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Imaginal discs are simple epithelial sacs found in Drosophila larvae, which generate adult
structures including wings and legs. The first studies of imaginal disc regeneration involved
technically challenging transplantation experiments. Yet despite the difficulty, many aspects
of regeneration including wound healing, blastema formation, and the repatterning of regen-
erated tissue were characterized. An important discovery was the phenomenon of transde-
termination, where a small group of cells in regenerating tissue collectively switch fate (“col-
lective cell reprogramming”). The development of genetic tissue-ablation systems over the
last 12 years has energized this field, by making experiments less technically challenging,
more reproducible, and by incorporating additional genetic analysis. Recent progress in-
cludes defining mechanistic links between early responses to wounding and the signaling
pathways that drive proliferation, uncovering a role for localized silencing of damage-respon-
sive enhancers to limit regenerative capacity as tissues mature, and identifying genes that

maintain cellular plasticity within acceptable limits during regeneration.

he phenomenon of appendage regeneration

has been studied for more than 250 years;
crustacean leg regeneration was described by
Reaumur in 1712 and salamander limb regener-
ation by Spallanzani in 1769 (for reviews, see
Morgan 1901; Carlson 2007). Despite years of
study in many different organisms, we still do
not have definitive answers to some of the fun-
damental questions pertaining to appendage re-
generation: What are the molecular mechanisms
that regulate regenerative growth? In what ways
do regenerative growth and patterning differ
from that which occurs during normal develop-
ment? Why can some organisms, but not others,
regenerate their limbs? And finally, why does the

capacity for regeneration in some organisms di-
minish with age?

For many years, the study of regeneration in
both vertebrates and invertebrates was restricted
to approaches used by experimental embryo-
logists. These studies, sometimes involving
experiments of great ingenuity, uncovered phe-
nomena that are being addressed by contempo-
rary studies of regeneration. These include the
timing and morphology of the initial closure of a
wound, the formation of an area with localized
cell proliferation (referred to as a blastema) that
drives regenerative growth, the respecification of
cell fates to give rise to a patterned regenerated
structure, and, ultimately, the cessation of regen-
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eration when a structure of the appropriate size
has been reformed.

Indeed, studies on the regeneration of insect
appendages have contributed to our under-
standing of mechanisms that regulate regenera-
tion. Pioneering studies were conducted on legs
of hemimetabolous insects, such as cockroaches
and crickets, which develop through a series of
nymph stages that can regenerate prior to the
final molt (Bohn 1970; French etal. 1976). These
studies uncovered some of the mechanisms that
regulate tissue patterning during regeneration.
They showed that limb amputations result, in
most cases, in the generation of structures distal
to the site of amputation. Their experiments also
demonstrated that regenerative growth is trig-
gered by an intercalation mechanism, such that
when tissues of disparate positional identities
are in apposition after wound healing regenera-
tive growth generates the missing structures.

In this review, we focus on the regeneration
ofimaginal discs (Fig. 1A,B), which are thelarval
precursors of adult structures such as the legs,
eyes, and wing in holometabolous insects, which
are insects that undergo a complete metamor-
phosis. Many of these studies were first conduct-
ed using approaches similar to those used by
developmental biologists studying regeneration
in other organisms (surgical ablation, transplan-
tation) (Fig. 1C). However, the sophisticated ge-
netic tools available to Drosophila geneticists
have facilitated the development of ablation sys-
tems that are not dependent upon surgery (Fig.
1D), which can be conducted on a large scale,
and therefore incorporated into genetic screens.
As a result, there has been a renaissance in the
field of imaginal disc regeneration resulting in
considerable progress toward understanding
fundamental issues that pertain to regeneration
that have implications well beyond Drosophila.

In the last 10 years, many review articles
have discussed imaginal disc regeneration (Re-
piso et al. 2011; Worley et al. 2012; Kashio et al.
2014; Sun and Irvine 2014; Beira and Paro 2016;
Jaszczak and Halme 2016; Hariharan and Serras
2017; Ahmed-de-Prado and Baonza 2018; Pinal
et al. 2019; Fox et al. 2020). Here, we will first
briefly review the pioneering research that kick-
started the study of regeneration within imaginal

discs, and then focus on those aspects where
significant progress in understanding the molec-
ular and cellular mechanisms that regulate re-
generation have been made in the last decade.

EARLY STUDIES OF IMAGINAL DISC
REGENERATION

Imaginal discs (Fig. 1A) are simple epithelia that
are formed during embryogenesis by invagina-
tion of the epidermal layer (Cohen 1993; Held
2002). They have the appearance of flattened
sacs that maintain continuity with the surface
of the embryo or larva via a narrow stalk. Differ-
ent imaginal discs are generated along different
positions along the anteroposterior axis of the
embryo. Each of the three thoracic segments
(T1-T3) of the embryo and larva has a pair of
dorsal and ventral imaginal discs. The ventral
discs eventually generate the legs that emanate
from each of the thoracic segments of the adult
body. The dorsal imaginal discs of T2 are the
wing discs that generate the adult wings and
most of the adult thorax. Whereas most of the
modern studies of regeneration use the leg, wing,
and eye-antennal discs, many of the earlier stud-
ies also used the genital disc, which develops at
the posterior end of the embryo. During the lar-
val stages, imaginal discs increase in size as a
result of cell proliferation and arrest their growth
when they reach a predictable size and shape.
Indeed, immature discs transplanted into adult
abdomens seem to stop growing at approximate-
ly the correct size providing evidence that their
eventual size is determined by mechanisms that
are intrinsic to the disc itself (Bryant and Levin-
son 1985). During the pupal stage, additional
cell divisions occur as do dramatic morphoge-
netic events that transform the discs into their
cognate adult structures and, by the mechanism
of eversion, move these structures externally.
Thus far, there is no evidence for specialized
stem cells in imaginal discs. Rather, disc cells
are similar to committed progenitors that have
the capacity to proliferate but eventually under-
go terminal differentiation.

The study of imaginal disc regeneration was
pioneered by the group of Ernst Hadorn (Hadorn
etal. 1949; Ursprung 1959; Hadorn 1965). These
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Figure 1. Overview of imaginal disc regeneration. (A) Cartoon of a wing imaginal disc showing the different
territories of the disc. The notum generates the thoracic wall while the hinge and pouch generate progressively
more distal structures of the wing, respectively. (B) Imaginal disc cellular architecture: the disc resembles a
flattened sac with the two layers, the disc proper and the peripodial epithelium being continuous around the
edges. The apical domain of both epithelial layers face inward toward the lumen. The cells of the disc proper are
columnar, while the cells of the peripodial epithelium are squamous. (C) Physical damage of imaginal discs: early
responses are best observed in culture while later responses are observed following transplantation into adult
abdomens and subsequent and recovery. (D) Genetic tissue ablation models allow more precisely defined
ablation regions and for the study of disc regeneration in its natural environment.
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early studies were aimed at addressing the stabil-
ity of the determined state; imaginal discs are
initially specified during embryogenesis but their
cells terminally differentiate many days later dur-
ing metamorphosis. By implanting imaginal disc
fragments into young larvae or adult abdomens,
the Hadorn group found that imaginal discs
could indeed regenerate (for review, see Worley
et al. 2012). This process could, in principle, be
continued indefinitely, thus prolonging the peri-
od when these cells were still undifferentiated. By
implanting the cultured discs into larvae prior to
metamorphosis, the developmental potential of
discs could be assessed. In most cases, transplant-
ed discs generated structures that were appropri-
ate for that kind of disc (autotypic structures).
However, occasionally, especially after prolonged
culture, discs generated structures normally
derived from a different kind of disc (allotypic
structures), for example, wing structures from a
portion of a cultured leg disc. This indicated a
change in the determination state of the disc—
Hadorn named this phenomenon transdetermi-
nation (Hadorn 1965). Intriguingly, transdeter-
mination did not seem to be the result of a sto-
chastic fate change in a single cell but rather the
result of a small number of cells collectively
changing fate (Gehring 1966; Sustar et al. 2011).
Additionally, transdetermination seemed to occur
as an aberrant form of regeneration suggesting
that tissue damage and regeneration promoted
cell plasticity. Even within imaginal discs, specific
regions termed “weak points” were more prone to
transdetermination (Gehring 1966; Schubiger
1971). These weak points within the tissue often
occur in locations with high levels of Wgand Dpp
morphogens (Maves and Schubiger 1995, 1998;
Johnston and Schubiger 1996; reviewed by Maves
and Schubiger 2003; Johnston 2005; McClure and
Schubiger 2007).

These studies of imaginal disc regeneration
also provided important descriptions of the initial
events that occur during regeneration. Imaginal
discs are topologically like flattened sacs; the two
epithelial layers, one mostly columnar and the
other squamous (Fig. 1B), are continuous around
the edges. When imaginal discs are cut surgically,
the wounds are initially healed by heterotypic
contacts between the two epithelial layers that

are then resolved when continuity is reestablished
in each of the epithelial layers (Reinhardt et al.
1977; Reinhardt and Bryant 1981; Alvarez-
Fernandez et al. 2015). A zone of localized cell
proliferation is observed immediately adjacent
to the region of the cut (Abbott et al. 1981;
O’Brochta and Bryant 1987). It had been ob-
served that this proliferation precedes the closing
of the wound edges (Dale and Bownes 1981) lead-
ing to the conclusion that tissue injury rather than
the apposition of cells with disparate positional
identities (French et al. 1976; Bryant et al. 1981)
triggered the cell proliferation. The new tissue is
generated from this zone of localized prolifera-
tion, the blastema. It was shown that transplan-
tation of the blastema alone into adult abdomens
could result in the generation of the missing por-
tion of the disc (Karpen and Schubiger 1981).
Also, when a blastema was present, cell prolifer-
ation in nondamaged portions of the disc was
decreased (Kiehle and Schubiger 1985), a finding
confirmed by more recent studies using a genetic
ablation system (Smith-Bolton et al. 2009), rais-
ing the possibility that regenerative proliferation
could, in some unknown way, suppress cell pro-
liferation associated with developmental growth.
More recently, lineage-tracing techniques have
reemphasized that local cell proliferation gener-
ates the regenerated tissue (Bosch et al. 2008;
Smith-Bolton et al. 2009; Sustar et al. 2011; Her-
rera et al. 2013; Worley et al. 2013).

The classical studies of imaginal disc regen-
eration also provided some insights into how
discs are repatterned after damage (Bryant
1971; Schubiger 1971). Many of the studies of
regeneration were termed circumferential re-
generation where a sector of the disc was re-
moved (Fig. 1C). Typically, in the larger piece,
the missing portion was regenerated. Remark-
ably, the smaller piece often duplicated itself. An
intriguing exception to this rule was the T1 leg
disc where the smaller piece could regenerate to
form a complete disc while the larger piece du-
plicated itself (Schubiger 1971). These results
could be explained by invoking a polar-coordi-
nate model where the missing portions are
regenerated by intercalation following the appo-
sition of the two edges with disparate positional
identities. Similar results had been obtained by
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investigators studying cockroach limbs (for re-
view, see Bryant et al. 1981). Intriguingly, sub-
sequent studies on growth and patterning of
imaginal discs have still not provided a mecha-
nistic explanation for the polar coordinate mod-
el. Less frequently, investigators studied distal
regeneration by making a hole in the central
portion of the disc that generates the most distal
portion of the adult appendage. These studies
were consistent with the idea of a gradation of
positional identities where proximal structures
could generate more distal structures but not
vice versa (Haynie and Schubiger 1979).

The classical studies of imaginal disc regen-
eration described a number of phenomena that
appear similar to appendage regeneration in
other organisms (e.g., axolotl limb regenera-
tion). These include the formation of a blastema
and the idea that regeneration can generate dis-
tal structures from proximal structures as well as
by intercalation of positional values. Important-
ly, imaginal disc regeneration, when compared
to appendage regeneration in vertebrates, is less
complex, since it is a simple epithelial structure
that mostly lacks mesodermal elements and is
far more amenable to genetic manipulation. As
a result, in the last decade, we have witnessed
much progress in understanding the molecular
events that underlie regeneration that we will
discuss here.

DEVELOPMENT OF GENETIC TISSUE-
ABLATION SYSTEMS

Since the study of imaginal disc regeneration was
technically difficult and laborious, requiring dif-
ficult dissections and transplantations, relatively
few laboratories worked in this field. As will be
discussed later, despite these hurdles, these
groups continued to make progress in linking
events in regeneration to specific molecular
pathways such as the JNK pathway (Bosch
et al. 2005; Lee et al. 2005; Mattila et al. 2005)
and the JAK/STAT pathway (Katsuyama et al.
2015). The study of imaginal disc regeneration
was given fresh energy by the development of
genetic tissue ablation systems (Smith-Bolton
et al. 2009; Bergantifos et al. 2010). These sys-
tems used the Gal4/UAS system (Fischer et al.

Imaginal Disc Regeneration

1988; Brand and Perrimon 1993) to express a
proapoptotic gene in a clearly defined region of
the imaginal disc (Fig. 1D). Temporal control of
Gal4 activity was provided by concurrent ex-
pression of a temperature-sensitive version of
the Gal80 repressor (Gal80™) (McGuire et al.
2003). Thus, embryonic and the early stages of
larval development were allowed to occur at
18°C when Gal80" was active. A temperature
shift to 30°C of 24-40 h during the third larval
instar rendered Gal80" inactive and resulted in
the expression of a proapoptotic gene in the ter-
ritory where Gal4 was expressed. Expression of
the proapoptotic gene was shut off by shifting
the cultures back down to 18°C, which allowed
regeneration to occur. Most studies have used
the Gal4 drivers that are expressed in the wing
pouch and hence the extent of regeneration can
be assessed simply by examining the adult
wings. When the rotund-Gal4 driver is used
(Smith-Bolton et al. 2009), most of the wing
pouch, which generates the wing blade, is ablat-
ed. Regeneration occurs by the proliferation of
more proximally fated cells that normally give
rise to the hinge (the structure that joins the wing
blade to the body wall), which are respecified to
generate more distal structures (Smith-Bolton
et al. 2009; Herrera et al. 2013). This genetic
model of tissue ablation and regeneration is
therefore conceptually similar to experiments
where a limb regenerates after amputation where
distal structures are generated from the remain-
ing proximal structures. Other Gal4 drivers that
are commonly used ablate the medial portion of
the wing blade, which is then regenerated from
more laterally located cells (Bergantifios et al.
2010).

These first-generation genetic tissue-abla-
tion systems have facilitated many discoveries
pertaining to the genetic regulation of regener-
ation that we discuss below. However, a signifi-
cant shortcoming in these systems is that the
Gal4/UAS system is used to express the pro-
apoptotic gene. The fly community has generat-
ed a number of lines expressing RNAI trans-
genes and cDNAs all under the control of UAS
elements. When used in conjunction with these
systems, those transgenes are also expressed dur-
ing the ablation phase and in the same territory
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as the proapoptotic gene. This has led to the
development of a variety of second-generation
genetic tissue-ablation systems. One way to ex-
press the proapoptotic gene and another trans-
gene in different but overlapping territories is to
express a proapoptotic gene under the control of
the lexA operator using the LHG driver, thus
enabling collections of UAS lines to be expressed
under the control of a Gal4 driver (Yagi et al.
2010; Santabarbara-Ruiz et al. 2015; Vizcaya-
Molina et al. 2018). However, even in this situa-
tion, both transgenes are expressed only during
the ablation phase since both Gal4 and LHG are
repressed by active Gal80.

More recently, second-generation systems
have been developed that specifically allow the
expression of UAS-driven transgenes in the re-
gion of the blastema during the entire regener-
ation phase. One such system is DUAL Control
(Harris et al. 2020), which uses a bipartite trans-
activator to express a proapoptotic transgene in
the wing pouch following a heat shock. The
same heat shock activates a recombination event
that turns on Gal4-driven expression of UAS-
regulated transgenes in the surrounding region,
which, importantly, includes the blastema. The
DEMISE system uses FLP-mediated recombina-
tion to excise a stop cassette upstream of a UAS-
driven proapoptotic gene stochastically in a sub-
set of cells (Cohen et al. 2018). As a result, the
cells that are eliminated are surrounded by Gal4-
expressing cells. Other ways to uncouple the tis-
sue ablation from genetic manipulation during
regeneration is to use the QUAS system (Potter
et al. 2010), which has been used to drive a tem-
perature-sensitive toxin for the study of regen-
eration (Kashio et al. 2016), or ablation activated
using an optogenetic method (Makhijani et al.
2017). The latter approach could potentially be
used in screens where one disc of each pair is
damaged, and the contralateral disc is used as
the control. These systems have been reviewed
recently by Fox et al. (2020).

EARLY EVENTS IN REGENERATION

The earliest events observed following tissue
damage are waves of cytoplasmic Ca>* signaling
(Narciso et al. 2015), which can persist for 5-10

min after physically damaging the discs (Restrepo
and Basler 2016; Yoo et al. 2016). When studied
by laser-ablation injury to larval imaginal discs or
pupal imaginal disc derivatives, there is an influx
of extracellular Ca** within milliseconds trig-
gered by microtears in the plasma membrane of
damaged cells (Shannon et al. 2017). Spikes in
intracellular calcium spread to adjacent cells via
gap junctions. A second slower wave of increased
intracellular Ca** spreads much further (up to
150 m) and peaks in intensity around 120 sec
(Shannon et al. 2017; O’Connor et al. 2021). Re-
cent work has defined a mechanism for the prop-
agation of Ca®" waves within damaged tissues;
proteases liberated into the extracellular environ-
ment from ruptured cells cleave and activate the
Growth-blocking peptides (Gbp) from inactive
precursors. These peptides diffuse in the apical
extracellular region and function as ligands for
the G-protein-coupled receptor Methuselah-like
10 (Mthl 10). Mthl-10 activates phospholipase C
via a Gq-o protein and generates inositol-phos-
phate 3, which results in the release of Ca>* from
the endoplasmic reticulum (O’Connor et al.
2021). The distance of the response is likely de-
termined by the diffusion range and stability of
the released proteases and the active peptides that
they generate (Fig. 2A,B).

Pioneering studies in zebrafish demonstrat-
ed, following wounding, a gradient of reactive
oxygen species (ROS), such as hydrogen perox-
ide (H,0,), by using HyPer, a GFP protein that
is sensitive to the levels of H,O, (Niethammer
et al. 2009). In that study, the levels of ROS
peaked 20 min after wounding and persisted
up to 1h later. The H,O, was generated by
Duox, a membrane-bound NADPH oxidase
that generates extracellular H,O, and can be ac-
tivated by increased cytoplasmic Ca*". H,0, is
thought to be able to cross cell membranes.
H,0, was also found to be generated in laser-
induced wounds in the Drosophila epidermis
(Moreira et al. 2010) and during regeneration
within the wing disc (Santabarbara-Ruiz et al.
2015; Brock et al. 2017; Khan et al. 2017). Ge-
netic experiments demonstrated that the gener-
ation of H,O, at wound edges was downstream
of an increase in intracellular Ca** (Razzell et al.
2013) and that the production of H,O, by the
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propagation of the calcium wave could be
blocked by reducing the function of the gap-junc-
tion component Innexin 2 or the cation channel
Trpm (Razzell et al. 2013). Other types of ROS
(e.g, O,7) could be generated intracellularly and
move between cells via gap junctions or even be-
tween ring-canal-like structures that have been
observed in cells of the wing disc (McLean and
Cooley 2013). Manipulations that enhanced ROS
scavenging impaired regeneration thus demon-
strating the importance of ROS production in
regeneration (Santabarbara-Ruiz et al. 2015).
Furthermore, ROS production resulted in the ac-
tivation of two MAP kinase family members, JNK
and p38, and each is activated independently of
the other. Of the two p38 paralogs, p38a appears
more important (Santabarbara-Ruiz et al. 2015).
Regeneration is impaired when the function of
either JNK (Bosch et al. 2005; Mattila et al.
2005; Bergantifos et al. 2010) or p38a (Santabar-
bara-Ruiz et al. 2015) is reduced. ROS levels need
to be tightly regulated, as too much ROS prevents
regenerative growth (Brock et al. 2017) and excess
JNK signaling causes patterning defects (Schuster
and Smith-Bolton 2015; Tian and Smith-Bolton
2021). The level and duration of JNK and p38
activity are likely important for coordinating a
regenerative response. The MAP kinase kinase
kinase Apoptosis Sensing Kinase-1 (Ask1), which
functions upstream of both JNK and p38, is nec-
essary for regeneration (Santabarbara-Ruiz et al.
2019) and is activated by ROS; ROS promote the
release of the inhibitory function of Thioredoxin
on Ask1 (Fig. 2B). However, unlike in dying cells
where Askl appears to be maximally activated,
surrounding cells that will survive have a form
of Askl that is phosphorylated by Akt on a site
outside the kinase domain (Ser83), which reduces
its activity (Santabarbara-Ruiz et al. 2019). It has
been proposed that this moderate level of Askl
activation results in an intermediate level of JNK
and p38 activity, which is sufficient to promote
regeneration but insufficient to activate apoptosis
(Santabdrbara-Ruiz et al. 2019). Intriguingly, this
form of pro-regenerative Askl/p38 activity is fa-
vored in cells that are experiencing signaling via
the PI3K/Akt pathway in response to nutrients,
highlighting that the nutrient status of a given cell
affects how cells respond during regeneration

(Esteban-Collado et al. 2021). In addition, the
activation of the Akt pathway has been shown
to be important for cells to survive temporary
caspase activation (Fig. 2C,D; Sun et al. 2020).
Other stress-response proteins, such as Growth
arrest and DNA damage-inducible 45 (Gadd45)
have recently been shown to be important
for effective regeneration (Camilleri-Robles et
al. 2019), likely through activating the MAPK
pathway.

As described above, ROS can activate JNK.
JNK signaling is, in turn, able to promote the
expression of moladietz (mol), which encodes
for a maturation factor for the H,O,-generating
enzyme Duox (Fig. 2; Khan et al. 2017). This
positive feedback loop might explain the pro-
longed JNK activity that is necessary to maintain
regenerative growth and, thus, highlights a role
of ROS in maintaining MAPK signaling.

LINKING EARLY EVENTS TO REGENERATIVE
GROWTH

How does wounding and tissue ablation activate
cell proliferation? One possible explanation is
that the damage itself causes the release of sig-
nals that promote proliferation in the surround-
ing cells. Consistent with this model was the
observation made in early studies that the onset
of proliferation preceded wound closure (Dale
and Bownes 1981). An alternative possibility is
that once wound healing has occurred, the dif-
ferences in positional identities of cells from the
two wound edges would trigger proliferation
and also direct the extent of proliferation
(French et al. 1976). These two types of mecha-
nisms are not mutually exclusive; it is possible
that proliferation could be initially triggered by
damage and subsequent maintenance of prolif-
eration could depend on differences in position-
al identity between the edges. Such a mechanism
would not delay proliferation until wound heal-
ing has completed but would also ensure that the
extent of proliferation that occurs would match
the amount of tissue that has been lost.

Much progress has been made in linking the
early changes that follow damage to pathways
that promote cell proliferation. Whereas many
of the signaling pathways that regulate regener-
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ative growth are also used during normal devel-
opment, a key difference appears to be the way in
which those signaling pathways are activated
during regeneration. Key promoters of regener-
ative cell proliferation include the Wnt ligand
Wingless (Wg) (Gibson and Schubiger 1999;
McClure et al. 2008; Smith-Bolton et al. 2009;
Harris et al. 2016), Myc (Smith-Bolton et al.
2009), the JAK/STAT pathway (Katsuyama
et al. 2015; Santabarbara-Ruiz et al. 2015; La
Fortezza et al. 2016), the EGFR/Ras pathway
(Fan et al. 2014), and YorKkie, the transcriptional
coactivator downstream of the Hippo pathway
(Grusche et al. 2011; Sun and Irvine 2011; Re-
piso et al. 2013; Meserve and Duronio 2015).
JNK has been shown to activate the expression
of wg (Harris et al. 2016), the unpaired family of
ligands (Upd, Upd2, and Upd3) (Pastor-Pareja
et al. 2008; Bunker et al. 2015; Katsuyama et al.
2015; Santabarbara-Ruiz et al. 2015; La Fortezza
et al. 2016), which are ligands upstream of the
JAK/STAT pathway, and spitz (spi), which en-
codes aligand for EGFR (Fan et al. 2014). Indeed,
investigations of the transcriptional changes dur-
ing regeneration predict that JNK/AP1 regulates
the expression of many of these genes (Blanco
et al. 2010; Katsuyama et al. 2015; Khan et al.
2017; Harris et al. 2020). Increased YKki activity
likely results from a combination of increased
JNK activity (Sun and Irvine 2011) and changes
in mechanical forces (Dupont et al. 2011) caused
by tissue damage. In addition to regulating pro-
liferation, components of the Hippo pathway reg-
ulate the orientation of cell division of the prolif-
erating cells so as to position new cells to most
effectively replace those that have been lost (Re-
piso etal. 2013). Myc can be activated by Wg via a
double-repression mechanism involving Notch
(Smith-Bolton et al. 2009) and by increased Yki
activity (Neto-Silva et al. 2010). Thus, JNK ap-
pears to be a key player in activating multiple
pathways that promote regeneration, and cells
of the regenerated tissue are derived from cells
that activated the JNK pathway (Bosch et al.
2008). Importantly, damage to the same tissue
in different ways can involve different pathways
during regeneration (Diaz-Garcia and Baonza
2013; Herrera et al. 2013), suggesting that differ-
ent tissues might also use distinct mechanisms.

Imaginal Disc Regeneration

There are hints from studies in many organ-
isms that apoptosis is necessary for optimal re-
generation (Tseng et al. 2007; for review, see Gue-
rin et al. 2021). Cell death is observed near the cut
edges of damaged discs and extensive cell death
occurs when genetic tissue ablation systems are
used (Alvarez-Fernandez et al. 2015; Diaz-Garcia
et al. 2016; Yoo et al. 2016; Klemm et al. 2021).
Apoptosis itself has been shown to induce addi-
tional apoptosis within the tissues (via apoptosis-
induced apoptosis) (Pérez-Garijo et al. 2013) and
also promotes proliferation (via apoptosis-in-
duced proliferation) (for review, see Fogarty
and Bergmann 2017). Recent work has discov-
ered that inducing necrosis in a section of the
wing disc also prompts apoptosis in the adjacent
tissue, termed “necrosis-induced apoptosis,” and
that this apoptosis is necessary for efficient regen-
eration (Klemm et al. 2021). Thus, dying cells or
those that have undergone a near-death experi-
ence appear to promote regeneration, likely by
secreting factors that promote regeneration (re-
viewed by Morata et al. 2011; Ryoo and Berg-
mann 2012; Fogarty and Bergmann 2017). As
cells initiate apoptosis, many studies have shown
that dying cells release morphogens, including
Wg and Dpp to promote other cells to be their
replacement (Huh et al. 2004; Pérez-Garijo et al.
2004; Ryoo et al. 2004). The initiator caspase
DRONC was discovered to function in an ampli-
fication loop that activates JNK signaling and the
stress-responsive p53 transcription factor (Shlev-
kov and Morata 2012), which is known to be
important for promoting both compensatory
proliferation and regeneration (Wells et al
2006; Wells and Johnston 2012). This amplifica-
tion loop promotes ROS production and JNK
activation, and, if left unchecked, can promote
tissue overgrowth (Pérez-Garijo et al. 2009; Pinal
et al. 2018). Recent work has uncovered a role for
the unconventional MyosinlD (MyolD) in se-
questering DRONC to the plasma membrane
and specifically activating Duox to produce
ROS (Fig. 2E; Amcheslavsky et al. 2018).

There has been recent progress in under-
standing the mechanisms that allow cells to sur-
vive high ROS and JNK levels caused by tissue
damage and regeneration. The activation of the
JAK/STAT pathway (La Fortezza et al. 2016;
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Verghese and Su 2016) and arresting cells in
the G, phase of the cell cycle (Cosolo et al.
2019) both promote cell survival. Ways of
marking cells that survive caspase activation
and their descendants have been developed,
and these studies show that they can make ex-
tensive contributions to regenerated tissue (Sun
et al. 2020).

Ultimately, the clearance of dying cells from
the epithelium is vital for proper wound healing
and regeneration (Yoo etal. 2016; Iida et al. 2019).
Two axon guidance pathways, Semaphorin-
PlexA (Yoo et al. 2016) and Slit/Robo (Iida et al.
2019) are required for promoting the extrusion of
dying cells during regeneration. The ligand Slit is
up-regulated in a JNK-dependent manner within
the dying cells and is critical for the regeneration
of damaged discs (Iida et al. 2019). Damaged
tissues are known to recruit circulating immune

cells, called hemocytes, via JAK/STAT signaling
(Pastor-Pareja et al. 2008) and ROS activity (Fo-
garty et al. 2016). These hemocytes likely play a
role in cleaning up cellular debris (Fig. 3A-C).
However, the importance of hemocytes is un-
clear, because tissues were still able to regenerate
without help from hemocytes (Katsuyama and
Paro 2013). In this case, the adjacent epithelial
cells may engulf and clean up the cellular debris,
as has been observed for cell competition (for
reviews, see Amoyel and Bach 2014; Ohsawa
et al. 2018). A better understanding of these
non-cell-autonomous pro-regenerative mecha-
nisms is likely to emerge in the coming years.
Links between the earliest changes in damaged
imaginal discs and the activation of pro-regener-
ative pathways are summarized in Figure 2. Many
of the same molecular pathways that function in
imaginal disc regeneration have also been found

A Systemic
responses Hemolymph F Fat body:
S S Changes in
Prothoracic 4 Fatbody — - I Met-SAM  metabolism
gland o - AT
Hemocyte 1 JoGKD
Tissue-wide
responses \___’_— Ecdysone
— Nitric oxide
<Ilp8 D . /
Local — R N E Prothoracic gland:
responses /% I Hormone production
‘ ‘Upd3 ) ——
R @2

Regenerating
wing disc

Cc
Hemocytes:
Circulating immune cells

Clear cellular
debris

Retinoic acid

Lgr3-
neurons

Extend larval
growth phase

D Neuroendocrine system:
Control of metamorphosis

Figure 3. Systemic regenerative response. (A) Inter-organ signaling events between the damaged imaginal disc
and other tissues. (B) Cells of the blastema in regenerating imaginal discs secrete a number of ligands that are
known to impact distant tissues. (C) Hemocytes are recruited to the damaged tissue. (D,E) The brain (D) and
prothoracic gland (E) make up the neuroendocrine system. Neurons in the brain respond to secreted signals
(such as Ilp8) and prevent the prothoracic gland from producing the hormone ecdysone. (F) The larval fat body
shows several changes in metabolism during regeneration that are necessary for regeneration to occur.
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to regulate stem-cell-based replacement and re-
generation of the adult fly gut (for review, see
Zhang and Edgar 2021).

Repairing tissue damage in a developing or-
ganism poses some additional challenges. Tis-
sues in general seem to become less capable of
regeneration as they mature (see below). Addi-
tionally, in Drosophila, the onset of metamor-
phosis would prevent further intake of nutrients
that are likely required to fuel regeneration.
Damage to imaginal discs induces a delay in
metamorphosis (Smith-Bolton et al. 2009;
Halme et al. 2010; Hackney et al. 2012), indicat-
ing that mechanisms have evolved that delay
pupariation following damage. The best charac-
terized mechanism involves the production of
the insulin/relaxin family member IIp8 by dam-
aged tissue (Fig. 3B; Colombani et al. 2012; Ga-
relli et al. 2012). IIp8 binds to the Lgr3 receptor
in the brain and prothoracic gland to suppress
the production of the steroid hormone ecdy-
sone, which drives metamorphosis (Fig. 3D,E;
Colombani et al. 2015; Garelli et al. 2015; Vallejo
et al. 2015; Jaszczak et al. 2016). Ilp8 also acti-
vates nitric oxide synthase in the prothoracic
gland, which inhibits ecdysone production
(Fig. 3E; Jaszczak et al. 2015). Indeed, Ilp8 levels
are crucial for effective regeneration (Garelli
et al. 2012; Jaszczak et al. 2015; Skinner et al.
2015; Kashio et al. 2016). Other signaling mol-
ecules are known to delay the production of ec-
dysone including retinoic acid (Halme et al.
2010). Recent work has shown that the Un-
paired3 (Upd3) protein that activates the JAK/
STAT pathway can also inhibit ecdysone pro-
duction by the PG (Romdo et al. 2021). Other
proteins that are involved in tissue patterning
such as Hedgehog (Rodenfels et al. 2014) and
the BMP 2/4 ortholog Dpp can also function
as inter-organ signals to delay pupariation (Se-
tiawan et al. 2018). In addition, inter-organ
communication, either directly or indirectly, be-
tween the regenerating tissue and the larval fat
body is critical for promoting regeneration (Ka-
shio et al. 2016; Kashio and Miura 2020). Recent
work has identified that a metabolite of Trypto-
phan, kynurenic acid (KynA), which is pro-
duced at a distance in the fat body, plays a role
in promoting regenerative growth (Fig. 3F; Ka-

Imaginal Disc Regeneration

shio and Miura 2020). Thus, it is likely that more
humoral mechanisms will be discovered in the
coming years that alter organismal physiology in
ways that are conducive to regeneration.

REGENERATIVE CAPACITY REGULATED BY
DAMAGE-RESPONSIVE ENHANCERS

A common feature of regeneration in many or-
ganisms is that the capacity for regeneration de-
creases as organisms mature. Notable examples
include the response to amputation of limbs in
tadpoles as they progress through metamorpho-
sis (Dent 1962). Even more dramatic is the abil-
ity of the mouse heart to regenerate following an
experimentally induced infarct. In the first week
of life, mice can regenerate damaged cardiac tis-
sue, but this ability is rapidly lost and infarcts
after this period result in fibrotic scars (Porrello
et al. 2011). As in these other situations, Dro-
sophila imaginal discs lose the capacity for re-
generation following damage in situ as they pro-
gress through the third larval instar (L3). This is
observed following genetic ablation (Smith-Bol-
ton et al. 2009) and when whole larvae are irra-
diated (Halme et al. 2010). Examination of the
response to discs to damage at different points
in L3 show clear differences. Whereas the
JNK/AP1 pathway appears to be activated to
similar levels at both time points, other JNK-
responsive genes that are expressed near the
site of damage including wg and Ilp8 are ex-
pressed at much reduced levels in late L3
(Smith-Bolton et al. 2009; Harris et al. 2016).
A damage-responsive enhancer is found be-
tween the wg and Wnt6 genes (Fig. 4A,B; Schu-
biger et al. 2010; Harris et al. 2016). Expression of
both genes following damage requires this en-
hancer and a deletion that removes this enhancer
significantly reduces regeneration (Harris et al.
2016). Molecular dissection of this enhancer
(Harris et al. 2016) revealed a bipartite structure
—it is composed of two separable elements. The
first element is a damage-responsive element,
contains binding sites for the JNK-responsive
transcription factor AP-1, and is equally active
in both immature and mature larvae. The second
adjacent element has no enhancer activity on its
own, but it can attenuate the damage-responsive
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Figure 4. Mechanism for reducing regenerative capacity with organismal maturation. (A) The localized silencing
of damage-responsive enhancers at multiple loci appears to be an important mechanism for reducing regener-
ation as the larva matures. Sparing the coding regions of the genes from silencing allows these genes to continue to
be used for development and homeostasis under the control of other unsilenced enhancers. (B,C) Examples of
when and where these damage-responsive, maturity-silenced enhancers are active are shown in green. Gene
expression from developmental enhancers is shown in purple. Note that the damage-responsive enhancer can be
silenced without interfering with normal developmental expression. (TF) Transcription factor.

enhancer in cis. This silencing activity becomes
more effective as the larva matures and correlates
with highly localized Polycomb-mediated silenc-
ing of the damage-responsive enhancer as char-
acterized by increased H3K27 trimethylation.
The increase in H3K27 trimethylation was found
to be confined to the enhancer and did not spread
to the adjacent genes. This provides an explana-
tion for how damage-responsive expression of
both genes could be curtailed without compro-
mising their expression using other enhancers
that function at later stages of development or
for homeostatic processes. The expression of oth-
er genes that promote regeneration including
Matrix metalloproteinase 1 (Mmpl) (Fig. 4C;
McClure et al. 2008; Harris et al. 2020) and as-
perous (aspr), which encodes a protein with mul-
tiple EGF repeats that appears to be secreted
(Harris et al. 2020), are regulated by damage-re-
sponsive maturity-silenced (DRMS) enhancers
(Harris et al. 2020). Thus, the reduction in the
capacity for regeneration as larvae mature can be
accounted for, in significant part, by the silencing
of damage-responsive enhancers at multiple loci.
Damage-responsive enhancers have also been

identified in vertebrates (for example, see
Guenther et al. 2015; Kang et al. 2016; Wang
et al. 2020). It will be of interest to know whether
the loss of regenerative capacity that accompanies
maturity in vertebrates, such as the loss of heart
regeneration in newborn mice over the first week
(Porrello et al. 2011), is characterized by epige-
netic silencing of such enhancers.

Can this decline in regenerative capacity be
reversed? Given that silencing at multiple loci
might have a major role in curtailing regenera-
tion, it is not unexpected that restoring the ex-
pression of individual genes such as wg cannot
enable imaginal disc regeneration in mature lar-
vae. Some improvement in regeneration in ma-
ture discs has been observed by increasing levels
of the growth-promoting protein Myc (Smith-
Bolton et al. 2009; Harris et al. 2016), by reducing
function of the extra sex combs (esc) gene that
encodes a component of the PRC2 complex
(Harris et al. 2020) or by reducing the level of
the Broad (Br) transcription factor (Narbonne-
Reveau and Maurange 2019). Chinmo and Broad
are transcription factors that are expressed in im-
mature and mature discs, respectively, and each
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appears to antagonize the function of the other
(Narbonne-Reveau and Maurange 2019). The
switch from chinmo expression to expression of
the br isoform br-Z1 coincides with the increase
of ecdysone levels and passage through “critical
weight” (Beadle et al. 1938; Mirth et al. 2005)
when larvae proceed to pupariation even if they
are deprived of food. Thus far, a mechanistic link
between the onset of br-Z1 expression and the
silencing of damage-responsive enhancers has
not been established.

The increase in ecdysone levels that occurs
as imaginal discs mature could also impact re-
generation by its effect on the architecture of the
imaginal disc. Cells in damaged imaginal discs
secrete Ilp8 via their apical surfaces. The re-
leased Ilp8 protein acts on receptors in the brain
and prothoracic gland to delay pupariation (Fig.
3). Once epithelial continuity is reestablished in
discs, Ilp8 would accumulate in the lumen be-
tween the disc proper and the peripodial epithe-
lium and therefore it would need to pass be-
tween epithelial cells of the disc to reach these
distant locations. It has been found that the ep-
ithelial barrier becomes less permeable as discs
mature, which could potentially limit the ability
of mature discs to sufficiently delay pupariation
to regenerate (DaCrema et al. 2021). However,
other mechanisms (e.g., silencing of DRMS en-
hancers) must operate in parallel, since even
massive tissue damage in mature discs that
would be expected to disrupt epithelial barrier
function does not elicit a developmental delay
(Smith-Bolton et al. 2009; Harris et al. 2016).

PLASTICITY AND REPATTERNING DURING
REGENERATION

When a contiguous group of cells is lost as a
result of damage, adjacent cells often need to
either respecify their fates or generate cells
with altered fates so as to replace the lost cells,
Thus, regeneration requires some degree of cell
plasticity. Indeed lineage-tracing experiments in
regenerating wing discs have shown plasticity
between multiple different cell fates including
vein—intervein (Repiso et al. 2013) and anteri-
or—posterior (Szabad et al. 1979; Herrera and
Morata 2014) fates. What are the molecular

Imaginal Disc Regeneration

and cellular mechanisms that regulate cellular
plasticity during regeneration? This fundamen-
tal question of how cells properly regulate the
ability to change fate has been approached in
several ways, and genetic screens have uncov-
ered genes that are important for both maintain-
ing proper fate in the face of damage and for
promoting cellular plasticity.

Clear examples of tissue injury promoting
such cellular reprogramming in imaginal discs
comes from the pioneering work on transdeter-
mination by the Hadorn group (Hadorn 1965),
which preceded the work on reprogramming fi-
broblasts into pluripotent stem cells (Takahashi
and Yamanaka 2006) by decades. This work
demonstrated that cells with seemingly estab-
lished cell fates could be reprogrammed to very
different fates. Their work showed that depend-
ing on the region of the disc damaged, the re-
generating tissue would occasionally adopt a
new determined state (for review, see Worley
et al. 2012). Thus, while some plasticity is nec-
essary during regeneration, excessive plasticity
can be deleterious and hence plasticity needs
to be tightly regulated. Even more intriguing
was the observation that transdetermination re-
sulted not from a stochastic fate change in a
single cell, but from a coordinated fate change
in a small group of cells (~3-5 cells) (Gehring
1966; Sustar et al. 2011), a phenomenon that can
be described as “collective cell reprogramming.”
The mechanism by which multiple cells under-
go rare cell fates changes together remains mys-
terious.

A damage-induced cell fate change from no-
tum to wing pouch is observed at varying fre-
quencies when the imaginal discs are damaged
by either X-rays (Verghese and Su 2017) or
with a genetic tissue-ablation system (Worley
etal. 2018). This damage-induced cell fate change
and the subsequent growth of an ectopic wing
pouch results in the presence of an additional
wing blade from a secondary location on the dor-
sal thorax (Worley et al. 2018). This phenotype
was used to screen for genes that are important
for maintaining identity during the regenerative
process and identified the transcriptional co-
repressor carboxy-terminal binding protein
(CtBP), CtBP as being critical for notum cells,
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specifically at a “weak point,” to maintain their
identity in the face of tissue damage (Fig. 5A;
Worley et al. 2018). Interestingly, this form of
transdetermination also involved collective cell
reprogramming, as shown by lineage tracing
(Worley et al. 2018). It is not yet known whether
multiple cells are simultaneously reprogrammed
or whether a leader cell takes on a new identity
and recruits others. In addition, there is some
indication that cellular reprogramming and re-
patterning during regeneration can occur in the
absence of cell division (Diaz-Garcia and Baonza

2013; Verghese and Su 2017), highlighting the
importance of remodeling during the regenera-
tive process. Many of the same molecular path-
ways that promote collective cell reprogramming
(Verghese and Su 2017; Worley et al. 2018),
namely, JNK and JAK/STAT, also promote cellu-
lar plasticity during regeneration (Lee et al. 2005;
Herrera et al. 2013; Herrera and Morata 2014;
Ahmed-de-Prado et al. 2018).

There are chromatin modifiers that are crit-
ical for proper initiation of the regenerative pro-
gram, potentially by regulating the accessibility

A Damage-dependent notum-to-pouch reprogramming
CtBP Induced Cell fate )
plasticity change Collective cell

Posterior
cell fate

JNK

reprogramming

Pouch
cell fate

Figure 5. Regulation of plasticity during regeneration. Two types of cellular reprogramming during regeneration
are shown. (A) Damage-induced notum-to-pouch transformations are promoted by JNK-induced Wg and by
JAK/STAT signaling. The transcriptional co-repressor carboxy-terminal binding protein (CtBP) acts to prevent
collective cell reprogramming and maintain proper notum identity during regeneration. (B) High JNK signaling
can promote cells to switch their compartment identities at relatively late stages of regeneration. This inappro-
priate cell fate change is resisted by the chromatin regulators Taranis and Osa. Together, these chromatin
regulators maintain proper levels of the posterior transcription factor Engrailed (En) to prevent posterior cells

adopting an anterior cell fate.
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of damage-responsive enhancers that allow for
the expression of pro-regenerative genetic pro-
grams (Harris et al. 2016, 2020; Vizcaya-Molina
et al. 2018; Tian and Smith-Bolton 2021). There
are also chromatin modifiers that act at a later
point during regeneration, to ensure that the
cells that have contributed to the regenerate
are able to maintain their proper identity (Fig.
5B). These include Taranis (Tara) and Osa (a
subunit of the BAP chromatin remodeling com-
plex), which have been shown to be important
for regulating the expression levels of the gene
engrailed (en) that encodes a transcription factor
that is necessary for establishing and maintain-
ing the identity of cells in the posterior compart-
ment (Schuster and Smith-Bolton 2015; Tian
and Smith-Bolton 2021). When Engrailed levels
are not properly maintained, cells can switch
to expressing anterior compartment markers.
Interestingly, Tara also modulates cell-fate
changes induced by the overexpression of the
constitutively active transcription factor Yorkie
(Bairzin et al. 2020).

Genes and molecular pathways implicated
in transdetermination include JNK, chromatin
modifiers, such as Polycomb, as well as Wing-
less and the JAK/STAT signaling pathways
(McClure and Schubiger 2008; Worley et al.
2018). Transdetermination events were ob-
served to occur in regions of discs that showed
increased JNK activity. Increased JNK activity
resulted in decreased expression of several PcG
group genes (Lee et al. 2005) that could normal-
ly serve to reduce expression of genes that might
direct alternate fates. Increased expression of
wg promotes leg-to-wing transdetermination
(Maves and Schubiger 1995, 1998; Johnston
and Schubiger 1996), although the mechanism
for this is still not clear. This system was used to
search for genes whose expression was increased
during transdetermination using microarrays
(Klebes et al. 2005). Interestingly, the most up-
regulated gene was later identified as the pupar-
iation-delaying factor Ilp8 (Colombani et al.
2012; Garelli et al. 2012). The screens for genes
that regulate transdetermination are far from
saturation and future screens are likely to pro-
vide more mechanistic insights into the phe-
nomenon of collective cell reprogramming.

Imaginal Disc Regeneration

CONCLUDING REMARKS

The study of imaginal disc regeneration offers
a wonderful opportunity to address fundamen-
tal questions in the biology of regeneration
both because of its simplicity and because of
the availability of many sophisticated genetic
tools. The development of genetic tissue abla-
tion systems has transformed a field that
previously required technically difficult and la-
borious experimentation to one that can be
conducted in most laboratories. In the coming
years, we expect single-cell multiomics-based
approaches to have a major impact, as we are
already learning more about the unique cell
types within developing imaginal discs (Ba-
geritz et al. 2019; Deng et al. 2019; Zappia
et al. 2020; Everetts et al. 2021), and that re-
generation is driven by interactions between
small heterogeneous populations of cells.
Single-cell transcriptomics and single-cell chro-
matin profiling (Chappell et al. 2018) will pro-
vide important insights into gene-regulatory
networks that drive regeneration, and also in-
form about cellular states in different regions of
the disc—those actively participating in regen-
eration and those that appear to be bystanders.
Techniques such as lattice-light sheet micros-
copy (Lemon and McDole 2020) and ex-
pansion microscopy (Chen et al. 2015) will pro-
vide us with detailed information regarding
the architecture of the blastema and might re-
veal an important role for cellular processes that
have thus far escaped our attention. These
technological innovations coupled with exp-
erimental genetics should provide many excit-
ing insights into regeneration in the coming
years.
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