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Abstract

We report here a study of regeneration in Drosophila larval wing imaginal discs after dam-
age by ionizing radiation. We detected faithful regeneration that restored a wing disc and
abnormal regeneration that produced an extra wing disc. We describe a sequence of
changes in cell number, location and fate that occur to produce an ectopic disc. We identi-
fied a group of cells that not only participate in ectopic disc formation but also recruit others
to do so. STAT92E (Drosophila STAT3/5) and Nurf-38, which encodes a member of the
Nucleosome Remodeling Factor complex, oppose each other in these cells to modulate the
frequency of ectopic disc growth. The picture that emerges is one in which activities like
STAT increase after radiation damage and fulfill essential roles in rebuilding the tissue. But
such activities must be kept in check so that one and only one wing disc is regenerated.

Author summary

Accuracy in regeneration ensures that the original structures are restored, no more and
no less. Prior studies in the wing primordia of Drosophila melanogaster larvae that have
been damaged by high energy radiation show that regeneration occurs to restore the
original structure. We report here that, in the same experimental system, abnormal
regeneration can also occur to produce extra wing structures. We describe a series of
cell rearrangements and fate changes that underlie abnormal regeneration, and identify
genes responsible for these events. Modulation of such genes have the potential to miti-
gate abnormal regeneration that occurs after radiation damage to produce such side
effects as ulcers and fibrosis.

Introduction

Ionizing radiation (IR) is one of three main modalities in the treatment of cancer, the others
being surgery and chemotherapy. Therapeutic effect of IR relies on its ability to kill cells. But
what remains could regenerate a tumor, leading to treatment failure. In parallel, incorrect
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healing of normal tissues after collateral damage by radiation therapy contributes to side effects
such as fibrosis and ulcers [for example, [1, 2]]. Understanding how tumors and normal tissues
regenerate after damage by IR could help us make radiation therapy of tumors more effective
while reducing unwanted side effects. This study aims to use a powerful genetic model, Dro-
sophila, to identify and characterize genes needed for faithful regeneration after radiation
damage.

Imaginal discs of Drosophila melanogaster larvae are precursors of adult organs. Because of
their high regenerative ability, imaginal discs have been used in studies of tissue regeneration.
In classical and recent studies, imaginal discs were surgically fragmented and cultured in adult
or larval hosts (e.g. [3]; reviewed in [4, 5]). Faithful regeneration restored the original structure
but abnormal regeneration that produced duplications, transdeterminations and multiplica-
tions were also recorded. In leg discs, for example, medial (anterior) fragments typically regen-
erated whole leg discs whereas lateral (posterior) fragments typically duplicated the surviving
structure [3]. Transdetermination in which the regenerated parts assume the identity of
another disc was also frequent in the classical studies of surgically ablated leg discs (taking on
wing fate). Multiplication produced too many copies of a normal part in the regenerated struc-
ture, for example sensilla trichodea (sense organs) in the leg [3].

Another model of regeneration uses genetic means to kill cells in a specific compartment,
for example by temporally regulated expression in the wing pouch of pro-apoptotic genes such
as eiger, hid or rpr [6, 7]. The discs with ablated parts reside in situ and regeneration is moni-
tored after shutting off the death-inducing gene. Genetic and molecular analysis identified Wg
(Drosophila Wnt-1) and STAT92E as key players in regeneration in both surgically and geneti-
cally ablated discs (e.g. [5, 7-11]). STAT92E (to be called STAT here) is the sole Drosophila
STAT and is an orthologue of mammalian STAT3/5. Wg and STAT, for example, were found
to be activated by JNK activity at the wound site and promoted cell proliferation and blastema
formation that underlies regeneration after surgical ablation [8].

We have been studying regeneration of imaginal discs after damage by ionizing radiation
(IR). Unlike surgical or genetic ablation, IR induces apoptosis that is scattered throughout the
disc. Larvae in which about half of the cells in each imaginal discs have been killed by IR (typi-
cally 4000R of X-rays) regenerate to produce a viable fertile adult fly [12, 13]. While IR-
induced apoptosis is scattered, the distribution is not random. We found, for example, that in
wing imaginal discs, cells of the future hinge, particularly those in the dorsal half, are more
resistant to IR-induced apoptosis than cells of the wing pouch [14]. The hinge cells then partic-
ipate in the regeneration of the wing pouch that suffers more IR-induced apoptosis than the
hinge. The hinge also displays other characteristics such as different apical-basal organization
of cells and the presence of ‘tumor hot-spots’ that are particularly prone to neoplastic transfor-
mation [15]. We identified two functions of Wg and STAT in the hinge. First, Wg and STAT
protect hinge cells from IR-induced apoptosis. Second, Wg and STAT are needed to promote
the translocation of these cells towards the pouch, thereby facilitating regeneration of the wing
disc after radiation damage.

Here, we report that regeneration after IR damage can occur faithfully to restore the wing
disc or produce abnormal structures, just like abnormal regeneration after surgical ablation
produces duplications, transdeterminations and multiplications. We studied regeneration of
irradiated larval wing discs in a time course using a lineage tracing system, and identified a
sequence of cellular events that produced a second, ectopic wing disc. We used tissue-specific
expression of RNAI to identify cell-autonomous roles for epigenetic regulators, STAT, and Wg
in this process. We found that faithful regeneration (to restore the primary wing disc) and
abnormal regeneration (to produce an ectopic wing disc) have common as well as distinct
genetic requirements. All genetic components we identified are conserved in mammals,

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007055 October 13,2017 2/21


https://doi.org/10.1371/journal.pgen.1007055

@’PLOS | GENETICS

Regeneration after radiation damage

making it possible to test their roles in normal and abnormal regeneration after radiation dam-
age in those systems in future studies.

Results
Irradiation produces extra growth during regeneration

In our studies of wing disc regeneration after radiation damage, we used the 30A-GAL4 driver,
in conjunction with GAL80", to direct gene expression to the hinge, which is the site of IR-resis-
tant cells that participate in regeneration [14]. 4000R of X-rays were used in all experiments in
this work. We expressed a published G-trace system in which UAS-REP serves as a real-time
marker (Fig 1B and 1H), while clonally stable GFP expression is induced by UAS-FRT mediated
recombination [16]. When used in conjunction with a tissue/cell type-specific GAL4 driver such
as 30A-GAL4, cells in which GAL4 is active express RFP. 30A-GALA4 is active in parts of the
hinge (indicated with white lines in Fig 1B, see also Fig 1H) and a few cells of the notum (arrow
in Fig 1B, see also Fig 1 H). These cells also undergo FRT-mediated recombination to stably
express GFP from a Ubiquitin promoter. If these cells or their descendants change fate and lose
GALA4 activity, RFP would cease to express but GFP would still be expressed, allowing us to fol-
low cells through fate changes. GAL4 activity is further controlled temporally by repressing it
with a temperature sensitive GAL80. Only upon a shift to 29°C to inactivate GAL80" (Fig 1I),
would GAL4 become active to lineage mark cells of interest. The larvae were then irradiated and
the fate of labelled cells followed in a time course. In these studies, regeneration restores normal
appearance by DNA stain (Fig 1, compare 1A to 1C), but regenerated wing pouches were com-
posed in part of cells derived from the hinge but have lost their hinge fate (RFP"GFP™; arrow in
Fig 1D) [14]. Without irradiation, cell fates are relatively more stable (Fig 1B).

In this experimental system, we noted that some of the wing discs in irradiated samples had
ectopic growths (Fig 1E, arrowhead, quantified in G and classified in H). Wing discs from sim-
ilarly treated wild type w'''® larvae also produced ectopic growths (Fig 1F, arrowhead). IR-
induced ectopic growths were dependent on the temperature shift protocol (Fig 1I). This pro-
tocol allowed larval growth and disc development before shifting to 29°C to inactivate
GALS0" and activate GAL4. Ectopic growths did not form if the larvae were kept at 25°C
throughout the experiment; 45/45 discs were class 0/1 in two separate experiments. While we
do not know why the production of ectopic discs depended on a temperature shift, the ability
to produce them provides us with an opportunity to study this mode of regeneration. It should
be possible to test the role of temperature-induced molecular changes such as the heat shock
response in the future.

We used 30A-GAL4>RFP expression pattern to classify discs with ectopic growths. RFP
was predominantly in the hinge but was also in a few scattered cells in the notum (Fig 1H). All
classes of discs showed similar RFP signal in the hinge but differed in the number and organi-
zation of RFP™ cells in the notum. Class 0 discs showed <10 REFP* cells (arrow), almost all in
the anterior (A) half of the notum. Class I discs showed more RFP™ cells that have spread into
the posterior (P) half of the notum (arrows). Class II discs showed a cluster of RFP™ cells near
the dorsal-posterior edge of the notum (arrowhead) in addition to scattered RFP™ cells in the
notum (arrow). Class III discs showed RFP" cells in a ring that is often incomplete (arrow-
head), also near the dorsal posterior edge of the notum, that still shares a continuous boundary
with the rest of the disc (the disc boundary traced with a yellow line appears continuous).
Class IV discs showed similar rings of REP" cells (arrowhead) that have grown into a structure
no longer confined within the notum (the disc boundary traced with a yellow line is dis-con-
tinuous). Quantitative analysis showed that all un-irradiated discs were class 0 or I; classes
II-IV are strictly IR-dependent (Fig 1G, compare 72 h -/+IR, the last two bars).
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Fig 1. Radiation induces extra growth in the wing disc. 72-96 h old larvae treated with the temperature shift protocol as shown in panel | were irradiated
with 4000R of X-rays. The discs were dissected 72 h after irradiation, fixed and stained for DNA and visualized for RFP/GFP when present. All discs shown
were of the genotype 30A-GAL4>UAS-RFP, G-trace/+; GAL80'/+except (F) that shows a w’ '8 disc. Scale bar = 100 ym in (A-F); 120 ym in (H). (A-D) Discs
at 72 h after irradiation with 0 (-IR) or 4000R of X-rays (+IR). Regenerated discs appear normal by DNA stain (C) but the pouches were rebuilt from hinge cells
that translocated and changed fate (arrow in D). (E) A regenerated disc with ectopic growth (arrowhead). (F) A regenerated w’’"8 disc with ectopic growth
(arrowhead). (G) The frequency of disc classes at various times after irradiation in 30A-GAL4>G-trace discs. n = number of discs examined. 0 h =immediately
before irradiation. Data from one time course with a single cohort of larvae is shown, but similar data were seen in two other time courses (biological replicates).
(H) Representative images illustrate Classes 0-1V. (1) The temperature shift protocol.

https://doi.org/10.1371/journal.pgen.1007055.9001

To understand how different classes of ectopic growth relate to each other, we followed
30A-GAL4>G-trace discs in a time course after irradiation. Immediately before irradiation (0
h), the discs were predominantly class 0 (Fig 1G, IR+ Oh). All discs were class I at 24 h after IR.
Classes II and IIT appeared at 48 h after IR, followed by classes IV at 72 h after IR. All irradiated

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007055 October 13,2017 4/21


https://doi.org/10.1371/journal.pgen.1007055.g001
https://doi.org/10.1371/journal.pgen.1007055

@’PLOS | GENETICS

Regeneration after radiation damage

larvae entered the pupal stage subsequently. The complete absence of class 0 discs at 24 h after
irradiation is striking because by 72 h after irradiation, all five classes were represented (Fig
1G). At the intermediate time point of 48 h, we saw classes IT and III but not yet IV. We inter-
pret these data to mean that between 24 and 72 h after irradiation, some class I discs regressed
to class 0 while others progressed to classes II and III and, subsequently, class IV.

The frequency of class III and IV discs at 72 h after irradiation in 30A-GAL4>G-trace
discs was 20.9% (Fig 1G). w''*® discs lacked RFP and could not be classified as in Fig 1H,
but the frequency of discs with obvious overgrowths as in Fig 1E and 1F was similar; 38/
183 or 20.8% in four independent experiments using the protocol in Fig 11 showed obvious
ectopic growths, while none did in un-irradiated samples (0/153). Similar frequency of
ectopic discs in 30A-GAL4>G-trace and w'''® discs means that ectopic growths are not
due to 30A-GAL4>G-trace transgenes.

Ectopic growths are wing discs derived in part from RFP* cells of the
notum

IR-induced ectopic growths lacked Ubx and were therefore not haltere discs (Fig 2A-2C,
arrowhead) [17]. The expression of Wg protein in a theta (8) pattern in the ectopic growths
(Fig 2D-2F, arrowhead) matched that of wing and haltere discs but not leg discs where it is a
wedge. Wg pattern and the absence of Ubx indicated that ectopic growths were ectopic wing
discs. All ectopic wing discs were found at the dorsal-posterior edge of the notum (n>300
discs examined), at the same location as RFP" cell clusters in class II discs (Fig 1H, arrowhead
in ‘class II’). We hypothesized that such cell clusters matured into ectopic discs to produce
class Il and IV discs. To test the idea, we followed the fate of RFP™ cells using the GFP lineage
tracer [16] (Fig 2H and 2I). We found that ectopic pouches included descendants of cells that
used to express RFP (RFP"GFP", arrowhead in Fig 2H). This is similar to what we saw in the
regenerated wing pouch after irradiation, that it was composed of GFP"RFP former hinge
cells that lost their hinge fate [14] (arrow in Fig 1D). The key difference was that fate change
and pouch-building occurred days after irradiation and in an ectopic wing disc that did not
suffer IR-induced damage. Furthermore, ectopic wing discs also included RFP"GFP" cells (* in
Fig 2I). These never expressed RFP (because they lacked the GFP lineage marker) and there-
fore must have originated either from RFP" cells of the primary notum or the primary pouch.
We had used the G-trace system previously to test if pouch cells relocated after irradiation;
they did not [14]. Therefore, the notum was the likely origin of RFP"GFP" cells in the ectopic
disc. These findings are consistent with the idea that ectopic wing discs originated from a com-
bination of RFP* cell cluster near the dorsal posterior margin of the notum in class II discs and
un-related (RFP"GFP’) notum cells.

Initial changes in the notum accompanies cell number increase through
mitosis

The abundance of class 0 discs at the time of irradiation and the complete incidence of class I
discs at 24 h after irradiation (Fig 1G) reflects the fact that RFP* cells in the notum increased
in number during this period. Quantification of RFP" cell number confirmed this (Fig 34,
compare -/+IR 24 h in GAL4 only samples, p = 1.05E-05 in 2-tailed t-test). Sample images
used in the quantification are shown in S1 Fig. To ask if this increase was due to mitosis, we
co-expressed Rux in RFP" cells. Rux is an inhibitor of cyclin/cdk complexes, with particular
activity towards cyclin A/cdkl, which plays a mitotic role in Drosophila [18, 19]. Rux is
expected to block mitosis without affecting S phase. We confirmed this by staining for phos-
pho-510-Histone H3, a mitotic marker; we saw reduced mitoses in the 30A domain (Fig 3B
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Fig 2. The extra growths in regenerated discs are ectopic wing discs that originate from RFP* cells in the notum. Larvae were treated as shown in
Fig 11. The discs were dissected 72 h after irradiation, fixed and stained for DNA and visualized for RFP. The discs were also stained with antibodies against
Ubx and Wg as indicated. All are from 30A-GAL4>UAS-RFP, G-trace/+; GAL80"/+ larvae. The discs are shown Anterior left and Dorsal up. Scale

bar =100 um in all panels except in () where it is 50 pm. (A-C) Ubx signal is present in the haltere disc but not in the ectopic disc. (D-F) Wg pattern in the
ectopic disc is unlike in the leg disc. (G-1) An example of a class IV disc in which cells of the ectopic disc (magnified 2X in 1) are composed of RFP* cells in the
ectopic hinge (G), RFP"GFP™ cells (arrowheads in H and I) and RFP"GFP" cells (* in I).

https://doi.org/10.1371/journal.pgen.1007055.9002
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Fig 3. Rux blocked mitosis and stabilized cell number. Larvae were treated as shown in Fig 11. The discs
were fixed and stained for DNA and with an antibody against phospho-S10-Histone H3 (pH3), a marker of
mitosis, and visualized also for RFP. Genotype: 30A-GAL4>UAS-RFP, G-trace/+; GAL80"/+ (GAL4 only) or
30A-GAL4>UAS-RFP, G-trace/UAS-Rux; GAL80'/+ (Rux). Scale bar = 50 um. (A) Quantification of RFP*
cell number in the anterior half of the notum at the time of irradiation (0 h) or 24 h later. The number of discs
analyzed in two-four different experiments (biological replicates) were: for GAL4 only TO (24), T24-IR (6), T24
+IR (19); Rux TO (14), T24-IR (15), T24+IR (18). Student t-test was used for statistical significance. Sample
notums used for quantification are shown in S1 Fig. (B-E) Wing discs at 0 h (immediately before irradiation).
pH3* cells are absent in the 30A-GAL4 domain marked with RFP in (C). A single confocal slice is shown.
(D-E) Nuclear RFP shows that cells in the 30A-GAL4 domain have large nuclei compared to those in the
GAL4 only controls (arrows). DNA signal shows similar-sized nuclei outside the 30A-GAL4 domain in both
discs.

https://doi.org/10.1371/journal.pgen.1007055.9003

and 3C, brackets) and cells with large nuclei that resulted from repeated S phases without
mitosis (Fig 3, arrows compare red nuclei in D and E). Co-expression of Rux abolished the IR-
induced increase in RFP™ cells in the notum (Fig 3A, compare UAS-Rux -IR 24h to +IR 24 h,
p = 0.16 by 2-tailed t-test), suggesting that cell number increase within 24 h after irradiation
was due to increased mitoses. Increased proliferation after IR-induced cell death would be
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similar to the phenomenon of ‘accelerated proliferation’ in which surviving cancer cells prolif-
erate faster than before irradiation (pg. 384 in [20]). Mitotic index also increased in larval
imaginal discs recovering from irradiation, with the increase occurring throughout the wing
disc [12, 13]. Cell death by other means can also result in increased proliferation in Drosophila
imaginal discs, as in the phenomenon of compensatory and apoptosis-induced proliferation
(e.g. [5,21-23] for review).

Ectopic wing discs can form while mitosis is prevented with Rux

Even with Rux-induced inhibition of mitosis, classes II-IV discs were produced, although with
a delay and with reduced frequency (Fig 4A-4C, compare 4D to Fig 1G). Lineage tracing
experiments showed that ectopic discs formed under Rux expression were also composed of
RFP*GFP", RFP"GFP" and RFP"GFP" cells, just like the ectopic discs of GAL4 only control lar-
vae (Fig 4E-4H). Furthermore, ectopic disc formation accompanied a large increase in RFP*
cell number in the notum of 30A>Rux discs between 24 and 72 h after irradiation; we counted
281+61 nuclear RFP" cells in the ectopic growths of class II-IV 30A>Rux discs at IR+72 h

(n = 6 in three biological replicates). In contrast, RFP™ cells in the notum in 30A>Rux discs
numbered only 57+16 at IR+24 h (Fig 3A). This increase occurred without apparent changes
in the rest of the disc. For example, Fig 4A-4C were threshold-adjusted and shown in Fig 41—
4K. Where did these extra ~200 RFP™ cells come from in the span of 48 h while mitosis was
prevented by Rux? We do not favor the possibility that they are migrants from the primary
hinge, for the following reasons. At 48-72 h after irradiation, un-irradiated hinges showed 443
+111 cells (n = 10 in two different biological replicate experiments; Fig 4M shows an example
of an optical slice used for nuclear counting). To produce ~200 cells in the notum, about half
must have translocated. But in all our time courses (Fig 1G), we saw no evidence of hinge cells
translocating into the notum/ectopic pouch even though the translocation in the other direc-
tion was readily detected (Fig 1D, arrow). We also attempted to count RFP* cells in the pri-
mary hinge, to detect any depletion. But unlike in the ectopic hinge where RFP* nuclei were
discrete (e.g. Fig 40), RFP" nuclei in the primary hinge of irradiated discs were often frag-
mented, perhaps due to IR-induced cell death (arrows in Fig 4N). This prevented us from
counting nuclei in the primary hinge with confidence. Instead, we quantified the RFP" area in
the hinge from threshold-adjusted images such as those in Fig 4I-4K. While a significant
increase in the notum was detected (Fig 4L), there was no evidence of depletion of RFP™ cells
in the hinge of class ITI/IV discs (compare-IR to +IR class ITI/IV). We also saw no signs of
hypertrophy in irradiated hinges of class III/IV discs (compare nuclei size in Fig 4M and 4N),
ruling out the possibility that while half the hinge cells translocated to the notum, the remain-
der underwent extra S phases to fill in the gap. Taken together, these results do not favor the
possibility that RFP* cells from the primary hinge translocated into the notum to produce
ectopic discs. This leaves de novo induction of the RFP" fate in notum cells as a likely possibil-
ity, as discussed in DISCUSSION.

STAT is required cell-autonomously for ectopic growth while Wg also
makes a contribution

Our previous work found that Wg and STAT protected the hinge from IR-induced apoptosis
and promoted the translocation of hinge cells into the pouch [14]. Therefore, we investigated
whether Wg and STAT also has a role in the generation of ectopic wing discs after irradiation.
Depletion of STAT with RNAI in the 30A domain reduced the frequency of classes II-IV (Fig
5A, compare the first two bars). We conclude that STAT activity is required in the RFP* cells
to produce ectopic wings. We also inhibited Wg by expressing the antagonist Axin using the
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Fig 4. Ectopic discs formed even when mitosis was inhibited. Larvae of the genotype 30A-GAL4>UAS-RFP, G-trace/UAS-Rux; GAL80"/+ were treated
as shown in Fig 11 and dissected at various times after irradiation. The discs were fixed and stained for DNA and visualized for RFP and GFP. A-C show z-
projected images. E-H show a single z-section from two different discs, for clarity. Scale bar in A (50 um) applies to panels A-C and I-K; scale bar in F (also

50 pum) applies to panels E-H and M-O. (A) A wing disc at 0 h (immediately before irradiation). RFP signal in the boxed area is shown magnified in M. (B) A
class 0 disc at 72 h after irradiation. (C) A class IV disc at 72 h after irradiation. RFP signal in the boxed areas is shown magnified in N-O. (D) Quantification of
different classes from two biological replicates combined. (E-H) Ectopic discs formed under Rux expression also contained RFP*GFP* cells (most RFP™ cells
in E and F), RFP"GFP™ cells (arrow in F) and RFP"GFP" cells (arrows in G-H). (I-K) Images in A-C were threshold-set in Image J. (L) Area above the threshold
from images such as those in (I-K) were quantified in Image J and averaged. n = 6 per group in two different experiments. Error bar =1 STD. The p value
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represents the comparison of the notum areas in—IR against +IR class lIl/IV. The p value for the hinge in the same pair-wise comparison was 0.74. (M-O) Boxed
areas in A (M) or C (N-O) are shown magnified and black/white inverted for clarity. Arrows in N point to RFP dots that we infer represent fragmented nuclei.

https://doi.org/10.1371/journal.pgen.1007055.9004

protocol in Fig 11. We found, however, that the resulting discs were malformed even without
irradiation. We reasoned that Axin, being an inhibitor, would not require the lag time RNAi
needs to take effect in other experiments. As such, Wg, we believe, was being inhibited too
early in larval development. In contrast, STAT RNAi produced wing discs that were indistin-
guishable from GAL4 only controls in un-irradiated samples (S2 Fig). Therefore, we reared lar-
vae for an additional 24 h before shifting to 29° in UAS-Axin experiments. This protocol
produced discs that were indistinguishable from GAL4 only controls or STAT RNAI discs (S2
Fig). Under these conditions, UAS-Axin reduced the frequency of ectopic discs compared to
similarly treated GAL4 only controls (Fig 5B).

Epigenetic regulators make cell-autonomous contributions to ectopic
growth

The generation of ectopic wing discs thus described involves changes in cell fate, gene expres-
sion status (RFP" to RFP") or both. Consistent, we found that depletion of epigenetic regula-
tors of transcription altered the frequency of ectopic wings (Fig 5A). We depleted Enhancer of
Polycomb, E(Pc); eggless (egg) and Set2, encoding histone methyl transferases; or Nurf-38,
encoding a member of the Nucleosome Remodeling Factor (NURF) complex. These regulators
were chosen because prior studies showed them to have a role in the apoptosis of larval salivary
gland [24], and we wanted to know if these also affect IR-induced apoptosis in the wing discs.
Depletion of each using published RNAi constructs produced inconclusive effects on apopto-
sis. Instead we saw a significant increase in the frequency of ectopic discs at 72 h after irradia-
tion upon depletion of egg, Set2 or Nurf-38, but not E(Pc), compared to GAL4 only controls
(Fig 5A). No ectopic discs were produced without IR (Fig 5C). Of these, Nurf-38 had the stron-
gest effect and was confirmed using a second RNAi line (‘Nurf#2’). Therefore, subsequent
analyses focused on Nurf-38.

Normal and abnormal regeneration are genetically separable

Two genes that showed the strongest effect on the frequency of ectopic growths are STAT and
Nurf-38. Further, they act in an opposing manner; depletion of STAT inhibited ectopic
growths while depletion of Nurf-38 promoted them. To ask if these are functionally related, we
depleted both simultaneously. Reduction of STAT using heterozygotes for a STAT severe loss-
of-function allele [25, 26] rescued the incidence of ectopic growth caused by 30A>Nurf-38
RNAi (Fig 5A, the second to last bar). This interaction was confirmed with simultaneous
RNAI for STAT and Nurf-38 (Fig 5A, the last bar). These results are consistent with STAT
functioning downstream or parallel to Nurf-38 to produce ectopic growths, with each provid-
ing activities that oppose the other.

Our published studies found that STAT was needed for hinge cells to translocate to the
pouch during normal regeneration [14]. This is seen by quantifying the extent of translocation
of RFP"GFP™ hinge cells into the pouch as in Fig 1D (quantification method described in S3
Fig). Under conditions where depletion of Nurf-38 led to increased ectopic discs, there was no
significant effect on the movement of hinge cells into the pouch (Fig 5E, compare GAL4 only
to Nurf), suggesting that depletion of Nurf-38 was unable to promote regeneration beyond
what was normally seen. Thus, normal and abnormal regeneration show different dependence
on Nurf-38. We next asked if Nurf-38 depletion could promote regeneration under conditions
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Fig 5. The frequency of ectopic discs is modulated by Wg, STAT and epigenetic regulators. Larvae were treated as in Fig 11 except for a modification in
Axin experiments (see text). The discs were dissected 72 h (A-C) or 24 h (D) after irradiation, fixed and stained for DNA and visualized for RFP/GFP when
present. **p<0.01, ***p<0.001 vs. GAL4 only +IR (see S1 Table for Chi-square analysis and p values for different pair-wise comparisons). (A-C) The frequency
of disc classes from 2—4 independent experiments (biological replicates). Genotypes were: GAL4 only = 30A-GAL4>UAS-RFP, G-trace/+; GAL80'/+/ STAT =
UAS-STAT RNAI/+; 30A-GAL4>UAS-RFP, G-trace/+; GAL80"/+ / E(Pc) = 30A-GAL4>UAS-RFP, G-trace/+; GAL80/UAS-E(Pc) RNAI / Set2 = 30A-
GAL4>UAS-RFP, G-trace/ UAS-Set2 RNAi; GAL80"/+ / egg = 30A-GAL4>UAS-RFP, G-trace/+; GAL80/UAS-egg RNAi / Nurf = 30A-GAL4>UAS-RFP, G-
trace/+; GAL80'/UAS-Nurf-38 RNAi#1 / Nurf#2 = 30A-GAL4>UAS-RFP, G-trace/+; GAL80"/UAS-Nurf-38 RNAi#2 / Nurf; STAT/+ = 30A-GAL4>UAS-RFP, G-
trace/ GAL80'S; UAS-Nurf-38 RNAi#1/ STAT92E%346 / Nurf STAT = UAS-STAT RNAJ/+; 30A-GAL4>UAS-RFP, G-trace/UAS-Dcr; GAL80'/ UAS-Nurf RNAI#1.
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/ Axin = 30A-GAL4>UAS-RFP, G-trace/+; GAL80'S/UAS-Axin. (D) The discs were processed identically, to allow comparison of GFP intensity. GAL4

only = STAT-GFP/30A-GAL4; GAL80"/+ (no G-trace). Nurf-38 = STAT-GFP/30A-GAL4; GAL80/UAS-Nurf-38 RNAi#1 (no G-trace). Brackets indicate the
notum and the arrows, the pouch. Scale bar = 50 ym. (E) The extent of translocation of hinge cells into the pouch was quantified by measuring the area of
GFP*RFP cells in the pouch and normalizing it to the total GFP*RFP* area of the hinge for each disc. Please see S3 Fig for details on quantification. Student t-
test was used to compute p values. (F) GFP intensity in the notum, the dorsal hinge, or the pouch were quantified in images such as those in D and averaged
from 15 discs per treatment/genotype in three different experiments (biological replicates). p values shown are against—IR samples of the same genotype.
Please see S3 Fig for details on quantification. The difference between GAL4+IR and Nurf+IR was not statistically significant (p = 0.22-0.29 for notum, hinge and
pouch).

https://doi.org/10.1371/journal.pgen.1007055.g005

where regeneration was defective. To this end, we analyzed discs in which Nurf-38 and STAT
were depleted simultaneously in the 30A domain. Such discs show reduced ectopic growth
suggesting that STAT was successfully depleted (Fig 5A, the last bar). In the same discs, trans-
location of hinge cells into the pouch was significantly greater than in discs with STAT RNAi
alone (Fig 5E, compare STAT to Nurf STAT). We conclude that depletion of Nurf-38 could
indeed rescue regeneration defects that result from depletion of STAT.

Genetic interaction data described above suggest that STAT functions parallel or down-
stream of Nurf-38 in ectopic disc formation. To distinguish between these possibilities, we
assayed the effect of Nurf-38 depletion on STAT. STAT activity could be monitored using a
GFP transcriptional reporter with 10X STAT binding sites from a known STAT target gene,
Socs36E (‘STAT-GFP’, [27]). This reporter is highly expressed in the hinge as reported previ-
ously (Fig 5D, GAL4 only -IR). Irradiation increased STAT-GFP reporter expression through-
out the disc, but more obviously in the notum (brackets) and the pouch (arrows) that normally
display close to background levels (Fig 5D, quantified in F; see S3 Fig for quantification method).
In discs expressing 30A-GAL4>Nurf-38 RNAi, STAT-GFP also increased after irradiation and
this change was similar to what was seen in GAL4 only controls (Fig 5D, quantified in F). We
conclude that while depletion of Nurf-38 could modulate a STAT-dependent process in the
growth of ectopic discs, this effect is not through changes in STAT activity as detected by the
Socs36E-GFP reporter. In other words, these data favor the possibility that STAT and Nurf-38
function in parallel in ectopic disc formation.

Ectopic growths show induction of hinge marker Zfh2

To ask whether 30A-GAL4 expression in the notum and later in the ectopic discs indicates
hinge fate, we stained for the hinge marker Zfh2. Zth2 is a transcription factor and a down-
stream effector of STAT during wing development [28] and during regeneration of genetically
ablated wing pouch [9]. Zth2 expression is confined to the hinge in the 3™ instar wing disc
where gray Zth2 signal encompasses and extends beyond the red 30A>RFP domain (compare
Fig 6E and 6M). Without irradiation, we saw little or no signal in the notum despite the pres-
ence of RFP™ cells in the region (Fig 6, -IR panels). In irradiated discs, Zth2 was detectable in
the notum. Specifically, RFP™ cells in the posterior half of the notum in class I discs show faint
Zth2 signal, which also encompassed the RFP signal and extended to neighboring cells (arrow-
head in Fig 6B and corresponding panels below). In class II/III discs where the posterior RFP*
cell cluster was clearly visible, Zth2 also encompassed and extended beyond the RFP signal
(arrowhead in Fig 6C and corresponding panels below). The RFP™ ectopic hinge in class IV
discs likewise showed Zfh2 staining (arrowhead in Fig 6D and corresponding panels below).
Based on the presence of Zth2, we conclude that 30A>RFP-expressing cells in the ectopic
discs did indeed take on the hinge fate.

These data lead us to propose a model for ectopic disc growth (Fig 6Q). In this model, irra-
diation increases RFP" cells in the notum through increased mitosis such that all discs are class

3rd
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Fig 6. The presence of Zfh2 on ectopic growths and a model for ectopic disc formation. (A-P) Zfh2
staining in primary and ectopic discs. Larvae of the genotype 30A-GAL4>UAS-RFP, G-trace/+; GAL80'/

+ were treated as in Fig 11. The discs were dissected 72 h after irradiation, fixed and stained for DNA and with
an antibody against Zfh2. The discs were also visualized for RFP. Zfh2 signal is absent in the notum as
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expected but appears in ectopic growths (arrowheads). Scale bar =50 pm. (Q) A model for the formation of
ectopic wing discs after irradiation. STAT and Wg promote the process (blue) while Nurf-38, Set2 and Egg
inhibit it (red).

https://doi.org/10.1371/journal.pgen.1007055.9006

I by 24 h after irradiation (Fig 3A). Class I discs could remain as class I, revert to class 0, or
form a posterior cell cluster to progress to class II. Cells of the cluster then produce an ectopic
hinge/pouch to progress to classes III/TV. We propose that the formation of the cluster and
subsequent maturation of it into an ectopic disc requires STAT; depletion of STAT not only
reduced the fraction of class II-IV discs compared to GAL4 only controls but also abolished
classes IIT and IV. Therefore, STAT likely functions in all step starting with the formation of
class II. Inhibition of Wg also reduced the overall fraction of Class II-IV (like STAT RNAi),
but still was compatible with the formation of classes III/IV (unlike STAT RNAi). This sug-
gests that Wg activity is needed in the 30A domain for the formation of the cluster, but less so
for subsequent steps. We cannot rule out, however, that Wg activity is needed in cells outside
of the 30A domain for the cluster of RFP™ cells to mature into an ectopic wing disc. We further
propose that Set2, Nurf-38 and Egg oppose the formation of class II discs as well as subsequent
steps; thus, depletion of Set2, Nurf-38 or Egg increased classes II-IV.

Discussion

Regeneration inevitably requires cell fate changes. During blastema formation in vertebrate
limb development, for example, cells of the stump de-differentiate, migrate to the wound site,
proliferate, and re-differentiate to new fates [29]. Cell fate changes would require destabilizing
the gene expression landscape of differentiated cells and, later, re-establishing and stabilizing a
new gene expression landscape. In different experimental systems including Drosophila and
vertebrates, post-translational modifications in Histones correlate with cell fate changes during
tissue regeneration (e.g. [30]). Where studied, there are also causal relationships, for example
the role of Polycomb/Trithorax group of genes in transdetermination and regeneration (e.g.
[31-36]). In this context, our results contribute to our understanding of regeneration after
damage by ionizing radiation as follows.

We report a remarkable feat of cellular gymnastics that occur during a 48 h period, from 24
to 72 h after irradiation, to produce an ectopic wing disc. This can happen without the full ben-
efit of cell multiplication (in Rux-expressing discs). While we cannot rule out translocation of
hinge cells into the notum in the formation of ectopic discs, our findings do not favor this pos-
sibility as described above (Fig 4). Instead, a possible mechanism is the de novo induction of
the hinge marker 30A-GAL4 in the notum cells to produce the posterior RFP™ cell clump.
This, we believe is the critical step that is governed by STAT, Wg, Set2, Egg and Nurf-38
(model in Fig 6Q). Once formed, this cluster of RFP" cells can lose their hinge fate (become
RFP GFP") and recruit un-related cells (RFP"GFP") to form an ectopic wing disc (Fig 21).
Moreover, the genetic requirements we identified are cell-autonomous; we expressed dsSRNA
and Axin using the 30A-GAL4 driver that also drove RFP expression. Thus, while STAT activ-
ity increases throughout the notum after irradiation (Fig 5D), cell autonomous depletion
within RFP" cells was sufficient to interfere with duplication, thereby identifying a cell popula-
tion critical for the formation of ectopic wing discs.

Are ectopic discs duplications or transdeterminations? Because we see two wing discs instead
of one, we may classify ectopic discs as duplications. On the other hand, if duplication means
copying of existing structures, ectopic discs are not exactly duplications; ectopic pouch, for
example, is not derived from the primary pouch. Likewise, notum to hinge/pouch fate change
we see may be classified as transdetermination. On the other hand, if transdetermination is
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defined as when one disc takes on the fate of another (e.g. leg->wing), ectopic discs that remain
as wing disc do not fit this definition. Therefore, we will refer to what we see simply as ‘ectopic
discs’, to avoid confusion.

The frequency of ectopic wing discs after irradiation (~20% in both GAL4 only and w''’®)
seems high but is in fact lower than the frequency of abnormal regenerations recorded in clas-
sical studies of surgically ablated discs. Schubiger saw, for example, that among lateral (poste-
rior) leg fragments cultured in the adult abdomen, 33/41 (80%) regenerated discs with
duplications [3]. In the same study, among medial (anterior) leg fragments cultured in the
adult abdomen, 21/42 (50%) regenerated discs with transdetermination. Classical regeneration
studies using X-rays to cause damage also describe disc duplications but these observations
were limited to irradiation of ‘early imaginal discs consisting of only about 20 cells” [13].

We describe a step-wise sequence of events that can lead to mistakes during regeneration,
i.e. ectopic discs. A key step in this sequence, which we propose is targeted by epigenetic regu-
lators, STAT and Wg, is the formation of the posterior cell cluster. Wg, STAT and their homologs
have conserved well-studied roles during normal development as well as in tissue regeneration.
Wg and STAT are also implicated in pattern duplication and transdetermination of larval imagi-
nal discs. In fact, ubiquitous expression of Wg in second and third instar larva is sufficient to
induce transdetermination in imaginal discs [37, 38]. Molecular analysis of regeneration after
surgical ablation of leg discs also identified prominent roles for both STAT and Wg [8]. Here,
JNK activation at the wound site activates JAK/STAT and Wg, both of which then contribute to
extra proliferation to form a blastema. We also identified STAT and Wg is essential for the hinge
cells to participate in regeneration of the pouch after IR damage [14]. The current study further
solidified the role of STAT and Wg in regeneration, by identifying their contribution to abnormal
regenerations induced by IR.

All ectopic wing discs we saw grew out of the dorsal posterior notum. Their location and
appearance resemble ‘supernumerary wings discs’ that result from ectopic expression of Wg
[39, 40] or STAT [41], or mutations in Drosophila EGFR (DER) [42]. In the first case, expres-
sion of UAS-Wg, with Dpp-GAL-4 driver or in Ubx-driven clones, produced a wing disc that
grows out of the notum. In the second study, expression of Dpp-GAL4>UAS-Upd, a ligand
for JAK/STAT, or en-GAL4>UAS-hop (Dm JAK), also led to the growth of ectopic wings out
of the notum. The key difference was that in the published studies re-programming of cells in
the notum to wing pouch was limited to a very early stage in wing development. For example,
Wg overexpression at 3616 h after egg laying induced ectopic wing discs but could not at 48+6
h. The authors concluded that Wg has an early role in specifying wing pouch at the expense of
the notum but that at later times, Wg has another role, in D/V patterning. Likewise, induction
of ectopic wings was achieved by expression of Upd in second instar larvae. Likewise, ectopic
wing discs result from the loss of DER only in young larvae (up to 120 h after egg laying at
17°C or 72 h after egg laying under ‘normal culture conditions’) [42]. In our studies, larvae at
the time of irradiation were 72-96 h old. Taken together, these results suggest that in irradiated
discs, Wg and STAT revert to their potential seen earlier in development.

NUREF is known to oppose JAK/STAT signaling in the innate immune response in Drosoph-
ila, specifically in the larval hemocytes and the fat body [43]. In those tissues, NUREF is recruited
to a subset of STAT target genes by physical association with Zinc-finger protein Ken, and pro-
vides a repressive function. JAK/STAT signaling is activated in response to infection in order to
mount an effective immune response. NURF is proposed to temper JAK/STAT such that an
immune response occurs only when needed and is shut off when no longer necessary. This, we
propose, parallels the activation of STAT after irradiation that serves an essential regenerative
function but must be tempered in order to prevent excessive regeneration, i.e. the production of
ectopic structures. Nurf-38, we found, also opposes STAT in this context, in genetics and RNAi

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007055 October 13,2017 15/21


https://doi.org/10.1371/journal.pgen.1007055

@'PLOS | GENETICS

Regeneration after radiation damage

analyses. Depletion of Nurf-38, however, did not affect bulk STAT activity as seen with the
STAT-GFP reporter derived from one STAT target gene. It remains possible that Nurf-38
instead affects STAT activity in the context of another STAT target gene (s), which is important
for regeneration. While our data implicate epigenetic regulators in abnormal regeneration, we
do not yet know whether epigenetic regulation is at play. Identification of STAT and Nurf-38
targets and analysis of their epigenetic status would be required to address this possibility.

We note that we do not believe regeneration in the wing disc occurs by polyploidization. Rather,
polyploidization in our experiments was simply an outcome of using Rux to block mitosis. We were
surprised by the result that mitosis was dispensable for the formation of an ectopic wing disc. But
there is precedent for regeneration with polyploid cells [44]. For example, wound closure in Dro-
sophila adult abdomen occurs partly through polyploidization and cell fusion [45]. Ectopic discs in
UAS-Rux experiments in our experiments served a useful purpose in that these provide strong evi-
dence that ectopic pouches were made of both cells from the 30A-GAL4 domain (large, RFP") and
recruits from outside (small, GFPRFP’, arrow in Fig 4G). In this regard, the RFP" posterior cluster
of cells may resemble the Spemann-Mangold Organizer, identified by early Experimental Embryolo-
gists as a region of a frog embryo that, when surgically implanted at an ectopic location, could induce
a second body axis. The resulting supernumerary organs included not only the cellular descendants
of the Organizer but also host cells near the implant site that assumed new fates and were organized
into new structures. Loss or gain-of-function studies that test the effect of losing the RFP™ cell cluster
or its appearance at ectopic locations would be needed to further address this parallel.

Materials and methods
Drosophila stocks and methods

These stocks are described in Flybase: w''’%, 30A- GAL4 (on Ch II, Bloomington stock# or
BL37534), Ptub-GAL80" on Ch III, 10XSTAT-GFP (on Ch II, [27]), UAS-Axin-GFP (on Ch
11, BL7225), UAS-STAT RNAi (on X, BL26899), Set2 RNAi (BL55221), egg RNAi (BL31352),
Nurf-38 RNAi (#1 = BL35444; #2 = BL31341), E(Pc) RNAi (BL28686); UAS-Rux (BL9166);
STAT92E%**¢ [25, 26]. All Nurf-38 RNAi experiments used BL35444 with the exception of Fig
5A ‘Nurf-38 #2’. The stock used for lineage tracing is also described in Flybase; w*; P{UAS--
RedStinger}4, P{UAS-FLP.D}JD1, P{Ubi-p63E(FRT.STOP)Stinger}9F6 /CyO (BL28280).
Genotypes for BL stocks are in S2 Table.

30A-GAL4>UAS-RFP, G-trace/CyO-GFP; GAL80"/GALS0" virgin females were crossed
to w!1® males (GAL4 only controls) or UAS-dsRNA males. STAT RNAi virgin females were
crossed to 30A-GAL4>UAS-RFP, G-trace/CyO-GFP; GAL80"/GALS0" males. Progeny bear-
ing G-trace (RFP*GFP" larvae) were sorted for use.

Larvae culture and irradiation

Larvae were raised on Nutri-Fly Bloomington Formula food (Genesee Scientific) at 25°C
unless otherwise noted. The cultures were monitored daily for signs of crowding, typically
seen as ‘dimples’ in the food surface as larvae try to increase the surface area for access to air.
Cultures were split at the first sign of crowding.

Larvae in food were irradiated in a Faxitron Cabinet X-ray System Model RX-650 (Lincoln-
shire, IL) at 115 kv and 5.33 rad/sec.

Antibody staining

Antibodies to cleaved Phospho-S10-Histone H3 (1:1000, rabbit monoclonal, Upstate Biotech),
Wingless (1:100, mouse monoclonal, Drosophila Hybridoma Bank Cat#4D4), Ubx (1:750,
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Developmental Hybridoma Bank Cat#UbxFB3.38-c), and Zfh2 (1:400, rat polyclonal, [46]).
Secondary antibodies (Jackson) were used at 1:100 (rabbit and mouse) or 1:200 (rat). For anti-
body staining, wing discs were dissected in PBS, fixed in 4% para-formaldehyde in PBS for 30
min, and washed three times in PBS, permeabilized in PBTx (0.5% Triton X-100) for 10 min
and rinsed in PBTx (0.1% Triton X-100). The discs were blocked in 5% Normal Goal Serum in
PBTx (0.1% Triton X-100) for at least 30 min and incubated overnight at 4°C in primary anti-
body in block. The discs were rinsed thrice in PBTx (0.1% Triton X-100) and incubated in sec-
ondary antibody in block for 2 h at room temperature. Stained discs were washed in PBT. The
discs were counter-stained with 10 pug/ml Hoechst33258 in PBT or PBTx (0.1%TritonX-100)
for 2 min, washed 3 times, and mounted on glass slides in Fluoromount G (SouthernBiotech).
Discs that were imaged without antibody staining (in quantification of disc classes) were fixed
in 10% paraformaldehyde in PBS for 10 min, washed 1xPBS for 10 min and washed in PBTx
for 5 min. The discs were stained with Hoechst 33258 and mounted as described above.

Image analysis

With the exceptions noted below, the discs were imaged on a Perkin Elmers spinning disc con-
focal attached to a Nikon inverted microscope, using a SDC Andor iXon Ultra (DU-897) EM
CCD camera. The NIS- Elements acquisition software’s large image stitching tool was used for
the image capture. 20-21 z-sections 1 um apart were collected per disc and collapsed using
‘maximum projection’ in Image J. The exceptions are Fig 3, Fig 4E-4H and 4M-40 that show
a single z-section each; Fig 1A, 1B, 1E, 1F and 1H and Fig 2D-2F which were acquired on a
Leica DMR compound microscope using a Q-Imaging R6 CCD camera and Ocular software.

Statistical analysis

The distribution of disc classes was analyzed using the Chi-square test, using the numbers for
GAL4 only control +IR to generate the expected ratios of classes. Cell number in the notum,
RFP™ area, and STAT-GFP were analyzed using a 2-tailed t-test. For sample size justifications,
we used a simplified resource equation from [47]; E = Total number of animals — Total num-
ber of groups, where E value of 10-20 is considered adequate. When we compare two groups
(-/+IR or GAL4 vs RNAI, for example), 6 per group or E = 11 would be adequate. All samples
subjected to statistical analysis meet or exceed this criterion.

Supporting information

S1 Fig. Rux blocks mitosis. Related to Fig 3. Larvae were treated as shown in Fig 1T and dis-
sected 24 h after a shift to 29°C. The discs were fixed and stained for DNA and visualized for RFP.
Genotype: 30A-GAL4>UAS-RFP, G-trace/+; GAL80"/+ (A-C) and 30A-GAL4>UAS-RFP,
G-trace/UAS-Rux; GAL80"/+ (D-F). Disc margins were traced from DNA images. Boxed sec-
tions in C and F are magnified 3X, black/white inverted for ease of viewing, and shown in C’

and F’ respectively. All images are Dorsal up and Posterior to the right of the viewer. Scale bar =
120 ym in A-F and 40 um in C’ and F.

(PDF)

S2 Fig. The temperature shift protocol is compatible with disc development. Related to Fig
5. (A-B) Larvae were treated as shown in Fig 11 and dissected 72 h after irradiation with 0 R
(un-irradiated controls). The discs were fixed and stained for DNA and visualized also for
RFP. Genotype: 30A-GAL4>UAS-RFP, G-trace/+; GAL80"/+ in (A) and UAS-STAT RNAi/+;
30A-GAL4>UAS-RFP, G-trace/+; GAL80"/+ in (B). (C) Larvae were treated as in Fig 11
except for one modification: larvae were aged for 72 h at 25°C from the end of egg collection
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rather than from the beginning of egg collection. Thus, the larvae were 72-80 h old at the time
of temperature shift to 29°C. Genotype: 30A-GAL4>UAS-RFP, G-trace/+; GAL80"/
UAS-Axin. Scale bar = 50 yum.

(PDF)

$3 Fig. Quantification of translocation and STAT-GFP. Related to Fig 5. (A-B) Wing discs
from-IR (A) and +IR (B) larvae are shown to illustrate how translocation of hinge cells into
the pouch (arrow) was quantified. The area of GFP"RFP" cells within the circle was quantified
in Image ] and divided by the area of RFP"GFP" cells in the hinge. (C) A wing disc showing
STAT-GFP reporter expression. Average fluorescence in the circle was quantified in Image J
from the notum (1), the hinge (2), and the pouch (3). Background fluorescence was quantified
from three locations (4-6), averaged and subtracted from (1-3).

(PDF)

S1 Table. Chi-square values. Related to Figs 1 and 5. The frequency of disc classes observed
after genotype/treatment (Column 1) was tested for significant differences from the expected
(Column 2) using a Chi-square test. For values in column 3, five disc classes were taken sepa-
rately. For values in column 4, the discs were binned into either IR-induced (class II-IV) or
others (classes 0/I). p values that correspond to each chi-square value are provided as: ns = not
significant, *p<0.05, **p<0.01, ***p<0.001. Considering the five classes separately, we believe,
can provide false positives because the differences in the frequencies of non-IR-dependent
classes, 0 or I, could contribute to the chi square value. Therefore, more conservative values in
column 4 (bold) were used in the main text.

(PDF)

S2 Table. Stocks from Bloomington Stock Center used in this work.
(PDF)

Acknowledgments

Drosophila stocks from the Bloomington Drosophila Stock Center (NIH P400D018537) were
used in this study. The monoclonal antibodies developed by Joshua Sanes and Stephen Cohen
were from the Developmental Studies Hybridoma Bank, created by the NICHD of the NIH
and maintained at The University of Iowa, Department of Biology, Iowa City, IA 52242. We
thank Chris Doe for anti-Zfh2 antibodies. We thank the Light Confocal Microscopy Facility of
MCD Biology, CU Boulder, for assistance with imaging. We thank Rohan Mylavarapu for
technical assistance.

Author Contributions
Conceptualization: Shilpi Verghese, Tin Tin Su.
Data curation: Shilpi Verghese, Tin Tin Su.
Formal analysis: Shilpi Verghese, Tin Tin Su.
Funding acquisition: Tin Tin Su.

Investigation: Shilpi Verghese, Tin Tin Su.
Methodology: Shilpi Verghese, Tin Tin Su.
Project administration: Tin Tin Su.

Supervision: Tin Tin Su.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007055 October 13,2017 18/21


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007055.s003
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007055.s004
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007055.s005
https://doi.org/10.1371/journal.pgen.1007055

@'PLOS | GENETICS

Regeneration after radiation damage

Writing - original draft: Tin Tin Su.

Writing - review & editing: Shilpi Verghese, Tin Tin Su.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Abratt RP, Morgan GW. Lung toxicity following chest irradiation in patients with lung cancer. Lung Can-
cer. 2002; 35(2):103-9. PMID: 11804681.

Spalek M. Chronic radiation-induced dermatitis: challenges and solutions. Clin Cosmet Investig Derma-
tol. 2016; 9:473-82. hitps://doi.org/10.2147/CCID.S94320 PMID: 28003769; PubMed Central PMCID:
PMCPMC5161339.

Schubiger G. Regeneration, duplication and transdetermination in fragments of the leg disc of Drosoph-
ila melanogaster. Dev Biol. 1971; 26(2):277-95. PMID: 5003476.

Bergantinos C, Vilana X, Corominas M, Serras F. Imaginal discs: Renaissance of a model for regenera-
tive biology. Bioessays. 2010; 32(3):207-17. https://doi.org/10.1002/bies.200900105 PMID: 20127699.

Worley MI, Setiawan L, Hariharan IK. Regeneration and transdetermination in Drosophila imaginal
discs. Annu Rev Genet. 2012; 46:289-310. Epub 2012/09/01. https://doi.org/10.1146/annurev-genet-
110711-155637 PMID: 22934642.

Herrera SC, Martin R, Morata G. Tissue homeostasis in the wing disc of Drosophila melanogaster:
immediate response to massive damage during development. PLoS Genet. 2013; 9(4):e1003446.
Epub 2013/05/02. https://doi.org/10.1371/journal.pgen.1003446 PMID: 23633961; PubMed Central
PMCID: PMC3636033.

Smith-Bolton RK, Worley MI, Kanda H, Hariharan IK. Regenerative growth in Drosophila imaginal discs
is regulated by Wingless and Myc. Dev Cell. 2009; 16(6):797-809. Epub 2009/06/18. https://doi.org/10.
1016/j.devcel.2009.04.015 PMID: 19531351; PubMed Central PMCID: PMC2705171.

Katsuyama T, Comoglio F, Seimiya M, Cabuy E, Paro R. During Drosophila disc regeneration, JAK/
STAT coordinates cell proliferation with Dilp8-mediated developmental delay. Proc Natl Acad SciU S A.
2015; 112(18):E2327-36. https://doi.org/10.1073/pnas.1423074112 PMID: 25902518; PubMed Central
PMCID: PMCPMC4426433.

La Fortezza M, Schenk M, Cosolo A, Kolybaba A, Grass |, Classen AK. JAK/STAT signalling mediates
cell survival in response to tissue stress. Development. 2016; 143(16):2907—-19. https://doi.org/10.
1242/dev.132340 PMID: 27385008.

Santabarbara-Ruiz P, Lopez-Santillan M, Martinez-Rodriguez |, Binagui-Casas A, Perez L, Milan M,
et al. ROS-Induced JNK and p38 Signaling Is Required for Unpaired Cytokine Activation during Dro-
sophila Regeneration. PLoS Genet. 2015; 11(10):e1005595. https://doi.org/10.1371/journal.pgen.
1005595 PMID: 26496642; PubMed Central PMCID: PMCPMC4619769.

Schubiger M, Sustar A, Schubiger G. Regeneration and transdetermination: the role of wingless and its
regulation. Dev Biol. 2010; 347(2):315-24. https://doi.org/10.1016/j.ydbio.2010.08.034 PMID:
20816798; PubMed Central PMCID: PMCPMC2976676.

Jaklevic BR, Su TT. Relative contribution of DNA repair, cell cycle checkpoints, and cell death to sur-
vival after DNA damage in Drosophila larvae. Curr Biol. 2004; 14(1):23-32. PMID: 14711410.

James AA, Bryant PJ. A quantitative study of cell death and mitotic inhibition in gamma-irradiated imagi-
nal wing discs of Drosophila melanogaster. Radiat Res. 1981; 87(3):552—-64. Epub 1981/09/01. PMID:
6792652.

Verghese S, Su TT. Drosophila Wnt and STAT Define Apoptosis-Resistant Epithelial Cells for Tissue
Regeneration after Irradiation. PLoS Biol. 2016; 14(9):e1002536. https://doi.org/10.1371/journal.pbio.
1002536 PMID: 27584613; PubMed Central PMCID: PMCPMC5008734.

Tamori Y, Suzuki E, Deng WM. Epithelial Tumors Originate in Tumor Hotspots, a Tissue-Intrinsic Micro-
environment. PLoS Biol. 2016; 14(9):e1002537. https://doi.org/10.1371/journal.pbio.1002537 PMID:
27584724; PubMed Central PMCID: PMCPMC5008749.

Evans CJ, Olson JM, Ngo KT, Kim E, Lee NE, Kuoy E, et al. G-TRACE: rapid Gal4-based cell lineage
analysis in Drosophila. Nat Methods. 2009; 6(8):603-5. Epub 2009/07/28. https://doi.org/10.1038/
nmeth.1356 PMID: 19633663; PubMed Central PMCID: PMC2754220.

White RA, Wilcox M. Protein products of the bithorax complex in Drosophila. Cell. 1984; 39(1):163-71.
PMID: 6091908.

Foley E, Sprenger F. The cyclin-dependent kinase inhibitor Roughex is involved in mitotic exit in Dro-
sophila. Curr Biol. 2001; 11(3):151-60. PMID: 11231149.

Sprenger F, Yakubovich N, O’Farrell PH. S-phase function of Drosophila cyclin A and its downregula-
tion in G1 phase. Curr Biol. 1997; 7(7):488—-99. PMID: 9210381; PubMed Central PMCID:
PMCPMC2754254.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007055 October 13,2017 19/21


http://www.ncbi.nlm.nih.gov/pubmed/11804681
https://doi.org/10.2147/CCID.S94320
http://www.ncbi.nlm.nih.gov/pubmed/28003769
http://www.ncbi.nlm.nih.gov/pubmed/5003476
https://doi.org/10.1002/bies.200900105
http://www.ncbi.nlm.nih.gov/pubmed/20127699
https://doi.org/10.1146/annurev-genet-110711-155637
https://doi.org/10.1146/annurev-genet-110711-155637
http://www.ncbi.nlm.nih.gov/pubmed/22934642
https://doi.org/10.1371/journal.pgen.1003446
http://www.ncbi.nlm.nih.gov/pubmed/23633961
https://doi.org/10.1016/j.devcel.2009.04.015
https://doi.org/10.1016/j.devcel.2009.04.015
http://www.ncbi.nlm.nih.gov/pubmed/19531351
https://doi.org/10.1073/pnas.1423074112
http://www.ncbi.nlm.nih.gov/pubmed/25902518
https://doi.org/10.1242/dev.132340
https://doi.org/10.1242/dev.132340
http://www.ncbi.nlm.nih.gov/pubmed/27385008
https://doi.org/10.1371/journal.pgen.1005595
https://doi.org/10.1371/journal.pgen.1005595
http://www.ncbi.nlm.nih.gov/pubmed/26496642
https://doi.org/10.1016/j.ydbio.2010.08.034
http://www.ncbi.nlm.nih.gov/pubmed/20816798
http://www.ncbi.nlm.nih.gov/pubmed/14711410
http://www.ncbi.nlm.nih.gov/pubmed/6792652
https://doi.org/10.1371/journal.pbio.1002536
https://doi.org/10.1371/journal.pbio.1002536
http://www.ncbi.nlm.nih.gov/pubmed/27584613
https://doi.org/10.1371/journal.pbio.1002537
http://www.ncbi.nlm.nih.gov/pubmed/27584724
https://doi.org/10.1038/nmeth.1356
https://doi.org/10.1038/nmeth.1356
http://www.ncbi.nlm.nih.gov/pubmed/19633663
http://www.ncbi.nlm.nih.gov/pubmed/6091908
http://www.ncbi.nlm.nih.gov/pubmed/11231149
http://www.ncbi.nlm.nih.gov/pubmed/9210381
https://doi.org/10.1371/journal.pgen.1007055

@'PLOS | GENETICS

Regeneration after radiation damage

20.
21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Hall EJ, Giaccia AJ. Radiobiology for the Radiologist. 6 ed: Lippincott Williams & Wilkins; 2006.

Fan 'Y, Bergmann A. Apoptosis-induced compensatory proliferation. The Cell is dead. Long live the
Cell! Trends Cell Biol. 2008; 18(10):467—73. https://doi.org/10.1016/j.tcb.2008.08.001 PMID:
18774295; PubMed Central PMCID: PMCPMC2705980.

Martin FA, Perez-Garijo A, Morata G. Apoptosis in Drosophila: compensatory proliferation and undead
cells. Int J Dev Biol. 2009; 53(8—10):1341-7. https://doi.org/10.1387/ijdb.072447fm PMID: 19247932.

Ryoo HD, Bergmann A. The role of apoptosis-induced proliferation for regeneration and cancer. Cold
Spring Harb Perspect Biol. 2012; 4(8):a008797. https://doi.org/10.1101/cshperspect.a008797 PMID:
22855725; PubMed Central PMCID: PMCPMC3405855.

Zhang B, Mehrotra S, Ng WL, Calvi BR. Low levels of p53 protein and chromatin silencing of p53 target
genes repress apoptosis in Drosophila endocycling cells. PLoS Genet. 2014; 10(9):e1004581. Epub
2014/09/12. https://doi.org/10.1371/journal.pgen.1004581 PMID: 25211335; PubMed Central PMCID:
PMC4161308.

Hou XS, Melnick MB, Perrimon N. Marelle acts downstream of the Drosophila HOP/JAK kinase and
encodes a protein similar to the mammalian STATSs. Cell. 1996; 84(3):411-9. Epub 1996/02/09. PMID:
8608595.

Mukherjee T, Hombria JC, Zeidler MP. Opposing roles for Drosophila JAK/STAT signalling during cellu-
lar proliferation. Oncogene. 2005; 24(15):2503—-11. Epub 2005/03/01. https://doi.org/10.1038/sj.onc.
1208487 PMID: 15735706.

Bach EA, Ekas LA, Ayala-Camargo A, Flaherty MS, Lee H, Perrimon N, et al. GFP reporters detect the
activation of the Drosophila JAK/STAT pathway in vivo. Gene Expr Patterns. 2007; 7(3):323-31. Epub
2006/09/30. https://doi.org/10.1016/j.modgep.2006.08.003 PMID: 17008134.

Ayala-Camargo A, Anderson AM, Amoyel M, Rodrigues AB, Flaherty MS, Bach EA. JAK/STAT signal-
ing is required for hinge growth and patterning in the Drosophila wing disc. Dev Biol. 2013; 382(2):413—
26. Epub 2013/08/28. https://doi.org/10.1016/j.ydbio.2013.08.016 PMID: 23978534; PubMed Central
PMCID: PMC3795806.

Sanchez Alvarado A, Tsonis PA. Bridging the regeneration gap: genetic insights from diverse animal
models. Nat Rev Genet. 2006; 7(11):873-84. https://doi.org/10.1038/nrg1923 PMID: 17047686.

Kloet SL, Makowski MM, Baymaz Hl, van Voorthuijsen L, Karemaker ID, Santanach A, et al. The
dynamic interactome and genomic targets of Polycomb complexes during stem-cell differentiation. Nat
Struct Mol Biol. 2016; 23(7):682—90. Epub 2016/06/14. https://doi.org/10.1038/nsmb.3248 PMID:
272947883.

Harris RE, Setiawan L, Saul J, Hariharan IK. Localized epigenetic silencing of a damage-activated WNT
enhancer limits regeneration in mature Drosophila imaginal discs. Elife. 2016; 5. Epub 2016/02/04.
https://doi.org/10.7554/eLife.11588 PMID: 26840050; PubMed Central PMCID: PMC4786413.

Herrera SC, Morata G. Transgressions of compartment boundaries and cell reprogramming during
regeneration in Drosophila. Elife. 2014; 3:e01831. https://doi.org/10.7554/eLife.01831 PMID:
24755288; PubMed Central PMCID: PMCPMC3989595.

Klebes A, Sustar A, Kechris K, Li H, Schubiger G, Kornberg TB. Regulation of cellular plasticity in Dro-
sophila imaginal disc cells by the Polycomb group, trithorax group and lama genes. Development.
2005; 132(16):3753-65. Epub 2005/08/04. https://doi.org/10.1242/dev.01927 PMID: 16077094.

Lee N, Maurange C, Ringrose L, Paro R. Suppression of Polycomb group proteins by JNK signalling
induces transdetermination in Drosophila imaginal discs. Nature. 2005; 438(7065):234—7. Epub 2005/
11/11. hitps://doi.org/10.1038/nature04120 PMID: 16281037.

Schuster KJ, Smith-Bolton RK. Taranis Protects Regenerating Tissue from Fate Changes Induced by
the Wound Response in Drosophila. Dev Cell. 2015; 34(1):119-28. Epub 2015/06/23. https://doi.org/
10.1016/j.devcel.2015.04.017 PMID: 26096735.

Skinner A, Khan SJ, Smith-Bolton RK. Trithorax regulates systemic signaling during Drosophila imagi-
nal disc regeneration. Development. 2015; 142(20):3500—11. Epub 2015/10/22. https://doi.org/10.
1242/dev.122564 PMID: 26487779.

Johnston LA, Schubiger G. Ectopic expression of wingless in imaginal discs interferes with decapenta-
plegic expression and alters cell determination. Development. 1996; 122(11):3519-29. PMID:
8951067.

Maves L, Schubiger G. Wingless induces transdetermination in developing Drosophila imaginal discs.
Development. 1995; 121(5):1263-72. PMID: 7789260.

Ng M, Diaz-Benjumea FJ, Vincent JP, Wu J, Cohen SM. Specification of the wing by localized expres-
sion of wingless protein. Nature. 1996; 381(6580):316-8. https://doi.org/10.1038/381316a0 PMID:
8692268.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007055 October 13,2017 20/21


https://doi.org/10.1016/j.tcb.2008.08.001
http://www.ncbi.nlm.nih.gov/pubmed/18774295
https://doi.org/10.1387/ijdb.072447fm
http://www.ncbi.nlm.nih.gov/pubmed/19247932
https://doi.org/10.1101/cshperspect.a008797
http://www.ncbi.nlm.nih.gov/pubmed/22855725
https://doi.org/10.1371/journal.pgen.1004581
http://www.ncbi.nlm.nih.gov/pubmed/25211335
http://www.ncbi.nlm.nih.gov/pubmed/8608595
https://doi.org/10.1038/sj.onc.1208487
https://doi.org/10.1038/sj.onc.1208487
http://www.ncbi.nlm.nih.gov/pubmed/15735706
https://doi.org/10.1016/j.modgep.2006.08.003
http://www.ncbi.nlm.nih.gov/pubmed/17008134
https://doi.org/10.1016/j.ydbio.2013.08.016
http://www.ncbi.nlm.nih.gov/pubmed/23978534
https://doi.org/10.1038/nrg1923
http://www.ncbi.nlm.nih.gov/pubmed/17047686
https://doi.org/10.1038/nsmb.3248
http://www.ncbi.nlm.nih.gov/pubmed/27294783
https://doi.org/10.7554/eLife.11588
http://www.ncbi.nlm.nih.gov/pubmed/26840050
https://doi.org/10.7554/eLife.01831
http://www.ncbi.nlm.nih.gov/pubmed/24755288
https://doi.org/10.1242/dev.01927
http://www.ncbi.nlm.nih.gov/pubmed/16077094
https://doi.org/10.1038/nature04120
http://www.ncbi.nlm.nih.gov/pubmed/16281037
https://doi.org/10.1016/j.devcel.2015.04.017
https://doi.org/10.1016/j.devcel.2015.04.017
http://www.ncbi.nlm.nih.gov/pubmed/26096735
https://doi.org/10.1242/dev.122564
https://doi.org/10.1242/dev.122564
http://www.ncbi.nlm.nih.gov/pubmed/26487779
http://www.ncbi.nlm.nih.gov/pubmed/8951067
http://www.ncbi.nlm.nih.gov/pubmed/7789260
https://doi.org/10.1038/381316a0
http://www.ncbi.nlm.nih.gov/pubmed/8692268
https://doi.org/10.1371/journal.pgen.1007055

@'PLOS | GENETICS

Regeneration after radiation damage

40.

41.

42,

43.

44.

45.

46.

47.

Silver SJ, Hagen JW, Okamura K, Perrimon N, Lai EC. Functional screening identifies miR-315 as a
potent activator of Wingless signaling. Proc Natl Acad Sci U S A. 2007; 104(46):18151-6. Epub 2007/
11/09. https://doi.org/10.1073/pnas.0706673104 PMID: 17989227; PubMed Central PMCID:
PMC2084312.

Recasens-Alvarez C, Ferreira A, Milan M. JAK/STAT controls organ size and fate specification by regu-
lating morphogen production and signalling. Nat Commun. 2017; 8:13815. https://doi.org/10.1038/
ncomms13815 PMID: 28045022; PubMed Central PMCID: PMCPMC5216089.

Baonza A, Roch F, Martin-Blanco E. DER signaling restricts the boundaries of the wing field during Dro-
sophila development. Proc Natl Acad Sci U S A. 2000; 97(13):7331-5. Epub 2000/06/22. PMID:
10860999; PubMed Central PMCID: PMC16545.

Kwon SY, Xiao H, Glover BP, Tjian R, Wu C, Badenhorst P. The nucleosome remodeling factor (NURF)
regulates genes involved in Drosophila innate immunity. Dev Biol. 2008; 316(2):538—47. https://doi.org/
10.1016/j.ydbio.2008.01.033 PMID: 18334252.

Leslie M. Strength in numbers? Science. 2014; 343(6172):725-7. https://doi.org/10.1126/science.343.
6172.725 PMID: 24531952.

Losick VP, Fox DT, Spradling AC. Polyploidization and cell fusion contribute to wound healing in the
adult Drosophila epithelium. Curr Biol. 2013; 23(22):2224—-32. https://doi.org/10.1016/j.cub.2013.09.
029 PMID: 24184101; PubMed Central PMCID: PMCPMC3898104.

Tran KD, Miller MR, Doe CQ. Recombineering Hunchback identifies two conserved domains required
to maintain neuroblast competence and specify early-born neuronal identity. Development. 2010; 137
(9):1421-30. https://doi.org/10.1242/dev.048678 PMID: 20335359; PubMed Central PMCID:
PMCPMC2853844.

Charan J, Kantharia ND. How to calculate sample size in animal studies? J Pharmacol Pharmacother.
2013; 4(4):303-6. https://doi.org/10.4103/0976-500X.119726 PMID: 24250214; PubMed Central
PMCID: PMCPMC3826013.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007055 October 13,2017 21/21


https://doi.org/10.1073/pnas.0706673104
http://www.ncbi.nlm.nih.gov/pubmed/17989227
https://doi.org/10.1038/ncomms13815
https://doi.org/10.1038/ncomms13815
http://www.ncbi.nlm.nih.gov/pubmed/28045022
http://www.ncbi.nlm.nih.gov/pubmed/10860999
https://doi.org/10.1016/j.ydbio.2008.01.033
https://doi.org/10.1016/j.ydbio.2008.01.033
http://www.ncbi.nlm.nih.gov/pubmed/18334252
https://doi.org/10.1126/science.343.6172.725
https://doi.org/10.1126/science.343.6172.725
http://www.ncbi.nlm.nih.gov/pubmed/24531952
https://doi.org/10.1016/j.cub.2013.09.029
https://doi.org/10.1016/j.cub.2013.09.029
http://www.ncbi.nlm.nih.gov/pubmed/24184101
https://doi.org/10.1242/dev.048678
http://www.ncbi.nlm.nih.gov/pubmed/20335359
https://doi.org/10.4103/0976-500X.119726
http://www.ncbi.nlm.nih.gov/pubmed/24250214
https://doi.org/10.1371/journal.pgen.1007055

