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Regeneration of fragmented Drosophila imaginal discs occurs in an
epimorphic manner involving local cell proliferation at the wound
site. After disc fragmentation, cells at the wound site activate a res-
toration program through wound healing, regenerative cell prolif-
eration, and repatterning of the tissue. However, the interplay of
signaling cascades driving these early reprogramming steps is not
well-understood. Here, we profiled the transcriptome of regenerat-
ing cells in the early phase within 24 h after wounding. We found
that JAK/STAT signaling becomes activated at the wound site and
promotes regenerative cell proliferation in cooperation with Wing-
less (Wg) signaling. In addition, we showed that the expression of
Drosophila insulin-like peptide 8 (dilp8), which encodes a paracrine
peptide to delay the onset of pupariation, is controlled by JAK/STAT
signaling in early regenerating discs. Our findings suggest that JAK/
STAT signaling plays a pivotal role in coordinating regenerative disc
growth with organismal developmental timing.

Drosophila imaginal discs | epimorphic regeneration | JAK/STAT signaling

pimorphic regeneration, typically represented by limb resto-

ration in urodele amphibians (1) or fin regeneration in teleost
fish (2), is an accurate posttraumatic morphogenetic process. This
activity involves the formation of a blastema through the dedif-
ferentiation and active proliferation of cells at the wound site. The
redevelopment of lost limbs or fins requires considerable gene
expression adjustments in the remaining cells to promote regen-
erative proliferation and cellular reprogramming. Although num-
bers of genes and signaling pathways in regeneration have been
identified, the molecular mechanisms regulating the early phase of
regeneration that leads to the blastema formation remain to be
fully understood.

The larval imaginal discs of Drosophila melanogaster are fate-
committed but undifferentiated epithelial primordia for adult
appendages. The discs exhibit remarkable regeneration ability
not only in vivo (3) but also, when cultured ex vivo in the adult fly
abdomen (4). Of the currently used experimental systems for disc
regeneration, regeneration of mechanically fragmented imaginal
discs seems to replicate the natural epimorphic regeneration pro-
cess most faithfully. Wound healing is the first response by which
the cells at the wound edge contact and reestablish a continuous
epithelium (5). Local cell proliferation at the wound site becomes
pronounced as early as 24 h after cultivation and results in the
blastema structure (6, 7). Both wound healing and regenerative
cell proliferation are dependent on the Jun N-terminal kinase
(JNK) signaling pathway (8-10). However, initiation of cell pro-
liferation is observed even without wound closure (11, 12), in-
dicating that wound healing and regenerative cell proliferation are
controlled separately.

Several genetic approaches to dissect the early events in disc
regeneration have identified prospective genes and signaling
pathways, including Wingless (Wg), Myc, or Hippo signaling (7, 13—
16). In addition, transcriptome analyses of regenerating disc cells
have been conducted to identify genes involved in the regeneration
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process. Klebes et al. (17) investigated the transcriptomes of
regenerating leg discs at 3-5 d after fragmentation and trans-
determining blastema cells in wg-induced leg discs. The sub-
sequent study showed that three genes, regeneration, augmenter of
liver regeneration, and Matrix metalloproteinase-1 (Mmpl), which
were originally described as transdetermining blastema-related
genes, are also involved in the formation of the regenerated
blastema in fragmented discs (7). Later, Mmp1 was shown to
be required for reepithelialization during wound healing (18).
Blanco et al. (19) analyzed the transcriptome of regenerating
wing discs at 24 and 72 h after fragmentation. The results of
Blanco et al. (19) uncovered the involvement of Notch signaling,
cabut and absent, small or homeotic discs 2 in wound healing and
regenerative cell proliferation.

Although these studies considerably contributed to our knowl-
edge on early disc regeneration, our understanding on how the
molecular processes therein are regulated and how regeneration is
coordinately organized is, by far, not complete. In this study, we
used a tracing method to isolate early regenerating disc blastemas
and subjected the cells undergoing reprogramming to a time-
resolved transcriptome analysis. We found that unpaired (upd) and
its downstream JAK/STAT signaling are specifically activated in
regenerating discs. At the wound site, activated JAK/STAT sig-
naling regulates regenerative cell proliferation in cooperation with
Wg signaling. Additionally, we found that JAK/STAT signaling
also regulates the expression of Drosophila insulin-like peptide
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8 (dilp8), a paracrine factor that controls timing of pupariation.
Our results identify JAK/STAT signaling as a central node that
coordinately controls both the interdisc regenerating process and
interorgan processes.

Results

Comparison of Transcriptomes by Lineage-Tracing Regenerating Cells.
To identify regulatory networks underlying early disc regen-
eration, we generated transcriptome profiles of regenerating disc
cells before blastema formation. When a disc fragment is ex vivo
cultured in an adult fly abdomen, resident cells at the wound site
activate JNK signaling and launch the regeneration program (8, 9).
However, activation of wound-induced JNK signaling is transient.
In the regenerating disc fragment, the expression of puckered (puc),
which is one of the best characterized JNK signaling target genes
encoding a JNK phosphatase (20), was detected by 3 h after ex vivo
cultivation and decreased substantially by 12 h (Fig. S1 A-F).
Therefore, we adapted a cell lineage-tracing system (21) to identify
cells exposed to this initiating signal. We used prothoracic leg discs
with a regeneration process that has been extensively studied (22—
25). Because disc fragments from puc-GALA, UAS-flp, Act-FRT-
STOP-FRT-GAL4, and UAS-GFP (hereafter termed puc>>GFP)
showed continuous expression of GFP in regenerating cells from as
early as 6 h after ex vivo cultivation (Fig. S1 G-L), we were able to
specifically isolate the regenerating cells at successive time points.
For this purpose, discs were dissected into an anterior one-quarter
(A1/4) fragment and a posterior three-quarters (P3/4) fragment
(Fig. 14). The early regeneration process of both fragments
proceeds in a similar manner up to the formation of the blas-
tema. However, in the subsequent reprogramming and repat-
terning process of the blastema, the P3/4 fragments often
regrow the existing disc pattern (duplication), whereas the Al/4

Uncut

24 h

fragments recreate missing regions (regeneration) (22). Sporadi-
cally, both fragments are also capable of acquiring wing fate by a
transdetermination event (13). We profiled the transcriptome of
GFP-marked cells within the A1/4 and P3/4 fragments at 12 and
24 h after ex vivo cultivation, two time points at which we were
clearly able to observe a fluorescent signal under the stereomi-
croscope. As controls, the corresponding regions of uncut discs
that were cultured for the same time period (12 or 24 h) or taken
directly from larvae were prepared (Fig. 1B). An L-shaped region
along the original rectangular cutting edge corresponding to the
GFP-positive region in the regenerating P3/4 fragment was taken
for comparison. In total, 30 samples (10 conditions in three bi-
ological replicates) were subjected to microarray gene expression
profiling. Throughout the text, we refer to these profiles with a
label encoding the condition [cut (C) and uncut (UC)], the time
point [0 (not cultured), 12 (12 h), and 24 (24 h)], and the disc
fragment being analyzed. Hierarchical clustering analysis of gene
expression profiles revealed a good agreement among biological
replicates for each condition (Fig. S2 4 and B). When expression
data were subjected to principal component analysis, the first two
principal components defined a clear segregation of cut and cul-
tured, uncut and cultured, and uncut and uncultured samples,
whereas the third component separated the anterior from the
posterior compartment (Fig. 1C). Taken together, these results
support the high quality of our microarray data.

Clustering Analysis Discriminates Expression Changes Induced by
Regeneration and Culturing Conditions. To identify genes in-
volved in the early regeneration process, we performed differential
expression analysis (Materials and Methods) and considered only
those genes that were significantly differentially expressed in at
least one of four core comparisons (adjusted P value < 0.001) that
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Fig. 1. Preparation of specific disc tissue for microarray analysis and sample clustering. (A) Discs were cut into A1/4 and P3/4 fragments and individually ex vivo
cultured for either 12 or 24 h. The GFP-positive regions (surrounded by blue lines) were isolated for posterior samples (C12P or C24P), whereas the entire fragments
(surrounded by red lines) were used for anterior samples (C12A or C24A). (B) As indicated by blue or red lines, the corresponding regions in uncut and cultured or
uncut and uncultured discs, respectively, were isolated as control samples. (C) Principal component analysis (PCA) plots showing the differences and clustering of
microarray samples. The first principal component (PC1; 46.5%) captured the significant variance in expression profiles between cultured and not cultured samples.
(Upper) The second principal component (PC2; 35.2%) segregated the regenerating cut and cultured samples from the control uncut and cultured samples. (Lower)
The third principal component (PC3; 9.5%) represented the difference between anterior and posterior samples. Plots are colored as indicated.
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Table 1. Differentially expressed genes in cut and cultured discs &

Fold change*

Rank Genes Adjusted Pvalue C12A-UC12A  C24A-UC24A  C12P-UC12P  C24P-UC24P  k-Means clustering

1 dilp8 7.56E-15 8.918 9.601 3.916 15.214 |

2 upd 1.60E-13 6.142 5.269 3.337 6.916 |

3 Ama 1.44E-12 2.065 2.585 1.779 2.528 Il

4 Pent 5.27E-12 -5.467 -1.388 —2.662 -3.162 1]

5 Cyt-c-p 5.57E-12 1.631 2.576 1.837 2.248 I

6 dpr17 4.20E-11 2.197 2.682 1.677 1.933 I

7 PGRP-SA 1.07E-10 4.289 1.569 1.340 6.609 |

8 CG17219 2.44E-10 2.012 2.481 2.101 2.275 Il

9 bip1 3.74E-10 -2.623 -1.261 —1.508 -2.099 1]

10 CG7054 1.01E-09 2.137 1.682 1.664 2.161 I

11 bt 1.02E-09 5.456 1.913 3.501 1.381 |

12 RpS9 1.34E-09 -1.974 -1.756 —2.758 -1.473 [\

13 CG17124 1.93E-09 5.851 2.095 2.013 5.828 |

14 CG18641 1.99E-09 2.678 1.194 1.470 1.847 I

15 br 1.99E-09 -2.507 1.058 -1.209 -1.697 1]

16 hoip 2.83E-09 1.449 2.054 1.990 1.654 Il

17 CG10126 2.83E-09 2.258 1.535 1.156 2.236 |

18 CG9689 3.34E-09 2.118 1.853 1.349 2.018 Il

19 CG11843 3.46E-09 3.029 1.519 1.636 2.352 1}

20 CoVill 3.46E-09 1.219 1.998 1.594 1.691 Il

Top 20 genes ranked by the adjusted P values are shown.
*Negative values indicate the fold down-regulation.

test for the effect of cutting given a time point and a disc com-
partment (e.g., C24P-UC24P). Of the resulting 1,425 genes, 726
genes showed up-regulation, and 699 genes were down-regulated
(Table 1 and Dataset S1). Expression levels of these 1,425 genes
across our core comparisons as well as the four contrasts assessing
the influence of cultivation (e.g., UC24P-UCOP) were subjected to

k-means clustering to identify the group of genes exhibiting a
common response across conditions (Fig. 2). Our analysis in-
dicates that considerable gene expression changes were induced in
the uncut discs simply by ex vivo cultivation. Nevertheless, four
gene clusters exhibiting different response to cutting were identi-
fied (Fig. 2B and Fig. S2C). This analysis allowed additional

BN AS PN AN D

A Gene expression k-means clustering (k=4) B Prototype gene expression profiles
§ i Core comparisons | Cultivation
Clusters (n) | © .
ol .dilp8 W | (151) g‘—" |
O n (575) |o A |
Wi O |Sol N lr 777777777777777777777777777
4P CG17219 BV (608) | 2] |
o Am L
s 5 COIT8HN5D £ |
° 35 oip o~
; dor )
~ Cetde BeCovin 2 |
= PR - o R & £ F &
S Lot ) X N S N S
< PGRESALS, J . ¥ ¢ ¢ ¢
@ T L ¥ O ¥ R
So" : . ". . (@) \)O \)O \)C) \)0
a . L. bra's C D Posterior
+.bipd . 9 Q<
~1 e % e c c
' - o o
o . . (9] O~y
i Pent . %N %N
M : ° : : .EO- 5 o+
1] [2]
. . 1] 7]
. o o
o ®
c c
6 -4 2 0 2 4 6 & UeoA CloA C2aAS UeoP ciop  c24p 2
PC1 (46.7%) = .
£3
Fig. 2. Clustering of differentially expressed genes by k-means clustering. (A) Principal component analysis plots and k-means clustering (k = 4) of 1,425 § §'
differentially expressed genes. The 20 genes from Table 1 are indicated. (B) The four clusters were created by taking into account the expression changes in = =
both core comparisons and cultivation. (C and D) Gene expression differences between cut and cultured samples and uncut and uncultured samples are a

presented. The average value and variance of each cluster are shown by corresponding colored lines and pale-colored zones. PC, principal component.
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partitioning of up- and down-regulated genes in core comparisons
while taking into account their response to cultivation. Cluster I
(151 genes) contained genes up-regulated in both core comparison
and cultivation, whereas genes in cluster II (575 genes) were
down-regulated by cultivation (Fig. 2 4 and B). Furthermore,
genes in cluster I are further up-regulated after cultivation (Fig. 2
C and D) as opposed to genes within cluster II, for which gene
expression remains nearly constant across time points. These data
indicate that differences in gene activity can be explained by a
reduced expression in the control uncut and cultured discs.
Down-regulated genes in core comparisons were also parti-
tioned in clusters III (91 genes) and IV (608 genes). The former
was down-regulated in regenerating discs, whereas gene expres-
sion of the latter was mostly unchanged in regenerating cells but
increased on ex vivo cultivation (Fig. 2 B-D). Therefore, our
clustering approach discriminated expression changes induced by

regeneration from those mediated by culturing. Genes in clusters I
and IIT were considered to be representing the up- and down-reg-
ulated genes, respectively, in regenerating cells in cut and cultured
discs. In contrast, clusters II and IV mostly reflected changes in
uncut and cultured discs. Next, we assessed the biological processes
represented by genes within each cluster by performing a gene on-
tology (GO) analysis (Table S1). The GO terms enriched in clusters
I and III indicate the activation of the immune system (cluster I)
and intriguingly, suppression of imaginal disc development (cluster
IIT) in the regenerating cells of cut and cultured discs. In contrast,
GO terms enriched in clusters II and IV are primarily associated
with energy balancing of the uncut and cultured disc cells.

upd And dilp8 Are Up-Regulated in Early Regenerating Discs. Next,
we focused on the genes in cluster I and validated the up-regu-
lation of candidate genes by in situ hybridization (Fig. 3). Cluster I

F

Ets21C

Fig. 3. In situ hybridization of differentially expressed transcripts in regenerating discs. (Left) The regenerating C24P fragment and (Right) the uncut and
cultured disc (UC24) were hybridized with digoxigenin (DIG)-labeled RNA probes against the genes of cluster I: (4) upd, (B) dilp8, (C) CG17124, (D) Mmp1,
(E) CG1092, (F) CG17108, (G) wun2, (H) CG5958, (I) CG13215, (J) CG33099, (K) CG6749, (L) CG5002, (M) mthi2, (N) Ets21C, (O) CG8303, (P) Tg, (Q) Idgf1, and
(R) CG4250. The (A-J) blue or (K-R) red rectangular frame indicates the expression of mRNA signals in disc cells or attached hemocytes, respectively. In all
images, anterior is to the left, and dorsal is up. Arrowheads indicate the fragmented positions. (Scale bar: 100 pm.)
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contains not only many known immune-responsive genes but also,
genes that were enriched in hemocytes or increased on immune
challenge (26-31). Consistent with these results, the in situ stain-
ing of these transcripts often showed an irregular scattered pat-
tern, indicating their expression in the attached hemocytes rather
than the regenerating disc cells (Fig. 3 K-R). However, we recently
showed that damaged discs still successfully promote regenerative
cell proliferation to form blastemas under immune-deficient
conditions (32). Therefore, we considered the up-regulated im-
mune response genes in our candidate list to be unrelated to the
actual process of disc regeneration.

We found that two genes, dilp8 and upd, were highly elevated in
all four core comparisons and ranked at the top-most position not
only in cluster I but also, among 1,425 differentially expressed
genes (Table 1). Interestingly, recent studies revealed that both
Dilp8 and Upd were involved in interorgan communication from
damaged imaginal discs to other tissues or organs; Dilp8 retards
the onset of pupariation (33, 34), whereas Upd act as a cytokine,
activating the proliferation of circulating immune blood cells (35).
In addition, the cluster I genes prominently exposed the known
regeneration or wound healing-related genes: Mmpl, which is
required for basement membrane disassembly (7, 18), and Dopa
decarboxylase, which is involved in the epidermal wound-healing
process in embryos (36). These results indicate that our assay both
confirmed known regeneration factors and uncovered components
previously unrelated to the regenerative process.

Upd Activates JAK/STAT Signaling in Early Regenerating Discs to
Promote Regenerative Cell Proliferation. The Drosophila upd gene
encodes a cytokine-like ligand for the JAK/STAT signaling path-
way. There are three Upd family genes (upd, upd2, and upd3).
JNK signaling-dependent activation of Upd cytokines from dam-
aged disc cells was shown previously, and the paracrine actions of
secreted Upds on hemocyte proliferation were shown (35).
However, the effect of the Upds on regenerative cell proliferation
in the damaged discs has not been addressed so far. In our anal-
ysis, among three Upd family genes, only upd was significantly up-
regulated in regenerating cells, whereas only a moderate up-
regulation of upd2 and upd3 in regenerating disc samples was
observed (Fig. S3). In agreement with these results, locally elevated
expression of upd at the wound site of regenerating discs was
detected by in situ hybridization (Figs. 34 and 4 4 and G). Con-
versely, upd2 and upd3 were specifically but only weakly detected
at wound sites. (Fig. 4 C-F). Moreover, we noticed that upd ex-
pression disappeared by around 72 h after wounding (Fig. S4),
suggesting a specific role in the early regeneration phase. Con-
sistent with a previous observation using upd reporters (35)
a hypomorphic allele of JNK-kinase Hemipterous (hep’”) di-
minished the ectopic up-regulation of upd at the wound site (Fig.
4H compared with Fig. 4G), thus confirming that upd expression
in regenerating disc is downstream of JNK signaling.

We next examined whether the up-regulation of upd activates
JAK/STAT signaling in regenerating disc cells using a 10xSTAT92E-
GFP reporter (37). Discs, in which the GFP expression is under the
control of STAT-binding enhancer, were fragmented and cultivated
in a non-GFP host fly abdomen; 24 h after cultivation, a GFP signal
was observed at the wound site (Fig. 47). Notice that the cells
located by the closed cutting edge (indicated by an arrowhead in
Fig. 4I) have a stronger GFP signal than those in distant regions,
which might reflect a graded-like activity of Upd over the wound site.

To determine the function of JAK/STAT signaling in early
regenerating cells, we investigated the restoration capacities of
disc mutants in this pathway. In Drosophila, the JAK protein is
encoded by hopscotch (hop). Among the several hop mutant al-
leles that we tested, we found that the hop® allele, which contains
a 4-nt deletion resulting in a frameshift at the C- termmal end of
the kinase domain (38), develops until early pupal stages. The leg
discs grew to almost normal size in hop® third instar larvae, but

Katsuyama et al.

the morphologies were not exactly the same as those of the WT
(Fig. S5 A-D). We first tested whether the mutation has an
impact on the JAK/STAT signaling cascade. The activation of
10xSTAT92E-GFP in the fragmented discs was virtually blocked in
the mutant background (Fig. 47). We noticed, however, that the
rectangular cutting edge of the P3/4 disc fragment was normally
closing at 24 h after cultivation (arrowhead in Fig. 47), suggesting
that JAK/STAT signaling is not required for the wound-healing
progess. Next, we examined the proliferative capacity of the
hop® mutant cells in disc regeneration. Because the active cell pro-
liferation at the wound site begins at 24 h after fragmentation/
cultivation (Fig. S1 K” and L"), the proliferative cells that entered
S phase in the subsequent 24-h window (i.e., 24-48 h after culti-
vation) were labeled by BrdU incorporation. Whereas the WT disc
fragments showed massive cell proliferation at the wound site (Fig
4K), the hop’ disc fragments exhibited a substantial impairment in
cell prohferatron (Fig 4L). Furthermore, the impaired JAK/STAT
signaling in the hop® mutation does not influence the activity
of JNK signaling (puc>>GFP) in the disc regeneration process
(Fig. 4 M and N and Fig. S5 D and E). Taken together, these results
suggest that JAK/STAT signaling plays a role in regenerative cell
proliferation downstream of JNK signaling.

To exclude the possibility that the observed defect in regen-
erative growth was caused by the underlying imperfect development
of hop® discs, we examined the regenerative cell proliferation using
discs expressing a dominant negative form of the JAK/STAT sig-
naling receptor Domeless (DomeACYT). DomeACYT and GFP
were coexpressed in the en-GAL4—positive posterior domains.
Correspondingly, a nick appeared in the posterior compart-
ment of leg discs (Fig. S64). The expression was temporally
controlled with a temperature-sensitive GALS0 (GALS0") to not
disturb the disc development (Fig. S6B). In the control disc, where
only GFP was expressed, the cell proliferation for regeneration was
locally increased next to the wound site in the posterior compartment
(Fig. S6 C, C’, and C”). In contrast, we did not observe the BrdU
incorporation in the DomeACYT-expressing posterior compartment
cells, whereas cell proliferation was detected in the anterior com-
partment (Fig. S6 D, D', and D"), showing a clear depletion of the
proliferative capacity in the DomeACYT-expressing cells. These re-
sults strongly suggest that the JAK/STAT signaling is required for the
regenerative cell proliferation to form the regenerated blastema.

Interrelation Between JAK/STAT Signaling and Wg Signaling Path-
ways for Blastema Formation. Wg is ectopically expressed at the
wound site of fragmented discs before blastema formation (7).
Although our microarray analysis did not detect a significant ex-
pression change of wg, we confirmed an ectopic wg expression at
wound sites by in situ hybridization (Fig. 5 4 and B). Wound site-
associated wg was not detected after regeneration of hep’75 discs,
whereas the developmental expression in the ventral region was
still visible (Fig. 5C), suggesting that the activation of wg for the
early regeneration process is downstream of JNK signaling.
Given the functional similarities between the JAK/STAT sig-
naling in regenerative cell proliferation and that reported for Wg
signaling, we investigated a potential epistatic relatlonshlp To
this end, we analyzed wg expressron in fragmented hop mutant
discs. The ectopic wg expression at the wound site in the hop®
disc was comparable with that of WT discs (Fig. 5 D and E),
indicating that wg expression is independent from JAK/STAT in
this process. To examine the wound site upd expression in the Wg
signaling mutant discs, we used the wg”> mutant, which is charac-
terized as a heat sensitive amorphic allele (39). When the frag-
mented wg 2 discs were cultured at restrictive temperatures, upd
up-regulation was similar to control (Fig. 5 F and G), suggesting
that the upd expression is not regulated by Wg signaling. Hence, we
did not observe an epistatic relation between the two pathways.
Interestlngly, however, the regenerative proliferation was impaired
in wg"’? disc fragments (Fig. 5 H and I). Taken together, these
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Fig. 4. Defects of regenerative growth in hop® JAK/STAT signaling mutant disc fragments. (A-F) The wound site-specific induction of upd, upd2, and upd3 in

C24P and UC24P disc samples. (G and H) JNK signaling-dependent upd expression at the wound site. The discs of hep

7> males (hemizygote) were used for H.

The in situ hybridizations for A-F and G and H were performed in the same experiment. (/) The 10xSTAT92E-GFP reporter was activated at the wound site of
the WT control C24P fragment. (J) The 10xSTAT92E-GFP in the C24P fragment of the hop3 hemizygote male. (K and L) The cell proliferations of (K)
regenerating WT or (L) hop® C48P fragments were monitored by BrdU incorporation. (M and N) JNK activity (puc>>GFP cell lineage) in (M) regenerating
control or (N) hop® C24P fragments. In all images, anterior is to the left, and dorsal is up. Yellow arrowheads indicate the fragmented positions. *Abnormal

activity of JNK signaling in hop3 discs (Fig. S5C). (Scale bar: 100 um.)

results suggest that the JAK/STAT signaling and the Wg signaling
are individually activated by JNK signaling in the early regen-
eration phase. Cooperative functions of both signaling pathways
are required for the regenerative cell proliferation.

JAK/STAT Signaling Regulates dilp8 Expression in Damaged Discs. The
role of Dilp8 in retarding the onset of pupation in response to
abnormalities or damage to tissues is of vital importance for fly
development. We first tested if Dilp8 functions as a growth
factor in disc regeneration. However, the fragmented discs of
dilp8M1°9727 homozygote, a strong loss-of-function allele of dilp8
(34), did not impair regenerative cell proliferation (Fig. 6 4 and
B), suggesting that Dilp8 does not have a direct role in blastema
formation. Interestingly, the concomitant up-regulation of dilp§
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and upd was observed in not only our study (Table 1) but also,
previously reported transcriptome datasets from discs with
growth abnormalities: the proliferative and transdetermining
cells of wg-induced leg discs (17) and the genetically impaired
wing discs that eventually become neoplastic (33). Because Upd-
mediated JAK/STAT signaling promoted disc cell proliferation
in regeneration, we asked if dilp8 expression requires JAK/STAT
signaling activity. Indeed, dilp8 up-regulation was abolished
in a cultivated hop? disc fragment (Fig. 6 C and D). Therefore,
JAK/STAT plays a central role not only in controlling local
cell proliferation but also, by staging a physiological response,
which allows the regenerative process to be accomplished by
delaying development.
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Fig. 5. Cooperative functions of JAK/STAT and Wg signaling pathways for blastema proliferation. (A-£) In situ hybridization with a wg probe. (A) wg Expression
in WT UC24 leg discs. (B and C) wg Was ectopically up-regulated at the wound site in the WT C24P fragment (arrowhead in B) but not in the hep™”® C24P fragment
(arrowhead in C). (D and E) Ectopic wg was still detected in the hop® C24P fragment (arrowhead in D). E is the WT C24P staining control for D. *Developmental wg
expression in the anterior ventral sector. (F and G) Wound site upd expression was detected in the wg''? C24P fragment. G is the WT C24P staining control for F.
Both were cultured at 29 °C. (H and /) The C48P of either (H) WT or (/) Wg”z disc was stained with anti-BrdU antibody. BrdU signal was not detected in
regenerating wg'’? discs. In all images, anterior is to the left, and dorsal is up. Yellow arrowheads indicate the fragmented positions. (Scale bar: 100 pm.)

Discussion

Transcriptome Changes in the Early Phase of Disc Regeneration. In
this study, we focused on the early phase of disc regeneration and
performed a time-resolved transcriptome analysis to gain a better
understanding of the underlying molecular mechanisms. We used
classical disc fragmentation and subsequent ex vivo culture through
transplantation, which allows a precise control of tissue excision
and focus on the reprogramming processes in the remaining cells.
To not miss modest but significant gene expression changes in
regenerating cells, we further isolated the local area involved in the
regeneration process. This accurate sampling procedure made it
possible to produce highly pure samples and a detailed comparison
of gene expression changes in the early regenerating process.
Several previous studies published transcriptome data from
regenerating discs (17, 19, 33, 34). However, comparing clusters I
and III with these datasets, we found that rather few genes were
shared with these studies. Differences in disc identities and re-
generation timing between individual comparisons might explain
this limited overlap. However, the observed dissimilarities could
also be caused by the relatively heterogeneous samples of re-
generating disc tissues used in previous studies. Because only
part of the disc is regenerating in the neighborhood of normal
tissue, it is important to restrict gene expression profiling to
those cells that are directly involved in this process. Interestingly,
our measured gene expression changes in early regenerating cells
showed some commonalities with seemingly unrelated datasets.
Indeed, up-regulation of dilp8 and upd was also observed in the
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transdetermining blastema of wg-induced leg discs (17) and the
genetically perturbed wing discs that eventually exhibit tumorous
growth (33). Surprisingly, we found considerable overlap with the
dataset by Colombani et al. (33). Particularly, a strong overlap was
observed with expression profiles from a specific developmental
time point [116 h after egg laying (AEL)] when the cells of the
impaired region activates JNK signaling without yet becoming
neoplastic (Fig. S7). This result suggests that rather similar gene
regulatory networks are activated in both early regenerating
and early tumorigenic cells.

The sensitivity of detection of differential gene expression is,
however, intrinsically limited by the disc fractionation procedure.
Expression levels of the genes that originally exhibit region-
specific expression patterns in the leg discs tended to have a
higher expression variance across samples than more broadly
expressed or not expressed genes. Although we carefully par-
titioned the disc regions for control samples, a slight deviation
influences the expression values of these genes. For instance, in
our microarray analysis, we could not detect the expression change
of wg, which developmentally expresses in the anterior ventral
sector (Fig. 54), whereas its wound site-specific expression was
confirmed by in situ hybridization. ANOVA of wg expression
within replicates for distinct biological conditions indicated that, in
Al/4 disc samples, which ideally, do not overlay with the en-
dogenous wg domain, wg expression was highly variable (Fig.
S8). In addition, the region of P3/4 samples is, indeed, overlaid
with developmental wg expression; therefore, we assume that
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Fig. 6. JAK/STAT signaling is required for dilp8 expression in wounded discs.
(A and B) Anti-BrdU staining in C48P fragments of (A) WT or (B) dilp8"'°%727
homozygote. (C and D) In situ hybridization with dilp8 probe. (C) The up-
regulation of dilp8 in WT C24P. (D) The dilp8 up-regulation was not observed
in the hop® C24P fragment. In all images, anterior is to the left, and dorsal is
up. Yellow arrowheads indicate the fragmented positions. (Scale bar: 100 pm.)

the expression of wound-induced wg would be masked in our
microarray analysis. A recent study showed that the genes as-
sociated with pattern formation are temporally disrupted in
damaged discs before initiating regenerative proliferation (40).
In our data, cluster III comprised a significant number of de-
velopmental genes that are involved in the regional specification
of leg disc development. However, the observed down-regula-
tion of patterning genes in our microarray analysis needs to be
further validated by histochemical experiments.

Among differentially expressed genes in the four core com-
parisons, the genes in cluster II or IV were significantly down- or
up-regulated in uncut and cultured disc cells, respectively, but
actually, not changed in regenerating cells; hence, they were
apparently up- or down-regulated in the core comparisons, re-
spectively. The GO terms enriched in clusters II and IV in-
dicated that ex vivo cultivation influences the energy balance in
the uncut and cultured disc cells (Table S1). For example, the
cluster II genes indicated a reduction of both ATP synthesis
(oxidative phosphorylation) and ATP-consuming process (ribo-
somal biogenesis). In contrast, the GO term associated with
cluster IV genes suggested that the energy reserve metabolic
processes, including glycogen catabolism, become activated.
Notice that clusters II and IV genes are a part of the genes
influenced by cultivation. Actually, considerable gene expression
changes were induced solely by the ex vivo cultivation conditions
(e.g., UC12A-UCOA; the gene list from four cultivation com-
parisons has been deposited in the Gene Expression Omnibus
database with the accession no. GSE54868). These results sug-
gest that the transplanted disc cells require a fine-tuned balance
between energy production and consumption in the exogenous
environment of the host fly abdomen. In addition, hormonal
conditions in the female abdomen could contribute to the ob-
served gene expression changes.
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Roles for the JAK/STAT Signaling in Early Regenerating Discs. Dro-
sophila studies on JAK/STAT signaling unveiled a variety of
conserved roles in a wide spectrum of biological processes, in-
cluding immune response, cell proliferation, and stem cell main-
tenance (reviewed in ref. 41). Recently, the Upd cytokine families
were shown to be secreted from damaged tissue to activate the
downstream JAK/STAT signaling in the immune-responsive cells,
such as hemocytes and fat body cells, suggesting a role in the re-
cruitment of immune cells (35). In this study, we reveal an addi-
tional function of the JAK/STAT signaling in the actual process of
disc regeneration. Using disc mutants in JAK/STAT components,
we show that this signaling cascade is required for local cell pro-
liferation for blastema formation but not for the healing of the cut
edge (Fig. 4 and Fig. S6). The involvement of JAK/STAT signaling
has been also reported in cricket leg regeneration (42), suggesting
a conserved role in regeneration processes of holometabolous and
hemimetabolous insects.

A requirement of different signaling pathways, including Wg,
Myc, and Hippo signaling, in the disc regeneration has been im-
plicated (7, 13-16). Here, we showed that the JAK/STAT signal-
ing regulates the regenerative cell proliferation cooperatively with
Wg signaling. Our results suggest that the activities of both sig-
naling pathways are required for the initiation of regenerative cell
proliferation. This early cooperative role may also account for an
old observation in regenerating leg P3/4 disc fragments; the cells
along the horizontal cut edge become more proliferative than
those along the vertical edge (Fig. SIL") (6). Other than the ec-
topically up-regulated Wg at the wound site (7), the cells at the
horizontal cut edge may receive the endogenous developmental
Wg from the anterior—ventral sector. Therefore, we speculate that
the horizontal cut edge cells could exhibit active cell proliferation
compared with those along the ventral cut edge.

Although we have not addressed the interrelation of JAK/
STAT with Myc or Hippo signaling, a previous study using clonal
analyses in developing imaginal discs suggested an independence
of the JAK/STAT-mediated growth regulation with not only Wg
signaling but also, Myc or Hippo signaling pathways (43). Indeed,
although both Myc and Yorkie (the Hippo signaling effector)
regulate Cyclin E (CycE) expression (44, 45), JAK/STAT signaling
leads to active CycD (46). Therefore, our results suggest that the
regenerative cell proliferation requires the cooperative parallel
inputs for cell cycle activation by several signaling pathways.

Smith-Bolton et al. (14) noted in a previous study that the
coexpression of upd or CycD in genetically ablated (eiger-
expressing) cells does not show a positive effect on recovery of
wing size, unlike wg or Myc coexpression. This seemingly contra-
dictory result could be explained by the difference between clas-
sical fragmentation/ex vivo cultivation and recently established in
situ ablation methods observing compensatory proliferation in-
duced by apoptotic cell loss. In the former, a disc loses a part
instantly, and the remaining cells at the wound site have to launch
the regeneration programs without large-scale apoptosis occur-
ring. In the latter, in contrast, it takes time (40 h in the system
described in ref. 14) to severely damage parts of a disc region
(wing pouch). This system creates a condition of dying/undead
cells flanked by apoptosis-induced cell proliferation of normal
cells. Although JNK is activated in apoptotic as well as adjacent
surviving cells, it has been shown that the identification of up-
stream and downstream signaling pathways is much dependent on
the apoptosis-inducing system used (47). Hence, the complex tis-
sue heterogeneity created by local cell death seems to obscure a
straightforward dissection of the required signaling cascades dur-
ing normal regeneration. Alternatively, ablation induced by local
apoptosis might also trigger other signaling cascades to induce
compensatory cell proliferation than the mechanical disruption.
Therefore, we do not consider the previous report contradictory
evidence but believe the observed role of JAK/STAT to be
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fundamental for the regenerative process, certainly after mechan-
ical tissue damage.

Indeed, the aberrant activation of JAK/STAT signaling has
also been implicated in a variety of malignant tumors in Dro-
sophila as well as in mammals (48-50). In imaginal discs, the tu-
morous overgrowths by mutations of Polycomb group (PcG) genes
or inter- or intracellular cooperation of oncogenic Ras"’?
and scrib™ mutations resulted in abnormal activation of JAK/STAT
signaling (51, 52). The study with the latter tumor model further
showed that JNK signaling contributes to activate JAK/STAT
signaling for developing Ras"”? and scrib~ tumors (52). Hence,
strict control of JAK/STAT signaling is essential not only in de-
velopment but also, for a correct regeneration process. Indeed,
upd up-regulation in the regenerating fragmented discs is observed
only in the early phase and fades by around 72 h after wounding
(Fig. S4). This result suggests that the transcriptional activation of
upd is temporally tightly controlled. Therefore, we speculate that
the transcription of upd in early regenerating disc cells may not be
maintained by PcGitrithorax group memory mechanisms but
rather, specifically controlled by the transient activity of JNK
signaling at the wound site. Consistent with this idea, the wound
site upd expression was neither enhanced nor prolonged by re-
ducing the genomic dose of the Pc gene (Fig. S4). However, a
previous study showed that ectopic Wg expression is still strongly
detected at least until 72 h after fragmentation/cultivation (7).
However, it remains unclear if Wg is continuously regulating cell
proliferation or whether it is involved in other processes, such
as the respecification of blastema cells. It was shown that the
ubiquitous wg expression in leg discs could confer the regeneration
ability to the disc fragments that are otherwise unable to restore
the lost part (13), arguing for the latter explanation.

The coordination of tissue growth and developmental timing is
important for not only normal development but also, regenerative
processes. Here, we found that JAK/STAT signaling activity is re-
quired for the expression of dilp8 (Fig. 6). This factor was recently
identified as an important messenger for interorgan communica-
tion; it is secreted from the damaged imaginal discs and delays the
onset of pupariation for recovery (33, 34). The Dilp8 induction was
observed at the wound site of transplanted discs, indicating that the
disc cells still respond to the damage as if they are in a normal

physiological environment, although Dilp8 unlikely serves a func-
tion in the abdomen of the host fly. One of the previous studies
showed that dilp8 induction in the damaged discs is dependent on
JNK signaling (33). Here, we identified that the JAK/STAT sig-
naling, which is activated by JNK signaling, is required for con-
trolling dilp8 expression. Because JAK/STAT regulates regenerative
cell proliferation, we propose that this signaling plays a role in the
coordination between disc regeneration and developmental arrest
for recovery. The expression of dilp8 is also observed in normal
development; the transcription levels peak from the late second
until the early third larval instar and decrease by the midthird instar
stage, which is seemingly in preparation for the onset of pupariation
(33). Intriguingly, the period with high dilp8 levels coincides with
the detection of a high and broad JAK/STAT signaling activity
in imaginal discs (37). Specific roles of the JAK/STAT pathway
in growth control have been well-described in Drosophila (49).
Therefore, these results suggest that the JAK/STAT signaling may
also play a role in the coordination of developmental disc growth
with the Dilp8-mediated control of the larval to pupal transition.

Taken together, we propose a model of signaling regulatory
network and summarize the functions of Upd-JAK/STAT sig-
naling in early disc regeneration (Fig. 7). On fragmentation,
mechanical signals or other upstream signals that remain un-
known activate JNK and launch the regeneration program at the
wound site. For regenerative cell proliferation, the wound signal
is transmitted from JNK signaling to at least two downstream
signaling pathways: JAK/STAT signaling and Wg signaling
through the transcriptional controls of the ligand coding genes
upd and wg, respectively. A cooperative input from both JAK/
STAT and Wg signaling is required to induce the local disc cells
to reenter the cell cycle. Activated JAK/STAT also induces the
paracrine factor Dilp8 to prolong the larval period for recovery
(33, 34). In conclusion, by analyzing the early steps of disc re-
generation, we identified the pivotal roles of JAK/STAT signal-
ing in coordinating local tissue proliferation with the requirements
of physiological recovery at the organismal level.

Materials and Methods

Transplantation of Fragmented Imaginal Discs. Transplantation of disc frag-
ments was performed essentially as previously described (53). Male larvae
at 96-100 h AEL were used as disc donors. The prothoracic leg discs were

Re-patterning

Wound
Intra-disc responses + Inter-tissue (organ)
communications
JNK signaling
l l /—a» Immune activation
(hemocyte)
Mmp1 Wg Upd
etc. 1 1
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. i =+ . |
Wound healing ! Dilp8 |
i Regenerative cell proliferation .
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(regeneration, duplication, transdetermination)
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Fig. 7. A schematic model for the roles of the JAK/STAT signaling in early disc regeneration. On wounding, upd, a ligand-coding gene for JAK/STAT signaling,
is up-regulated. In a damaged imaginal disc, the activated JAK/STAT signaling has two functions. First, the JAK/STAT signaling acts for promoting regenerative
cell proliferation. In this process, the JAK/STAT cooperates with the Wg signaling, which is independently activated through JNK signaling. Second, JAK/STAT

signaling also induces paracrine factor Dilp8 to control developmental timing.

Thus, the JAK/STAT signaling has essential roles in both intradisc responses and
arrows indicate the signaling regulatory networks revealed in this study.
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Upd is also secreted to promote proliferation of circulating hemocytes (35).
intertissue (organ) communications during early regeneration processes. Blue
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dissected to either A1/4 or P3/4 fragments and subsequently cultured in
female adult fly abdomens.

Microarray Sample Preparation. Ten regenerating or control discs were used
for each sample preparation, which was carried out in three biological
replicates as follows. (i) To obtain stage-synchronized cohorts of larvae,
embryos were collected in 1 h after two cycles of 1-h precollections and
incubated for exactly 100 h at 25 °C. (ii) To minimize the time variance
among each sample preparation, disc fragmentation and transplantation
were performed within 1 h. Usually, 30 disc fragments were transplanted for
each replicate. Because different transplantation gauges were required for
A1/4 and P3/4 fragments, the preparation of these samples was carried out
in separate experiments. (iii) Recovery of GFP-labeled regions (or corre-
sponding regions) was performed within 1 h. After cultivation for 12 or
24 h, transplanted discs were recovered, and 10 of 30 regenerating discs
were selected. GFP-labeled regions were selected under a fluorescent
stereomicroscope using a fine tungsten needle, and RNA was immediately
extracted using the PicoPure RNA Isolation Kit (ARCTRUS/Life Technolo-
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gies). Purified total RNAs from each sample were subjected to two rounds
of amplification (GeneChip Two-Cycle cDNA Synthesis Kit and GeneChip
IVT Labeling Kit; Affymetrix) and hybridized to GeneChip Drosophila Ge-
nome 2.0 Arrays (Affymetrix).

The microarray data produced in this study have been deposited in the
Gene Expression Omnibus database (www.ncbi.nIm.nih.gov/geo/) with the
accession number GSE54868.

The fly stocks, analysis of microarray data, and histochemistry are in S/
Materials and Methods.
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