developmental transition –the entry into pupal development and metamorphosis – in order to 

provide essential time for repair of the damaged discs.

This checkpoint model predicts that the extended growth period would also extend the 

period of regenerative competence of imaginal discs. This appears to be the case. Following 

damage of early third instar imaginal discs, the signaling pathways and localized 

proliferation that are associated with the regeneration blastema are observed during the 

extended larval period. This is observed well after the developmental time when new 

damage to mature discs would normally produce an attenuated regenerative signaling 

response [3,13]. Therefore, regenerative checkpoint activation extends the period of 
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regenerative competence by inhibiting the pathways that would otherwise lead to PcG and 

ecdysone-mediated silencing and suppression of regeneration in imaginal discs.

Recent work has started to reveal the molecular mechanisms of this regeneration checkpoint. 

A critical step was the demonstration that Drosophila insulin like peptide 8 (Dilp8), an 

insulin/relaxin family peptide hormone, is released from damaged imaginal discs and 

triggers developmental delays [10,11]. JNK activation in the damaged disc is necessary to 

activate the expression of dilp8 [10]. Dilp8 expression in the regenerating disc also depends 

on expression of the cytokine unpaired and Jak/STAT pathway activation [12]. Dilp8 is 

primarily produced within regenerating cells of the blastema [10,12], but can also be 

observed within some apoptotic cells [10]. Expression of Dilp8 is sufficient to produce a 

developmental delay similar to that observed during the regeneration checkpoint [10,30], 

whereas loss of dilp8 function reduces or eliminates developmental delays produced by 

imaginal disc damage [10,11,31]. The length of the developmental delay correlates with the 

amount of damage (Halme 2010, Garrelli 2012). Consistent with this, dilp8 transcription 

levels increase with increasing levels of damage (Garrelli 2012). Interestingly, loss of dilp8 
function does not reduce proliferation of the regeneration blastema (Katsuyama 2015), but 

does produce more regeneration defects (Garrelli 2012). These observations are all 

consistent with a model in which Dilp8 expression in damaged imaginal discs triggers the 

regeneration checkpoint, which produces an extension of the regenerative period required for 

complete regeneration.

Interestingly, developmental delay induced by overexpression of the pro-apoptotic gene 

reaper in wing imaginal discs is only partially rescued by loss of dilp8 function [11]. 

However, delays induced by overexpression of the TNFα homologue eiger in wing discs are 

completely eliminated in dilp8 mutant larvae [31]. This contrast suggests that additional 

mechanisms may participate in producing developmental delay through Dilp8-independent 

pathways in reaper-damaged discs. In a genetic screen, mutations that disrupt retinoid 

metabolism were found to reduce developmental checkpoint delay following damage [16]. 

However, Dilp8 functions independently of retinoid metabolism [11]. Therefore, Dilp8 and 

retinoid-dependent pathways may represent distinct mechanisms that produce developmental 

delay, and possibly reflect differences in the nature of imaginal disc damage and repair.

Dilp8 produced from regenerating imaginal discs is detected in the larval hemolymph 

suggesting that Dilp8 can function as a long-range signal in larvae [10,11]. Co-culture and in 
vivo experiments demonstrate that Dilp8 can act as an endocrine signal to limit ecdysone 

synthesis [10]. Dilp8 does this by delaying the activation of PTTH transcription, which 

normally triggers the pulse of ecdysone that ends larval development [10,11,16]. 

Misexpression of PTTH can suppress damage-induced developmental delays suggesting that 

the expression of PTTH is the rate-limiting step for developmental progression during the 

regeneration checkpoint [16]. PTTH transcription signals the end of the regeneration 

checkpoint, but the mechanisms that trigger the progression of development following 

activation of the regeneration checkpoint remain unclear. Even when damage is persistently 

induced, or when dilp8 is constitutively expressed, PTTH transcription is eventually induced 

and larval development progresses to metamorphosis (Halme 2010, Colombani 2012). This 

suggests that mechanisms other than complete regeneration of imaginal discs or a decrease 
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in Dilp8 production are able to end larval development and initiate metamorphosis upon 

constitutive activation of the regeneration checkpoint.

Recently, an orphan leucine-rich G-protein coupled receptor, Lgr3, has been identified as a 

potential receptor of Dilp8 signaling during regeneration. Genetic experiments demonstrate 

that Lgr3 is necessary for mediating Dilp8-dependent developmental delays [30,32,33], 

however experiments testing whether Dilp8 directly binds to Lgr3 have produced conflicted 

results [30,32]. A pair of neurons have been identified in each brain lobe that express Lgr3 

(Lgr3+ neurons). These Lgr3+ neurons respond to ectopic Dilp8 by increasing cAMP 

signaling [30,32], demonstrating that they can be activated by Dilp8. Silencing of the Lgr3+ 

neurons [30], or inhibition of Lgr3 expression specifically in these neurons [30,32,33], 

attenuates regeneration checkpoint delay, suggesting that Dilp8 produces delay by signaling 

through the Lgr3+ neurons. The Lgr3+ neurons make connections with insulin producing 

cells in the brain [30,32] and the PTTH-expressing neurons [32,33]. Disruption of Lgr3 in 

the brain leads to misregulation of Dilp3 and Dilp5 as well as JH signaling targets [32]. 

Many factors, including Dilps, provide competence cues for the PG, determining when and 

how much ecdysone is produced (reviewed [34]). Therefore, it remains unclear whether the 

Lgr3+neurons directly regulate ecdysone production through PTTH neuron activity, or 

indirectly through Dilps, JH, or other targets.

The regeneration checkpoint coordinates growth between regenerating and 

undamaged tissues

The growth of each imaginal disc is thought to be primarily regulated by the disc’s own 

autonomous program [35]. The activation of a regenerative program in an individual tissue, 

which extends the imaginal disc growth period, poses a challenge for the organism: how to 

coordinate the additional growth required for regeneration with the growth of undamaged 

tissues. Several groups have observed that Drosophila larvae have a mechanism to address 

this challenge: damage to the wing imaginal discs inhibits growth of distal, undamaged 

imaginal discs resulting in adults that retain appropriate proportional tissue size [10,28,31] 

(Figure 3b). This growth coordination is also observed between developmental 

compartments (the anterior and posterior compartments) within the same imaginal disc [36]. 

Thus, activation of the regenerative checkpoint also acts to coordinate growth between 

regenerating and undamaged tissues.

Dilp8 is both necessary and sufficient for inhibiting growth of undamaged imaginal discs 

during the regenerative checkpoint [10,31], and the Lgr3+ neurons in the brain mediate 

Dilp8 coordination of imaginal disc growth [33]. The mechanism by which Lgr3 activation 

in the brain controls imaginal disc growth has not been directly demonstrated. However, 

Dilp8 released from damaged discs also activates nitric oxide synthase (NOS) in the PG, and 

NOS is necessary and sufficient for growth coordination during the regeneration checkpoint 

[31]. During larval development, NOS activation in the PG reduces the basal levels of 

ecdysone biosynthesis, systemically reducing ecdysone signaling. Increasing ecdysone 

levels through hormone feeding during the regeneration checkpoint, or following 
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misexpression of Dilp8, rescues the growth of undamaged imaginal discs, demonstrating 

that reduced ecdysone signaling is an essential element of growth coordination.

In addition to regulating developmental timing, ecdysone also regulates developmental 

growth. Ecdysone acts as an antagonist of insulin signaling in tissues such as the prothoracic 

gland and fatbody, inhibiting growth across the whole larvae [37–39]. However, ecdysone 

signaling also promotes the growth of imaginal discs (for a recent illustration, see [40]). 

Imaginal disc clones expressing a dominant-negative form of the ecdysone receptor grow 

more slowly [39] demonstrating that ecdysone signaling can directly promote growth in 

imaginal discs.

During the regeneration checkpoint, Dilp8 released from damaged tissues regulates both: 1) 

Growth – through reduction in the basal levels of ecdysone during the larval growth period, 

and 2) Timing – by delaying the PTTH-triggered pulse of ecdysone synthesis that ends the 

larval period of development (Figure 4). While Dilp8 produces both of these checkpoint 

responses by regulating ecdysone signaling, the regulation of developmental growth and 

developmental timing are genetically separable: loss of NOS function rescues damage-

induced distal growth inhibition, but does not prevent developmental delay [31]. Therefore, 

there are at least two distinct mechanisms by which regeneration and Dilp8 regulate 

hormone production and signaling.

What’s next?

While our understanding of the hormonal regulation of regeneration is advancing, the 

findings described in this review raise questions that could direct future studies. For 

instance, what is the role of endocrine signaling in the local regulation of regenerative 

growth? In contrast to the experiments we describe in this review that suggest that ecdysone 

signaling may limit regeneration, experiments in other insect and crustacean models [41,42] 

suggest that regenerative growth is locally dependent on ecdysone signaling. However, 

regenerative growth in Drosophila imaginal discs is able to proceed despite systemic 

reductions in ecdysone signaling. Is the systemic reduction of ecdysone necessary for 

regeneration, or do regenerating tissues act to accommodate reduced ecdysone signaling by 

alternate pathways to promote growth in the blastema? What does the role of ecdysone in 

the progressive differentiation of the imaginal discs play in this process? Is there an 

“optimal” amount of ecdysone signaling for regeneration that permits regenerative growth 

but prevents the developmental progression of tissues into a non-regenerative stage? 

Experiments designed to address these questions should not only improve our understanding 

of how regeneration and endocrine signaling are orchestrated in the context of a developing 

organism, but could also reveal novel pathways that could be manipulated to promote 

regenerative capacity of diseased or damaged tissues.
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Figure 1. Drosophila imaginal discs are the larval precursors to adult tissues
The imaginal discs are epithelial tissues derived from the larval epidermis and are the 

precursors to most external adult tissues. These include the eye (pink) and antennal (fuschia) 

discs, the labial disc (brown), the leg discs (yellow), the wing (blue) and haltere (green) 

discs, and the genital disc (purple).
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Figure 2. Developmental progression at the end of the larval period limits the regenerative 
capacity of imaginal discs
(a) Above: The larval stages of Drosophila development. Drosophila larvae proceed through 

three larval instars. The transition between each instar is mediated by a larval molt, which is 

stimulated by pulses of the steroid hormone ecdysone (black) that are stimulated by pulses 

of PTTH (blue), produced in the brain. Juvenile Hormone (red) is expressed early in larval 

development to ensure that early ecdysone pulses produce molts instead of an exit from 

larval development. The larvae demonstrate regenerative ability in their imaginal discs 

throughout development until late in the third larval instar. Below: An expanded illustration 

of the third larval instar. Prior to the end of the regeneration competent period of larval 

development (shaded) damage to imaginal discs can be effectively repaired through 

regeneration (top). In contrast, damage (bottom) to larvae that have passed the end of the 

imaginal disc regenerative period (<24 hours before the ecdysone pulse that terminates larval 

development; unshaded) produces an attenuated regenerative response, resulting in damaged 

adult tissues. (b) Several pathways that are activated by damage in early imaginal discs are 

attenuated in mature discs. These include the JNK pathway (AP-1), wingless expression 

(Wg), myc expression, JAK/STAT pathway activation (Stat92), Hippo downregulation 

(bantam), and the JNK-pathway targets MMP1 and Dilp8. (Adapted from Harris et al. 

2016).
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Figure 3. A regeneration checkpoint regulates both developmental timing and systemic growth to 
coordinate regeneration with development
Damage to imaginal discs activates a regenerative checkpoint that (a) extends the 

regenerative period by producing a developmental delay that extends the first half of the 

larval third instar, and (b) coordinates regenerative growth with developmental growth by 

slowing the growth of undamaged imaginal discs.
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Figure 4. A summary of the molecular pathways that function in regeneration checkpoint timing 
and growth regulation
Damage to imaginal discs regulates systemic growth and developmental timing during the 

regeneration checkpoint. Release of Dilp8 by damaged tissues activates Lgr3+ neurons in 

the brain that suppress the PTTH-triggered ecdysone pulse, extending the regenerative 

period. Damaged imaginal discs can also inhibit PTTH through a Dilp8-independent, 

retinoid-sensitive mechanism. Dilp8 release by damaged tissues also acts to coordinate 

regenerative growth with developmental growth by reducing ecdysone levels produced by 

the prothoracic gland (PG) during the larval growth period. The growth coordinating activity 
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of Dilp8 is dependent on the Lgr3+ neurons in the brain and NOS signaling in the 

prothoracic gland. Dilp8 activation of the Lgr3+ neurons also suppresses transcription of 

Dilps in the insulin producing cells of the brain which can affect ecdysone expression and 

growth. Future studies clarifying connections between these mechanisms should help our 

understanding of how damage signals get integrated to produce complex hormonal signaling 

outputs.
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