SCIENCE ADVANCES | RESEARCH ARTICLE

REGENERATION

The pioneer transcription factor Zelda controls the exit
from regeneration and restoration of patterning

in Drosophila

Anish Bose, Keaton Schustert, Chandril Kodali, Surabhi Sonam, Rachel K. Smith-Bolton*

Many animals can regenerate tissues after injury. While the initiation of regeneration has been studied exten-
sively, how the damage response ends and normal gene expression returns is unclear. We found that in Drosophila
wing imaginal discs, the pioneer transcription factor Zelda controls the exit from regeneration and return to nor-
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mal gene expression. Optogenetic inactivation of Zelda during regeneration disrupted patterning, induced cell
fate errors, and caused morphological defects yet had no effect on normal wing development. Using Cleavage
Under Targets & Release Using Nuclease, we identified targets of Zelda important for the end of regeneration, in-
cluding genes that control wing margin and vein specification, compartment identity, and cell adhesion. We also
found that GAGA factor and Fork head similarly coordinate patterning after regeneration and that chromatin re-
gions bound by Zelda increase in accessibility during regeneration. Thus, Zelda orchestrates the transition from
regeneration to normal gene expression, highlighting a fundamental difference between developmental and re-

generation patterning in the wing disc.

INTRODUCTION

The phenomenon of regeneration after damage or loss of a limb, or-
gan, or tissue involves regrowth of the tissue, followed by cell fate
respecification and differentiation to restore the original structure
and function. Some animals such as axolotls have incredible regen-
erative capacity and can restore lost limbs and transected spinal
cords (1). However, in most mammals, while some tissues and or-
gans such as the liver, digit tip, and skeletal muscles can regenerate,
their regenerative potential reduces with age (2), and tissues such as
limbs, joints, and the heart regenerate very poorly (3-5). Thus, un-
derstanding the damage-response mechanisms in organs and ap-
pendages that are capable of regeneration can lead to a broader
understanding of how regeneration occurs in different contexts and
how it may be applied to induce wound healing and repair. While
numerous studies have focused on how regeneration begins and
progresses in a variety of model organisms, little is understood
about how regeneration ends and normal cell fate and function
are restored.

The Drosophila wing imaginal disc, the larval precursor of the
adult wing, has the intrinsic ability to regenerate (6). During wing
disc regeneration, the damaged tissue proliferates because of the ac-
tivity of multiple damage-response and proregeneration signals, in-
cluding reactive oxygen species, c-Jun N-terminal kinase (JNK) and
p38 signaling, Janus kinase/signal transducers and activators of tran-
scription signaling, and WNT signaling (6, 7). Upon tissue damage,
many cell fate markers are lost and remain absent during regenera-
tive growth (7). The damage response ends, regeneration signaling
abates without stimulating overgrowth, and correct patterning and
cell fate gene expression are restored before the animal enters meta-
morphosis (8). However, the regulatory mechanisms that control the
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end of regeneration and establishment of cell fate remain poorly un-
derstood, raising the question: How does the regenerating tissue exit
regeneration and return to normal development?

Here, we show that the pioneer transcription factor zelda (zld)
controls repatterning after regeneration in the wing imaginal disc.
Z1d is essential during embryogenesis for the maternal-to-zygotic
transition, pattern formation, sex determination, and cellularization
(9-15). In the embryo, ZId binds loci that require its activity for ac-
cessibility and loci that remain accessible even in the absence of ZId
(13). The loci that remain accessible are enriched for binding sites
for a second pioneer transcription factor, GAGA factor/Trithorax-
like (GAF/Trl), suggesting that they may act in either a coordinated
or redundant manner (13). Subsequent work suggested that these
loci transition from being bound by Zld to being bound by GAF and
that they are not required for each other’s ability to localize appro-
priately (16). Outside of the embryo, zygotic zld is important for
maintaining type II neuroblasts in an undifferentiated state in the fly
brain (17). Thus, ZId plays an important role during key develop-
mental transitions or changes in cell behavior. In this study, we show
that Zld is dispensable for normal wing development. However, we
hypothesized that ZId might play a role in the transition from the
damage response to normal development at the end of disc re-
generation.

Notably, we found that Zld is important for controlling tissue pat-
terning and cell fate specification at the end of regeneration through
regulating specific cell fate determinants and ensuring a timely tran-
sition from regeneration gene expression to developmental gene ex-
pression. We found that reducing or impairing Zld disrupted margin
and vein cell fate, induced posterior-to-anterior (P-to-A) fate transi-
tions, and interfered with integrin expression, resulting in adult
wings with blisters. In addition, our Cleavage Under Targets and Re-
lease Using Nuclease (CUT&RUN) analysis of regenerating wing
discs suggests that other pioneer factors such as Forkhead Box A
(FoxA)/Fork head (Fkh) (18) and GAF/Trl (19) may bind many of
the same loci. Reduction of Fkh and GAF during regeneration pro-
duced phenotypes similar to loss of ZId, and GAF and ZId were
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detected in proximity to each other. Analysis of existing assay for
transposase-accessible chromatin with sequencing (ATAC-seq) data
suggests that Zld-bound regions increase in accessibility over the
course of regeneration. Thus, ZId is crucial for reestablishing and
stabilizing cell fate, regulating patterning, and ensuring correct wing
architecture, allowing a regenerated wing disc to undergo metamor-
phosis to generate the adult wing blade.

RESULTS

A spatiotemporal system to cause tissue damage in the wing
imaginal disc

To explore how cell fate and pattern are reintroduced in late regen-
eration and identify the mechanisms that control gene expression
during this phase of repair, we used a spatiotemporal damage system
to induce damage and regeneration in the Drosophila wing imaginal
disc (8, 20). This method uses a GAL4 transgene inserted in the rotund
(rn) locus (21), which is expressed in the pouch of wing discs, the
primordium of the adult wing blade (Fig. 1A). GAL4 activity is sup-
pressed at 18°C by a temperature-sensitive Gal80 (Gal80") (22). A
temperature shift to 30°C in the early third instar (day 7 after egg lay)
allows the GAL4 to express the proapoptotic UAS-reaper (rpr) (23) to
induce cell death. After 24 hours, shifting the temperature back to
18°C allows Gal80® inhibition of rpr expression (Fig. 1A). The regen-
erating wing pouch, marked by expression of nubbin (nub), had very
few cells remaining at 0 hours of recovery time (R0). The wing pouch
steadily increased in size from 24 hours (R24, early regeneration)
through 48 hours (R48, mid-regeneration) and was almost back to its
normal size by 72 hours (R72, late regeneration) (Fig. 1A).

Several such methods of inducing damage have been used to
identify changes in patterning and cell fate that occur in the regen-
erating wing disc (7, 8, 24). The regenerating pouch loses expression
of markers for various cell fates, which are not reestablished until
the end of regeneration (7, 8). For example, the margins of the adult
wing (Fig. 1B) are established by expression of the gene cut (ct) at
the dorsoventral (D/V) boundary of the wing disc downstream of
Notch signaling (Fig. 1C) (25, 26). After ablation, Ct expression was
absent at R24 (Fig. 1D), although the D/V boundary and Notch sig-
naling were present (8). Ct expression partially returned at R48
(Fig. 1E) and was completely restored by R72 (Fig. 1F).

In addition, the regenerating tissue loses intervein and provein
marker expression (7, 8, 24). The intervein regions between the
veins in the adult wing can be identified in the developing disc by
expression of blistered (bs) (27, 28), which was absent in the pouch
at R24, was mostly absent in the pouch at R48 except for a few Bs-
positive cells at the edges of the pouch, and was lastly restored at R72
in five of eight wing discs (Fig. 1, G to K). Vein and intervein gene
expression is regulated by Notch signaling activity (29), which we
detected using the E(spl) Mb-CD2 Notch signaling reporter (30), and
is expressed at the D/V boundary and in the intervein regions dur-
ing normal development (Fig. 1, L and M). At R24, the Notch activ-
ity reporter was expressed in a thick stripe around the D/V boundary,
which persisted at R48 (Fig. 1, N and O). By R72, expression was
restored to the D/V boundary and intervein regions in three of five
discs (Fig. 1P), which is similar to previous reports (8). We assessed
the provein cell identity (Fig. 1Q) using expression of the Notch sig-
naling ligand Delta (DI) (Fig. 1R) (7, 31). At R24, DI was expressed
in a thin stripe at the presumptive D/V boundary (Fig. 1S), which
becomes broader and more diffuse by R48 (Fig. 1T). Normal DI
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expression returned by R72 in 4 of 10 discs (Fig. 1U), while the re-
maining discs had incomplete DI expression that was missing sec-
tions such as the L2 and L5 proveins.

The WNT family ligand wingless (wg) is essential for wing blade,
margin, and hinge formation (Fig. 1V) (32-34) and is expressed
along the D/V boundary and in an inner ring (IR) and an outer ring
(OR) around the wing pouch (Fig. 1, V and W) (35). At R24, Wg was
expressed throughout the regenerating blastema, as previously re-
ported (Fig. 1X) (8). The Wg expression pattern began transitioning
into the D/V boundary and hinge rings at R48 (Fig. 1Y), often pass-
ing through intermediate expression patterns not observed during
normal development (8) and by R72 returned to its normal pattern
(Fig. 1Z). Thus, cell fate genes progress through nondevelopmental
expression patterns during regeneration before returning to their
correct expression patterns. As noted, not all regenerating discs had
completely normal cell fate gene expression by R72, which was re-
flected in the resulting adult wings that had minor errors in pattern-
ing (36-38).

Zld regulates cell fate and patterning during regeneration
We wondered what factors facilitate the restoration of normal devel-
opmental gene expression by 3 days after damage. Pioneer transcrip-
tion factors are capable of such a large-scale reprogramming and
developmental transition (39). For example, the pioneer factor SRY-
related HMG-box 4 (SOX4) is expressed after damage in the liver and
can induce cellular reprogramming during damage-induced meta-
plasia (40). In addition, the pioneer factor SOX9 reprograms embry-
onic epidermal stem cells into hair follicle stem cells and, in a basal
cell carcinoma model, reprograms adult epidermal stem cells into
hair follicle stem cells, repeating this developmental transition (41).
Furthermore, the pioneer factor early growth response (egr) is impor-
tant for regeneration in acoel worms, and the pioneer factors Sox2
and Kriippel-like factor 4 (Klf4) are important for regeneration in
retinal ganglion cells (42). Thus, we hypothesized that the exit from
regeneration could be orchestrated by a transcription factor that can
exert pioneering function to open regions near developmental genes
to restore patterning gene expression. One such candidate was Zld,
one of the most well-characterized Drosophila pioneer factors, which
controls the embryonic maternal-to-zygotic transition (9).

Previous work suggested that the zld transcript is not uniformly
expressed in wing discs (14). However, our immunostaining in a late
third instar undamaged disc shortly before pupariation showed that
Z1d protein is expressed uniformly throughout the developing disc,
which was confirmed by imaging a disc with endogenously tagged
green fluorescent protein (GFP)::Zld (Fig. 2A and fig. S1A) (43). ZId
expression levels remained unchanged throughout the mid-late
third instar stage in wing discs (fig. S1B). Zld expression was slight-
ly but not statistically significantly elevated in the regenerating
pouch at R24 (Fig. 2B). By contrast, Zld expression was markedly
increased at R48 within the regenerating region and remained up-
regulated at R72 (Fig. 2, C to E). We also observed a similar upregu-
lation in zld mRNA as assessed by quantitative polymerase chain
reaction (QPCR) (Fig. 2F).

To determine ZId’s role during regeneration, we used a previ-
ously reported fly line in which the endogenous ZId is tagged with
cryptochrome 2 (CRY2) at its N terminus (CRY2::Zld) to optoge-
netically inactivate ZId (11). We inactivated ZId by shining blue
light-emitting diode (LED) light on the larvae during RO to R72
(fig. S1C). Exposing undamaged w'''® larvae that did not contain
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Fig. 1. Gene expression during regeneration. (A) Wing pouch of third instar wing discs with immunostaining for Nubbin (Nub) (gray) and rn > green fluorescent
protein (GFP) (green) demarcating where rpr was expressed. (B) Adult wing with margin outlined in red. (C to F) Ct expression at the D/V boundary (red arrowheads)
in undamaged (C), R24 (D), R48 (E), and R72 (F) wing discs. (G) Adult wing with some intervein regions marked by yellow arrowheads. (H to K) Bs-GFP expression in
the intervein regions (yellow arrowheads) in undamaged (H), R24 (1), R48 (J), and R72 (K) wing discs. (L) Adult wing with the margin outlined in red and intervein re-
gions marked with yellow arrowheads. (M to P) E(spl)Mb-CD2 (CD2) expression in the margin (red arrowhead) and intervein regions (yellow arrowheads) in undam-
aged (M), R24 (N), R48 (0), and R72 (P) wing discs. (Q) Adult wing with veins marked by arrowheads: L1 (red), L2 (yellow), L3 (magenta), L4 (white), and L5 (blue). (R to
U) Dl immunostaining in provein cells with arrowheads the same colors as in (Q) in undamaged (R), R24 (S), R48 (T), and R72 (U) wing discs. (V) Adult wing with green
lines marking the D/V boundary and approximate locations of the Wg IR and OR. (W to Z) Wg immunostaining in undamaged (W), R24 (X), R48 (Y), and R72 (Z) wing

discs. Scale bar, 100 pm.
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Fig. 2. ZId is important for cell fate and patterning during regeneration. (A to D) Undamaged (A), R24 (B), R48 (C), and R72 (D) wing discs immunostained for
Zld and Nubbin. (E) Quantification of ZId immunostaining fluorescence intensity in the Nubbin-expressing wing pouch. n = 18 discs each except for R24 (n = 16).
Undamaged versus R24, P = 0.0565 (n.s.); undamaged versus R48, ***#P < 0.0001; undamaged versus R72, ****P < 0.0001; R24 versus R48, ***P = 0.0002; R24 versus
R72, **P = 0.0040; R48 versus R72, P = 0.7223 (n.s.); F = 22.53, df = 67, one-way analysis of variance (ANOVA) test. a.u., arbitrary units. (F) Quantification of zld mRNA
by gPCR. Undamaged versus R24, P = 0.9977 (n.s.); undamaged versus R48, ****P < 0.0001; undamaged versus R72, ***P = 0.0002; one-way ANOVA test. (G and
H) Adult wings from w’’"® animal raised without blue light. (G) Undamaged adult wing. (H) Adult wing from regenerated wing disc. (I and J) Adult wings from w'’’®
animal raised with blue light. (I) Undamaged adult wing. (J) Adult wing from regenerated wing disc. (K) Adult wing from a CRY2::zld fly not exposed to blue light.
(L) Adult wing after disc regeneration in a CRY2::zld fly not exposed to blue light having some defects such as incomplete L2 vein (yellow arrowhead) and incomplete
posterior margin (red arrowhead). (M) Adult wing from a CRY2::zld fly without disc damage exposed to blue light between R0 and R72. (N) Adult wing after disc regen-
eration in a CRY2::zld fly exposed to blue light between RO and R72 having missing L2 vein (yellow arrowhead), altered L3 vein thickness (magenta arrowhead), incom-
plete L5 vein (blue arrowhead), incomplete posterior margin (red arrowhead), blister formation (black arrowhead), and distal edge vein material (teal arrowhead).
Scale bars, 100 pm (wing disc) and 500 pm (adult wing).

Bose etal., Sci. Adv. 11, eads5743 (2025) 6 June 2025 4 of 21



SCIENCE ADVANCES | RESEARCH ARTICLE

the CRY2::zld to acute LED blue light led to adult wings that were
normal (Fig. 2, G and I). Exposing regenerating discs in w''® larvae
to acute LED blue light led to an error rate similar to that of w'’®
flies that were not exposed to blue light during disc regeneration:
42.3% of wings with minor defects and 12.5% of wings with a strong
phenotype for w''*® larvae with blue light and 37.8% of wings with
minor defects and 17.3% of wings with a strong phenotype for w'''®
larvae without blue light. Thus, blue light exposure does not cause
additional defects during development or regeneration (Fig. 2, H
and J, and fig. S1E). In addition, the CRY2 insertion did not interfere
with normal wing development (Fig. 2K) or disc regeneration, with
defects in adult wings similar to those in w'!!® controls (Fig. 2, H, J,
and L, and fig. S1E). Inactivation of CRY2::Zld by blue light during
the third instar did not cause any defects in the adult wing (Fig. 2M),
suggesting that ZId is not required for normal wing development.
Inactivation of CRY2:Zld throughout larval development, from
days 2 to 9 after egg laying, also had no effect (fig. S1D).

Exposing CRY2::zld larvae with damaged discs to blue light be-
tween RO and R72 led to 97.24% of adult wings with defects, where
62.84% had minor defects and 34.4% had major defects (Fig. 2N and
fig. S1E). Inactivation of ZId during disc regeneration resulted in
numerous errors (Figs. 2N; 4, D and E; 6D; and 7E), such as missing
or incomplete L2 and L5 veins, altered L3 and L4 vein thickness,
missing crossveins, and ectopic vein material at the distal end of the
wing. A percentage of each margin was also missing, especially in
the posterior portion of the wing (Fig. 2N). Last, these adult wings
had a high rate of blisters (Fig. 2N). We observed some variability in
the frequency of these defects, likely due to the larvae positioned at
different depths in the food, resulting in inequal exposure to blue
light. However, the phenotypes observed were consistent and re-
producible.

To narrow down the requirement for ZId to early, mid, or late
regeneration, we used blue light to inactivate CRY2::Zld between RO
to R24, R24 to R48, and R48 to R72 (fig. S1C). Inactivation of Zld
during each of these time windows produced phenotypes similar to
inactivation of ZId throughout regeneration (RO to R72) (fig. S1, F to
I). We quantified specific patterning defects in the adult wings, in-
cluding presence of vein and bristles on the posterior margin
(fig. S1J), presence of a blob of vein at the distal end of the wing
(fig. S1K), and presence of a blister (fig. S1L), and found that inacti-
vating ZId during each of these 24-hour windows produced these
phenotypes but not at the same frequency as inactivating ZId
throughout regeneration. Thus, Zld may be required throughout re-
generation.

To validate that these defects were due to loss of ZId function, we
built a zld RNA interference (RNAI) transgene by placing a previ-
ously published zld-specific RNAi sequence (15) under the control of
a LexA operator (LexAop) (44) to avoid regulation by the Gal80".
The LexAop zld-RNAi was expressed using a pdm2-LexA driver that
is expressed in the wing disc pouch and hinge region (fig. S2A). Ex-
pression of the LexAop zld-RNAi during normal development in the
wing disc reduced Zld levels (fig. S2, B and C) but did not lead to any
defects in the adult wing, again indicating that that ZId is not re-
quired for normal wing development (fig. S2J). Expression of zld-
RNAi also reduced Z1d levels at R24 (fig. S2, D and E), R48 (fig. S2, F
and G), and R72 (fig. S2, H and I). This reduction yielded adult wings
with similar defects to the CRY2::ZId system, such as missing and/or
incomplete veins, ectopic vein material at the distal edge of the wing,
missing margins, and blisters (fig. S2, ] to O). Adult wings from
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pdm2-LexA;attP2 damaged discs in most cases appeared well formed,
with 65% of wings regenerating perfectly (n = 131) (fig. S2L). Regen-
erating discs containing only the LexAop-zIdRNAi transgene resulted
in adult wings with mild defects that were nevertheless similar to
those seen with zld knockdown during regeneration, suggesting that
this LexAop promoter might allow leaky expression of the RNAi
(fig. S2K). Thus, inactivation of ZId by CRY2 and RNAi-mediated
knockdown of zld after damage resulted in many patterning and cell
fate defects, as well as blistering in the adult wing.

Zld is enriched at developmental genes

during mid-regeneration

To identify the genes Zld regulates to facilitate correct regeneration,
we performed the protein-DNA binding assay CUT&RUN (45) to
find where Zld binds throughout the Drosophila genome in undam-
aged and regenerating wing discs at R48. We chose the R48 time
point because that was the time of both peak ZId expression and the
initiation of patterning gene expression returning to normal. We
used flies homozygous for a functional, endogenous ZId tagged with
superfolder GFP (43) together with a commercially available anti-
GFP antibody (Abcam, Ab290). One hundred wing discs were dis-
sected for each replicate from undamaged and R48 larvae, as well as
from controls that lacked the GFP::Zld. Data analysis was carried
out using standard programs, including deepTools, MACS2, and
ChIPSeeker (46-48).

To estimate the number of genes that may be regulated by Z1d, we
examined enrichment near transcription start sites (TSSs) (Fig. 3A).
Our CUT&RUN data showed that ZId had only 170 binding sites
near TSSs in undamaged wing discs (Fig. 3A), consistent with our
finding that ZId is dispensable for normal wing development. By
contrast, we found that Zld bound near almost 1900 TSSs in mid-
regenerating wing discs (Fig. 3A), consistent with our finding that
reduction of Zld induced a strong phenotype in wings after disc re-
generation. Examining the distribution of the ZId binding sites along
genes revealed a marked shift from mostly intergenic regions in un-
damaged discs to mostly promoter regions in regenerating discs
(Fig. 3B). Overall, ZId had 1368 binding sites in the undamaged
discs and 3732 binding sites in R48 discs with significantly increased
differential binding to its target sites compared to undamaged sam-
ples (Fig. 3C and tables S2 and S3).

To determine the extent to which ZId binding in regenerating
wing discs is similar to Zld binding in other tissues, we compared
the genomic loci bound by Zld during regeneration with previously
published chromatin immunoprecipitation sequencing (ChIP-seq)
data for ZId during stage 14 of embryonic development (9) and in
type II neuroblasts of the larval brain (17). Notably, there were sub-
stantially more Zld-bound loci in embryos (20,119) relative to neu-
roblasts (7215) and wing discs (3732). However, 69% of the loci
bound in regenerating discs were also bound in embryos (fig. S3A).
By contrast, only 31% of the loci bound in regenerating discs were
also bound in type II neuroblasts (fig. S3A). The lack of greater over-
lap among the datasets may be due to differential ZId binding in
different tissues and/or the different sensitivities of the ChIP-seq
and CUT&RUN techniques. Further analysis showed that while
50% of ZId binding sites were within 1 kb of gene promoters in re-
generating discs (Fig. 3B), with the remainder in exons, introns, and
intergenic regions, neuroblasts had substantially more binding sites
near promoters and fewer sites in introns and distal to the genes
(fig. S3, B and C).
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ogy (GO) analysis.

Bose et al., Sci. Adv. 11, eads5743 (2025)

6 June 2025

6 of 21



SCIENCE ADVANCES | RESEARCH ARTICLE

We assessed the list of genes near Zld binding sites in regenerating
wing discs using Gene Ontology (GO) tools. We found enrichment
for genes involved in various developmental and morphogenesis pro-
cesses (Fig. 3D), consistent with the patterning defects observed in
wings when ZId was reduced during regeneration. To validate our
CUT&RUN data, we assessed expression of genes near putative Zld
binding sites individually. One such gene was fz2, which encodes a
receptor for WNT family ligands such as Wg and is important for
developmental processes dependent on WNT signaling (49). Zld did
not bind near fz2 in undamaged discs but bound in several locations
in R48 discs (fig. S3D). fz2 also provides an example of the overlap
and differences in binding sites among imaginal discs, embryos, and
neuroblasts, with three loci bound in all three tissues, one locus
bound only in regenerating discs and neuroblasts, five loci bound
only in embryos, and one locus bound only in neuroblasts (fig. S3D).

Frizzled2 (Fz2) is expressed in the notum and in the dorsal and
ventral regions of the wing pouch (fig. S3E). Inactivation of ZId dur-
ing normal development did not change Fz2 expression levels or
patterning (fig. S3, F and I). During late regeneration, Fz2 was ex-
pressed throughout the regenerating pouch at R72 (fig. S3G) and
was markedly reduced upon inactivation of ZId (fig. S3, H and I).
Thus, we established that a developmental patterning gene near a
Zld binding site requires ZId for full expression during regeneration.
Hence, we wondered whether ZId could be important for correct
expression of other developmental genes during regeneration.

Zld regulates genes important for wing margin and sensory
bristle fate

Adult wings that developed from damaged and regenerated discs in
which Zld had been inactivated or knocked down had very specific
defects in veins, margins, and sensory bristles. Hence, we wondered
whether ZId could be responsible for inducing expression of specific
genes required for these cell fates. First, we confirmed that inactiva-
tion or knockdown of ZId during normal development did not lead
to any vein disruption in adult wings, defects in the wing margin, or
loss of sensory bristles on the anterior margin (Fig. 4, A and B, and
fig. S4A). In addition, adult wings formed from regenerating control
wing discs that either had the CRY2 insertion but regenerated without
blue light exposure or had the genotype pdm2-LexA/+;attP2/+ were
well patterned, with occasional disruption of veins and margins when
patterning defects were quantified (Fig. 4C and fig. S4, B and D to H).

Last, we analyzed adult wings that arose from wing discs that
regenerated while ZId was inactivated or knocked down. Quantita-
tive analysis demonstrated a high percentage of these wings had er-
rors including poorly defined L3 and L4 veins and margin missing
in sections along with absent sensory bristles on the anterior side
(Fig. 4D and fig. S4, C and D). In addition, large sections of the L2
and L5 veins were missing (Fig. 4, D and E, and fig. $4, C to E), and
anterior and posterior crossveins were missing (fig. S4, C, F, and G).
These wings also had aberrant vein tissue on the distal edge of the
adult wing (Fig. 4D and fig. S4H) and had substantial sections of
margin missing on the posterior edge (Fig. 4, E and F, and fig. $4C).
Thus, ZId appears to be crucial for vein and margin cell fate specifi-
cation during disc regeneration.

To understand how ZId is regulating these cell fates, we asked
whether ZId binds near genes important for margin and vein identity
using our CUT&RUN data. First, we looked for genes near ZId bind-
ing sites that are important for margin fate. At R48, ZId is bound at
the promoter region of ct (fig. S4I), which is expressed in the D/V
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boundary of developing wing discs and is important for margin fate
(Fig. 1, B and C) (25, 26, 50). Ct expression along the D/V boundary
remained stable upon ZId inactivation during normal development,
as expected (Fig. 4, G and H). As previously shown, Ct expression
was lost during regeneration and reappeared by R72 (Fig. 1, B to F).
On average, Ct was expressed in 87% of the D/V boundary by R72
(Fig. 4, T and K), indicating restoration of most of the margin. The
gaps in Ct expression were likely responsible for the sporadic sec-
tions of margin missing in the resulting adult wings (Fig. 4F). After
Z1d inactivation, R72 discs had variable expression of Ct, with some
discs missing over 90% of Ct expression (Fig. 4]). On average, only
57% of the D/V boundary expressed Ct by R72 (Fig. 4K), which cor-
related with the high percentage of the adult wing margin missing
after regeneration in wing discs lacking functional ZId.

We also looked for genes near Zld binding sites that are impor-
tant for vein identity. ZId bound at the promoter and intronic re-
gions of DI (fig. S4]), which is expressed in the provein cells in
developing wing discs and is important for provein fate and conse-
quently intervein fate (29, 51). There was no difference in DI expres-
sion between undamaged discs with and without functional Zld
(Fig. 4, L and M). As previously shown, DI expression transitioned
from a thin stripe at R24 to a broader and more diffused signal at
R48 (Fig. 1, S and T). However, upon ZlId inactivation, R48 discs had
a markedly reduced DI signal (fig. S4, K to M), suggesting that Dl is
a target of ZId. Furthermore, while DI expression in control regener-
ating discs at R72 had mostly returned to normal, with L2 and some
L5 provein cells missing DI expression in a few discs (Fig. 4N), 64%
of R72 discs that lacked Zld function had incomplete expression of
DI (Fig. 40). The errors included L2 and L5 proveins lacking expres-
sion and weak expression in the L3 and L4 proveins (Fig. 40). DI
was also expressed diffusely in between the presumptive L3 and L4
proveins (Fig. 40), which is the region that gives rise to the tip of the
wing and thus could be responsible for the extra vein material on the
distal edge of the wing (Fig. 4D and figs. S20 and $4C).

Tracts of sensory bristles were also often missing along the ante-
rior margin of the wing after disc regeneration without ZId (Fig. 4,
A to D). Expression of the transcription factor achaete (ac) is crucial
for sensory bristle development (52) and was identified as a putative
target of Zld at R48 in our CUT&RUN analysis (fig. S4N). During
normal development, Ac-expressing cells are found in the anterior
half of the wing disc flanking the D/V boundary (Fig. 4P) and are
unaffected upon ZId inactivation (Fig. 4Q). In R72 regenerating
discs, Ac-expressing cells were present as expected (Fig. 5R). How-
ever, in R72 discs that lacked ZId (Fig. 4, S to U), 38% had few Act
cells (Fig. 4S), 31% had a reduced number of Ac™ cells (Fig. 4T), and
31% had evenly distributed Ac* cells in the anterior compartment
(Fig. 4U). This loss of Ac correlated with absent sensory bristles in
the adult wing. We also saw a percentage of wings with aberrant Ac
expression on the posterior side of the wing disc (Fig. 4, T and U),
suggesting that Z1d may play a role in maintaining proper posterior
fate during regeneration. Together, our results show that ZId is im-
portant for the reestablishment of margin, sensory bristle, and vein
fates in the regenerating wing disc by regulating expression of tar-
gets such as ct, ac, and DI, respectively.

Loss of ZId delays the transition to normal patterning in
regenerating wing discs

We wondered whether ZId’s regulation of targets during mid to late
regeneration is an integral aspect of the transition from regeneration
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Fig. 4. ZId regulates margin, vein, and sensory organ fate after regeneration. (A) Undamaged adult wing showing L1 (red arrowhead), L2 (yellow arrowhead), L3
(magenta arrowhead), L4 (white arrowhead), and L5 (blue arrowhead) veins and sensory bristles (orange arrowhead; with higher magnification inset). (B) Adult wing after
Zld inactivation during normal development, arrowheads as in (A). (C) Adult wing after disc regeneration, arrowheads as in (A). (D and E) Adult wings after ZId inactivation
during regeneration, arrowheads as in (A). Asterisk (*) indicates missing posterior margin. (F) Quantification of missing posterior margin for control wings after regenera-
tion (n = 207), ZId-inactivated wings after regeneration (n = 190), control pdm2-LexA;attP2/+ RNAi wings after regeneration (n = 131), and pdm2-LexA;zld-RNAi/+ wings
after regeneration (n = 91). **¥*P < 0.0001, Student’s t test. Controls of the same genetic background were used for comparison due to variation in background error rates
in patterning. (G to K) Ct immunostaining in an undamaged wing disc (G), undamaged disc with Zld inactivation (H), R72 wing disc (1), R72 wing disc with ZId inactivation
(J), and quantification of cut expression along D/V boundary (K) for undamaged discs: control (n = 10), ZId inactivated (n = 10), and R72 discs for control (n = 14) and ZId
inactivated (n = 17). Undamaged versus Zld-inactivated undamaged, P = 0.972 (n.s.); undamaged versus Zld-inactivated R72, ***P = 0.0003; ZId-inactivated undamaged
versus Zld-inactivated R72, **P = 0.0017; R72 versus Zld-inactivated R72, **P = 0.0083; one-way ANOVA (K). (L to O) DI immunostaining in an undamaged wing disc (L),
undamaged wing disc with ZId inactivation (M), R72 regenerating wing disc (N), and R72 regenerating wing disc with ZId inactivation (O). Arrowheads mark L2 (yellow),
L3 (magenta), L4 (white), and L5 (blue). (P to U) Acimmunostaining in an undamaged wing disc (P), undamaged wing disc with ZId inactivation (Q), R72 wing disc (R), and
R72 wing disc with ZId inactivated (S to U). Scale bars, 500 pm (adult wings) and 100 pm (all discs).
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back to normal development (Fig. 1, C to F and R to U). Wg and Bs
are expressed in complex patterns in the third instar wing disc,
which are established by the integration of many other signals and
patterned expression of transcription factors (Fig. 1, H and W)
(27, 53). In addition, those complex expression patterns are lost as
signaling centers and patterning reorganizes during regeneration
and is regained after most regenerative growth has occurred (Fig. 1,
H to Kand W to Z) (7, 8). Thus, we used Wg and Bs patterning as
general readouts for the patterning state of the disc to elucidate the
extent to which ZId is important for facilitating timely transitions
during regeneration.

To determine the extent to which ZId is important for the mid-
regeneration transition to the normal Wg expression pattern
(Fig. 1Y), we examined Wg expression while inactivating ZId. Dur-
ing normal development, inactivation of ZId did not alter Wg ex-
pression (Fig. 5, A and B). During regeneration of control discs at
R48, Wg expression was transitioning to its normal expression at
the D/V boundary and the inner and outer hinge rings in all but
15.3% of discs (Fig. 5C). However, when we inactivated Zld during
regeneration, 48% of wing discs retained Wg expression throughout
the pouch at R48, appearing similar to R24 wing discs (Figs. 1X
and 5D). By R72, 73% of control wing discs had returned to the
normal Wg expression pattern (Fig. 5E), while 67% of R72 wing
discs with Zld inactivation still had thicker stripes of expression and
an incomplete IR (Fig. 5F). Thus, reducing ZId compromised the
timely transition of Wg expression during mid-regeneration in a
large percentage of regenerating discs.

We wondered whether this prolonged ubiquitous expression of
Wg in regenerating discs upon ZId inactivation had any impact on
regenerative growth. Unexpectedly, ZId inactivation resulted in a
higher percentage of fully regenerated wings (75 to 100% wing size)
(fig. S5, A to E), although they had many patterning defects. To de-
termine whether the improved wing size was due to persistence of
elevated proliferation after R48 due to continued Wg signaling, we
measured both pouch size and mitoses throughout regeneration. The
regenerating wing pouches that lacked ZId function were already
larger than controls by R48 (fig. S5, F to J), indicating that the regen-
erative advantage occurred before the extended time of elevated Wg
expression. We observed an increase in mitoses at R24 but not at R48
(fig. S5, K to O), which could explain the larger pouch by R48. Thus,
the sustained Wg expression at R48 in discs with inactivated Z1d did
not appear to enhance proliferation in mid-regeneration. However,
these data suggest that ZId may constrain proliferation during early
wing disc regeneration and identification of how ZId restricts regen-
erative growth will be of interest in future studies.

We wondered whether the effect of loss of ZId on the transition
back to the normal expression pattern of Wg was due to direct regu-
lation of the developmental and regeneration enhancers that control
Wg expression, or regulation of uncharacterized Wg enhancers, or
due to an indirect effect on general patterning. Wg expression dur-
ing disc development and regeneration is regulated by the wg' and
BRV118 enhancers in the wg-wnt6 regulatory region (54, 55). How-
ever, during regeneration, Zld was bound to a region in the wg-wnt6
regulatory locus (chr2L:7319693 to 7321007) that is outside of the
wg' and BRV118 enhancer region (Fig. 5G). Thus, Zld does not ap-
pear to directly act at the wg' and BRV118locus. The effect of Z1d on
the change in Wg patterning may be direct through this uncharac-
terized enhancer or may be indirect.

Bose etal., Sci. Adv. 11, eads5743 (2025) 6 June 2025

To confirm the extent to which the timing of repatterning was
disrupted when ZId was lost, we next assessed the transition of Bs
expression back to normal. There were no Zld binding sites near Bs
at R48, so the effects of loss of ZId on Bs expression reflect the over-
all state of patterning in the regenerating tissue. Bs was barely ex-
pressed in the regenerating pouch at R48 (Fig. 1J) but returned to its
normal expression at R72 (Fig. 1K). Hence, we examined the inter-
mediate time point of R60. Inactivating Zld in undamaged wing
discs had no effect on Bs expression (Fig. 5, H and I). In control R60
regenerating discs, Bs expression was emerging in the intervein re-
gions, was starting to retreat from the proveins, and was excluded
from the D/V boundary in 67% of discs (n = 12) (Fig. 5]), while the
remaining discs had variable Bs expression in the D/V boundary
and provein regions. After inactivating Zld, Bs was misexpressed
throughout the regenerating pouch at R60, including in the proveins
and the D/V boundary in 73% of discs (n = 11) (Fig. 5K). While Bs
expression had returned to its normal developmental pattern by R72
in 75% of control discs (n = 8) (Fig. 5L), 57% (n = 7) of ZId-
inactivated R72 discs had not transitioned correctly, with haphazard
Bs expression, especially along the D/V boundary of the wing disc
(Fig. 5M). Thus, ZId appears crucial for the timely transition to nor-
mal developmental gene expression patterns during mid to late re-
generation, as assessed by Wg and Bs expression.

To determine the extent to which overexpressing ZId during re-
generation might promote the premature return of normal pattern-
ing, we expressed Zld under UAS control, which drove Zld expression
in the remaining rnGAL4-expressing cells and immunostained for
Wg (fig. S6, A, B, D, and E). The overexpression of ZId in this subset
of cells had the effect of inhibiting regeneration, as Wg expression
was reduced at R24 (fig. S6, A to C) and the Wg-expressing area re-
mained significantly smaller than in control discs through R48
(fig. S6, D to F). This poor regenerative response obscured any effects
on patterning and was consistent with the finding that reduction of
Z1d led to enhanced regeneration.

Zld is important for preserving posterior cell fate

We previously showed that the posterior cell fate gene engrailed (en)
is misregulated by JNK signaling during regeneration, which induc-
es overexpression, followed by autoregulated silencing of en (38). To
prevent this misregulation, the SERTAD [SERTA (SEI-1, RBT-1,
and Tara) Domain containing] ortholog taranis (tara) and the SW1/
SNF (SWltch/Sucrose Non-Fermentable) BAP (Brahma-associated
Protein) complex, defined by the BAP-specific complex member
osa, act as protective factors to prevent en overexpression (37, 38).
While tara expression is activated in late regeneration, how its ex-
pression is activated and how osa activity is regulated are not known.
Reduction of either tara or osa during normal development does
not cause adult wing defects (fig. S7, A, C, and E), but their reduc-
tion during regeneration leads to adult wings that have a number of
anterior features on the posterior half of the wing, namely, vein ma-
terial on the posterior margin, sensory bristles on the posterior mar-
gin, an extra anterior crossvein on the posterior side, anterior
compartment shape in the posterior compartment, and distal costa
bristles on the posterior side (fig. S7, B, D, and F) (37, 38). These
defects are collectively called P-to-A transformations. We noticed
that the anterior marker Ac was often misexpressed in the posterior
compartment of regenerating discs during ZId inactivation (Fig. 4,
T and U), suggesting that P-to-A transformations were taking place.
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To generally assess the effects of loss of ZId on posterior cell fate,
we examined adult wings. Loss of ZId did not affect posterior cell
fate during normal development (Fig. 6, A and B). Adult wings after
disc regeneration had occasional P-to-A transformations, with spo-
radic anterior sensory bristles and vein material on the posterior
margin, as seen previously (Fig. 6C) (37, 38). However, adult wings
after regeneration with ZId inactivation or knockdown had a much
higher frequency of P-to-A transformations, including vein material
and sensory bristles on the posterior margin, and extra anterior
crossveins on the posterior side (Fig. 6D and fig. S7H). However,
these wings were also often missing large sections of the posterior
margin and were missing many or all veins (Fig. 4, E and F). Thus,
we could not quantitate frequency of sensory bristles and vein mate-
rial on the posterior margin due to the frequent absence of the pos-
terior margin itself, nor could we quantitate frequency of a second
anterior crossvein in wings that often lacked all veins.

To confirm that the phenotypes observed in the adult wings were
due to P-to-A transformations during disc regeneration, we immu-
nostained for the Hedgehog receptor Patched (Ptc). Ptc is expressed
in the anterior cells near the anterior-posterior boundary and dur-
ing regeneration that expression remained restricted to the anterior
side of the anterior-posterior boundary (Fig. 6, E and F). By con-
trast, R72 discs that lacked Zld function had Ptc expression in the
posterior compartment (Fig. 6G), indicating posterior cells that
were attaining anterior fate. We also immunostained for the poste-
rior selector transcription factor En, whose misregulation during
regeneration is enhanced when levels of the protective factors tara
or osa are reduced (37, 38) (fig. S7, I to P). Similarly, when ZId was
inactivated in regenerating discs, en expression was silenced in por-
tions of the posterior compartment (Fig. 6, H to J). Thus, ZId plays a
role in regulating en expression during late regeneration to preserve
posterior fate.

We wondered whether Zld could help preserve en expression by
regulating the expression of tara or osa. Our CUT&RUN analysis
showed that Zld binds to sites near en, tara, and osa in regenerating
discs (fig. S7, Q and U), raising the possibility of direct and/or indi-
rect regulation of en by Zld. Osa protein levels and transcription of
tara were not altered when ZId was inactivated during normal de-
velopment (fig. S7, R to T and V to X). In regenerating wing discs,
Osa levels were not significantly different between undamaged and
control R72 discs (Fig. 6, K and L). However, there was a notable
decrease in Osa levels in the regenerating pouch of R72 discs after
inactivation of ZId (Fig. 6, L to N). In contrast to osa, tara expression
was significantly up-regulated in mid and late regenerating discs
(Fig. 6, O and P) (38). Upon ZId inactivation in R48 discs, tara tran-
scription as assessed by an enhancer trap was significantly decreased
(Fig. 6, P to R). Thus, our results suggest that ZId can regulate poste-
rior fate in part by controlling expression of the protective factors
osa and tara to prevent en from being silenced during late re-
generation.

To confirm these findings, we tried to rescue the P-to-A defects
caused by loss of Zld by overexpressing tara. Tara overexpression
eliminated the ectopic Ptc expression in the posterior of the disc and
largely rescued loss of En in the posterior of the disc, although some
discs at R72 still had small areas of En silencing (Fig. 6, S to V). The
resulting adult wings had few P-to-A defects, although additional
phenotypes such as loss of margin remained (Fig. 6W). Thus, ZId
regulates tara and osa, which prevent loss of posterior fate in late
regeneration.

Bose etal., Sci. Adv. 11, eads5743 (2025) 6 June 2025

Zld is important for the structural integrity of the adult wing
after disc regeneration

Inactivation of Zld during regeneration led to a high frequency of
blisters in the adult wings.

There were no blisters after normal development during which
Zld was inactivated or knocked down (Fig. 7, A, B, and D). After
wing disc regeneration in control animals, about 5% of adult wings
had blisters (Fig. 7C). Control pdm2-LexA/+;attP2/+ regenerated
discs also regenerated well, with blisters in only 3% of adult wings
after disc regeneration (Fig. 7D). By contrast, after ZId inactivation
during disc regeneration, 23% of the adult wings had blisters (Fig. 7,
E, G, and H). RNAi-mediated zld knockdown during disc regenera-
tion also caused blisters in 33% of adult wings (Fig. 7, F and H).
Thus, Zld likely controls expression of genes important for the integ-
rity of the adult wing.

Integrins play an important role in adhesion of the apposed basal
layers of the wing disc when undergoing metamorphosis and keep
the junctions connected as the wing goes through expansion to un-
fold the adult wing blade after eclosion (56-58). ZId was bound near
the BPS (beta position-specific) integrin myospheroid (mys) and
aPS1 integrin multiple edamatous wings (mew) at R48. During nor-
mal development, Mys is expressed throughout the wing disc, with
slightly elevated levels in the ventral and dorsal regions of the pouch
and higher expression at the D/V boundary (Fig. 7K). Inactivation
of ZId did not affect Mys expression during normal wing develop-
ment (Fig. 7L). During regeneration, control R72 discs had elevated
expression of Mys compared to normal development, especially at
the D/V boundary (Fig. 7M). By contrast, R72 discs in which ZId
had been inactivated had reduced expression of Mys with a marked
decrease at the D/V boundary (Fig. 7, N and O).

During normal wing development, Mew is expressed in the dor-
sal and ventral parts of the wing pouch (Fig. 7P) and was not affected
upon ZId inactivation (Fig. 7Q). During regeneration, control R72
discs had high expression of Mew, particularly in the ventral part of
the pouch, which was notably lost upon ZId inactivation in 68% of
R72 discs (n = 19) (Fig. 7, R and S). As expression of integrins in
both dorsal and ventral halves of the disc is crucial for maintaining
junctions and cell adhesion while the disc undergoes apposition and
everts, loss of Mys at the D/V boundary and loss of Mew in the ven-
tral half of the disc likely contribute to the observed blisters.

Trl/GAF and Fkh likely act with ZId to regulate patterning
after regeneration

To assess the mechanism through which Zld functions in regenera-
tion, we used the sequences that comprise the Zld binding sites dur-
ing wing disc regeneration to find enriched motifs that might bind
Zld or any transcription factors that might regulate the same loci.
The pioneering activity of ZlId in early embryos is due to its ability to
bind to CAGGTAG sequences throughout the genome (9), but ZId
binds to other sequences in transcriptionally active tissues such as
the type II neuroblasts (17). One common cofactor for Zld in both
tissues is the pioneer factor GAF, encoded by Trl, which recognizes
GA-rich repeats (16, 17). Zld binding sites in regenerating wing discs
at R48 were not enriched for CAGGTAG sites but did contain GA-
rich repeats, suggesting that GAF could be acting at the same loci as
Zld during wing disc regeneration (Fig. 8A). Zld binding sites were
also enriched for motifs that are recognized by other transcription
factors, including the pioneer factor Fkh, and motifs recognized by
unconfirmed factors, such as CA-rich repeats (Fig. 8A and fig. S8A).
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Fig. 6. ZId stabilizes posterior cell fate during late regeneration. (A and B) Control (A) and ZId-inactivated (B) undamaged adult wings. Blue arrowhead, L1 vein; ma-
genta arrowhead, sensory bristles; red arrowhead, anterior crossvein. (C and D) Adult wings after disc regeneration, with arrowheads as in (A). (C) Control and (D) ZId in-
activated during regeneration. (E to G) Ptc expression in undamaged (E), R72 control (F), and R72 with ZId-inactivated (G) wing discs. (H to J) En expression in undamaged
(H), R72 control (1), and R72 with Zld-inactivated (J) wing discs. (K to M) Osa expression in undamaged (K), R72 control (L), and R72 with Zld-inactivated (M) wing discs.
(N) Quantification of Osa levels in regenerating tissue (n = 13 for all). R72 versus Zld-inactivated R72, **P = 0.0044; Student's t test. (O to R) tara-lacZ expression in undam-
aged (0), R48 control (P), and R48 with Zld-inactivated (Q) wing discs. (R) Quantification of tara-lacZ in regenerating tissue (n = 14 for all). R48 versus Zld-inactivated R48,
##kp = 0,0007; Student’s t test. (S) Ptc expression in an R72 disc with Tara overexpression and ZId inactivation. (T) En expression in an R72 disc with Tara overexpressed
and ZId inactivated. (U) Adult wing from regenerated wing disc with Tara overexpression and ZId inactivation. (V) Quantification for En silencing in control R72 discs
(n =6), ZId-inactivated R72 discs (n = 11), and Zld-inactivated R72 discs with Tara overexpression (n = 11). R72 versus Zld-inactivated R72, *P = 0.0138. ZId-inactivated R72
versus ZId inactivated; UAS-tara R72, *P = 0.0111; one-way ANOVA. (W) Quantification of aberrant Ptc expression in control R72 discs (n = 18), Zld-inactivated R72 discs
(n = 16), and Zld-inactivated R72 discs with Tara overexpression (n = 9). R72 versus Zld-inactivated R72, *P = 0.0136. Zld-inactivated R72 versus ZId inactivated; UAS-tara
R72, #P = 0.0413; one-way ANOVA. Scale bars, 500 pm (adult wings) and 100 pm (all discs).
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Fig. 7. ZId prevents blisters in the adult wing after disc regeneration. (A and B) Normal adult wing, control (A) and after ZId inactivation (B). (C and D) Adult wing after
regeneration of a control disc (C) and from pdm2-LexA/+;attP2/+ control disc (D). (E) Adult fly after disc regeneration with ZId inactivation. Yellow arrowhead indicates
blister. (F) Adult wing after disc regeneration with RNAi-mediated z/d knockdown. Yellow arrowhead indicates blister. (G) Three-dimensional image of a fly with regener-
ated adult wing after larval damage with ZId inactivation. Black arrowhead indicates Bs wing. (H) Quantification of blisters in adult wings in control (n = 207), ZId-
inactivated (n = 190), pdm2-LexA;attP2/+ RNAI control (n = 131), and pdm2-LexA;zId-RNAi/+ (n = 91) wings after disc regeneration, **P < 0.01; Student’s t test. (1 and
J) Regions bound by ZId near mys (1) and mew (J) from CUT&RUN analysis. (K and L) Mys expression in undamaged wing discs, with elevated Mys at the D/V boundary
(yellow arrowhead). Control (K) and ZId inactivated (L). (M and N) Mys expression in R72 discs with yellow arrowhead pointing to the D/V boundary. Control (M), ZId inac-
tivated (N). (O) Quantification of Mys expression, R72 versus Zld-inactivated R72, **P = 0.0045; exact P value, Student’s t test. (P to S) Mew expression in wing discs, with
yellow arrowhead indicating expression in the ventral half. Undamaged control (P), undamaged with Zld inactivated (Q), R72 control (R), R72 with ZId inactivation
(S). Scale bars, 500 pm (adult wings) and 100 pm (all discs).
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Fig. 8. GAF and Fkh also regulate patterning after regeneration. (A) Motif discovery and enrichment analysis of sequences bound by ZId at R48. Enriched motifs were
GAF (MEME, E = 5.3 X 1072%), Fkh (MEME, £ = 1.4 X 107%), and CA-rich repeats (MEME, £ = 6.2 x 10~%). (B) Undamaged adult wings. (C to G) Adult wings after regeneration
for RNAI attP2/+ control (C), w'""8/+ control (D), "+ (E), Fkh-RNAi #27072 (F), and Fkh-RNAi #33760 (G). Arrowheads indicate incomplete L2 vein (yellow), incomplete
L5 vein (blue), anterior vein on posterior margin (gray), anterior bristles on posterior margin (pink), extra vein material on distal edge of wing (teal), and blister formation
(black). (H and 1) Confocal images taken with a 63x oil objective of the proximity labeling assay (PLA) using antibodies against ZId and GAF-GFP in undamaged (H) and
R48 (1) wing discs. PLA is white and the GAF-GFP in the nuclei is blue. Scale bars, 50 pm. (J) Chart showing regions of relative chromatin accessibility increases between
early (R0) and mid (R15) regeneration aligned with Zld mid-regeneration CUT&RUN data. Dots indicate the presence of GAF/Fkh/CA repeat/ZId motifs at the specified
genomic regions. (K) Unchanged chromatin accessibility between early (R0) and mid (R15) regeneration aligned with ZId mid-regeneration (R48) CUT&RUN data. (L) Ac-
cessible regions from ATAC-seq data with nucleosome-length sequenced included (nucleosome) and with nucleosome-length sequences removed (nucleosome-free)
near two alternative TSSs for ct, aligned with ZId CUT&RUN data. All data ranges for ATAC-seq data are from —48.0 to 120. Data range for ZId R48 track is 0 to 18. Scale bars,
500 pm (adult wings) and 50 pm (wing discs).
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We examined adult wings after disc regeneration in animals that
were heterozygous mutant for Trl"*“ or expressed one of two RNAi
constructs targeting fkh (#33760 and #27072) during regeneration,
and each showed phenotypes notably similar, although not identi-
cal, to reduction of ZId (Fig. 8, B to G). These phenotypes included
P-to-A cell fate changes such as veins and bristles on the posterior
edge, extra vein material on the distal edge of the wing, and blisters
(Fig. 8, B to G). Results showed the adult wings from the heterozy-
gous mutant Trl"*“ had a higher rate of P-to-A cell fate changes than
the fkh-RNAi lines, while knocking down Fkh resulted in more dis-
tal edge vein defects and blistering (fig. S8, B to D). It is possible that
GAF and Fkh may have different targets during regeneration, as
most GAF motifs were near promoters and the Fkh motifs were
evenly divided between promoters and intergenic regions (fig. S8, E
and F). In addition, the RNAI lines may not knocked down Fkh
completely during late regeneration, when posterior fate is more
susceptible to misregulation. One RNAi line (#33760) had more se-
vere defects than the other (#27072), which could be due to variance
in strength of the knockdown of Fkh. In addition, one RNAi line
(#33760) line produced wings with an elongated shape (Fig. 8F),
which was not observed with ZId impairment, suggesting that the
regeneration-specific targets of Fkh may not completely overlap
with those of ZId.

Given that GAF binding motifs were identified in many ZId-
bound genomic regions and reduction of GAF gave the same pheno-
type as reduction of Zld, we wondered whether they could be
coordinating to regulate late regeneration genes. GAF and ZlId coor-
dinate or function sequentially at the same loci in embryos, although
they are not required for each other to bind to chromatin (13, 16)
and the GAF binding motif is enriched at ZId-bound loci in neuro-
blasts (17). We asked whether ZId and GAF could be found in the
same place at the same time in regenerating discs using the Duolink
Proximity Ligation Assay (PLA) (Sigma-Aldrich), which detects in-
stances when two proteins are within 40 nm of each other using
protein-specific antibodies and secondary antibodies fused to oligo-
nucleotides that undergo amplification and generate a fluorescent
signal when near each other (59). We first optimized the PLA for
wing imaginal discs and demonstrated that there was no signal in the
absence of primary antibodies (fig. S8G) and no signal when anti-
bodies to transcription factors that do not bind each other, En and
Pangolin, were used (fig. S8H). By contrast, antibodies to transcrip-
tion factors known to bind to each other, such as Pangolin/drosophila
T-Cell Factor (dTCF) and Groucho (60) or Pangolin/dTCF and
Armadillo (Arm)/B-catenin (61), did produce signal (fig. S8, Tand J).
To determine whether there are differences in PLA signal between
undamaged and regenerating discs, given the increased epithelial
permeability of the damaged tissue (62), we carried out PLA using
two antibodies against the same protein, anti-Arm and anti-GFP in
an Arm-GFP fly line. We did not observe a significant difference in
the number of PLA foci comparing undamaged and regenerating
wing discs (fig. S9, A to C).

Using this technique, we detected PLA signal, indicating proxim-
ity, between ZId and GAF using the anti-Zld antibody and a GFP-
tagged GAF with an anti-GFP antibody in both undamaged discs
and R48 discs (Fig. 8, H and I), with no significant difference in the
number of foci between undamaged and regenerating discs (fig. S9D).
Thus, Zld and GAF are found in the same place and time in the wing
disc, consistent with the enrichment of GAF motifs in the Zld-bound
loci in regenerating discs.
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To determine the extent to which the regions that are bound by
Zld and that contain binding sites for GAF, Fkh, and CA-rich re-
peats may be changing in accessibility over the course of regenera-
tion, we examined published ATAC-seq datasets from imaginal disc
regeneration (63, 64). One of these datasets, in Vizcaya-Molina et al.
(64), examined accessibility across time points during regeneration.
However, there were a few differences in the way this study induced
damage relative to the current study. Specifically, the damage system
used for ATAC-seq ablated less of the disc, by causing ablation in the
region that expresses spalt-major (salm). Therefore, regeneration
took less time, so the reported time points of early regeneration
(R0O), mid-regeneration (R15), and late regeneration (R25) were not
the same as those in this study (RO to R24 for early regeneration,
R48 for mid-regeneration, and R72 for late regeneration). To deter-
mine whether ZId is also up-regulated when damage is induced in
the salm-expressing region, we induced ablation with Reaper (Rpr)
using the salm-GAL4 driver for the same amount of time. ZId levels
were increased around the damage site at R15, the mid-regeneration
time point that is equivalent to R48 in the current study (fig. S9, A to
C). Therefore, we examined changes in chromatin accessibility using
this ATAC-seq dataset.

We found that many of the regions, but not all, bound by ZId
near verified targets had increases in chromatin accessibility be-
tween early and mid-regeneration in this ATAC-seq dataset. When
comparing accessibility in regenerating discs relative to undamaged
discs, Z1d-bound regions near DI, osa, ct, mew, mys, wg, and fz2 in-
creased in accessibility between early and mid-regeneration (Fig. 8]
and fig. S9, D to H). These regions contained binding motifs for
GAF and Fkh as well as the CA-rich repeat, but they did not each
have all of the motifs (Fig. 8]). While none of them had the canoni-
cal CAGGTAG embryonic ZId motif, recent work has used deep
learning tools to identify the low-affinity motifs CAGGTA and
TAGGTAG, which are also associated with increased chromatin ac-
cessibility (65). We searched for enrichment of these low-affinity
motifs in the ZId-bound regions using MEME Suite and found no
enrichment above background (353 sites for CAGGTAG, 328 sites
for CAGGTAH, and 363 sites for TAGGTAG). Some of the regions
near the validated targets that increase in accessibility contained
these low-affinity motifs, but most did not (Fig. 8]), indicating that
Z1ld may bind to as-yet unfound sequences as it does in the neuro-
blast (17). Therefore, ZId may regulate these genes by increasing
chromatin accessibility at some of its binding sites over the course of
regeneration, allowing the reestablishment of developmental pat-
terning gene expression between mid and late regeneration. Chro-
matin accessibility at some Zld-bound regions near DI, tara, ac, and
fz2 remained unchanged (Fig. 8K), suggesting that ZId may not act
as a pioneer factor at all loci or other redundant factors may be pres-
ent, consistent with findings in the embryo (9). Given the very simi-
lar phenotypes obtained when GAF and Fkh were reduced (Fig. 8, B
to G), these pioneering transcription factors may also contribute to
changes in accessibility or transcription activation.

Many of the Zld-bound regions were near TSSs, where single nu-
cleosomes regulate access to promoter regions (66). ATAC-seq frag-
mentation can generate small fragments in open chromatin regions
and fragments the size of mononucleosomes and dinucleosomes
when they induce fragmentation on either side of the nucleosomes
(67). Fragments between 180 and 247 base pairs (bp) can be as-
sumed to represent mononucleosomes based on their size (67).
Therefore, removal of 180- to 247-bp sequence fragments from the
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analysis can reveal the position of mononucleosomes near TSSs
(67). To determine the extent to which Zld-bound sites near TSSs
coincided with mononucleosomes, we examined the ATAC-seq
data from regenerating discs in which 180- to 247-bp fragments had
been bioinformatically removed (nucleosome-free) and compared it
to data that included those sequences (nucleosome) (Fig. 8L) (64).
Many Zld-bound TSSs, such as those at the two alternative TSSs for
ct, showed evidence of single nucleosomes during regeneration
(Fig. 8L). These regions had one broad peak in the “nucleosome”
dataset and two peaks flanking a space in the “nucleosome-free” da-
taset, suggesting the presence of mononucleosomes at the TSSs.
Thus, ZId may bind mononucleosomes that regulate access to pro-
moter regions near key developmental genes, as it facilitates the exit
from regeneration and the return to normal patterning.

DISCUSSION

Here, we have shown that the pioneer transcription factor ZId con-
trols the timing and extent of cell fate, patterning, and integrin gene
expression, as the regenerating wing disc transitions to normal de-
velopment during late regeneration. Regeneration has long been
thought to deploy developmental mechanisms to repair and regrow
the tissue (68, 69), a notion that has been challenged recently. For
example, in amniote limb regeneration, fgf10, a gene important for
normal limb development, is not important for limb regeneration
(70). Conversely, during Xenopus limb regeneration, the homeotic
transcription factors Homeobox 12 (Hox12) and Hoxcl3 promote
expression of developmental genes, while being dispensable for limb
development (71). Similarly, the genes tara and brat are required for
cell fate preservation in regenerating Drosophila wing imaginal discs
but not in normally developing discs (36, 38). The involvement of
pioneer factors in late regeneration events, including the exit from
the damage response and restoration of developmental patterning,
is an important paradigm for how regeneration is orchestrated.
Single-cell sequencing analysis of regenerating imaginal discs has
led to the proposal that the regenerating tissue resembles an early
developmental stage (72). Perhaps, ZId facilitates the transition
from this younger state to an age-appropriate state. We propose that
regeneration does not cease simply because damage-response sig-
naling comes to an end or the tissue reaches a critical size but in-
stead ceases through an active mechanism that restores expression
of developmental genes, coordinated by pioneer factors.

Pioneer transcription factors play a crucial role in facilitating cell
fate reprogramming across diverse developmental contexts. For in-
stance, Gata4 induces the conversion of fibroblasts to cardiomyocyte-
like cells, Achaete-Scute Family BHLH Transcription Factor 1 (Ascll)
promotes the differentiation of glutamatergic neurons from fibro-
blasts, and FoxA facilitates the reprogramming of cells into hepatocyte-
like states from fibroblasts (73). These findings emphasize the
relationship between pioneer factors and diversification of cell fate
from undifferentiated precursors. In regenerating wing imaginal discs,
pioneer factors may have a similar role in reactivation of cell fates from
despecified cell populations, such as the regeneration blastema.

While ZId was identified as a pioneering transcription factor in
the Drosophila embryo, where it often binds CAGGTAG sites (9),
Zld binding of these embryonic CAGGTAG sites is not as enriched
in the neuroblast (17), nor are most of these sites bound by ZId in
the regenerating wing disc (Fig. 3C). In addition, most of the sites
that were bound in the neuroblast and the regenerating wing disc
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did not have the CAGGTAG motif. Recent analysis has identified
embryonic ZId binding to low-affinity motifs that deviate slightly
from the canonical motif (65), and a search for those motifs in the
Zld-bound regions in the wing disc found very few, leaving much of
Zld’s binding in the wing disc unexplained. However, expression of
Z1d in Drosophila S2 cells, where it is not normally expressed, identi-
fied many regions where Zld bound and caused changes in chroma-
tin accessibility. Only 45% of these regions contained an embryonic
Z1d motif, indicating that most of the regions where ZId acted as a
pioneer factor bound ZId in some other way (74).

There is also little overlap between ZId binding sites in the neu-
roblast and the regenerating wing disc, nor are there common mo-
tifs found at the bound sites, except for the GAF motif. Perhaps, the
tissue-specific binding of Z1d is directed by transcription factors that
bind the motifs enriched in the Zld-binding sites in each tissue. Of
these, the Fkh binding motif and the CA-rich repeats were the most
prominent in the regenerating disc (Fig. 8A), although others were
present (fig. S8A). The similar phenotypes when GAF and Fkh levels
were reduced during regeneration support our model that they act
at the same loci as ZId. Prior work comparing Zld binding in differ-
ent cell types, including S2 cells that do not normally express ZId,
suggests that ZId binding is influenced by the activity of tissue-
specific transcription factors (74).

Work in the embryo using loss-of-function analysis (15) and
deep learning using genomic data (65) suggests that chromatin at
some Zld-bound sites remains open in the absence of Zld and that
expression of patterning genes is still activated but with delayed tim-
ing. Our finding that the transition from regeneration gene expres-
sion to normal patterning is delayed when ZId is inactivated and
that the eventual repatterning is aberrant is consistent with these
models. Thus, Zld may similarly act as a potentiator of patterning
gene expression during the exit from regeneration.

One open question is why ZId is present according to our im-
munostaining in undamaged discs but does not appear to bind near
genes to any appreciable extent and has no effect when depleted?
One possible clue comes from work in which ZId was expressed at
varying concentrations in both S2 cells and neuroblasts, which
showed that higher expression induced binding at substantially
more loci and increased changes in chromatin accessibility (74).
Thus, the increase in expression between undamaged and regenerat-
ing tissue may cross some threshold needed for consistent Zld bind-
ing. Furthermore, ZId interacts with DNA in subregions of the
nucleus called “hubs” (75). Perhaps, ZId in the undamaged wing
disc is not recruited to these hubs or is actively sequestered from
these hubs, or these hubs do not form until a minimum threshold
level of ZId occurs. Alternatively, there may be transcription factors
present in the regenerating tissue that are not normally present in an
undamaged disc that facilitate ZId binding.

In addition to regulating target genes directly, we established that
Z1d can influence cell fate through Notch signaling, as we confirmed
that the Notch ligand DI is a target of ZId (Fig. 4N and fig. S4, J to
M). We also found Zld bound near additional Notch signaling path-
way components and regulators, including E(sp]) M, serrate, Notch,
and mastermind. Thus, ZId could be regulating Notch signaling in
general, exacerbating some of the Zld phenotypes related to ct and
ac, as these genes are downstream of Notch (76, 77) and direct tar-
gets of ZId.

The damage in this study was induced by ablation of a large area
of tissue, which took place over some time. It is possible that the
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method of damage in imaginal discs has some effect on the regula-
tion of subsequent regeneration. However, the same mechanisms of
regeneration have been observed after both tissue ablation and me-
chanical disruption, including JNK signaling (78-80), Wg and Myc
expression (8), and loss of patterning gene expression (7, 8), and
many, although not all, of the same regeneration genes are up-
regulated (81-83). Thus, this understanding of the role of pioneer
transcription factors may be broadly applicable to regeneration re-
gardless of the mode of tissue damage.

Several pioneer factors are important for the initial response to
tissue damage in a variety of damage models. For example, a recent
report suggested that ZId is important for appendage regrowth in
the American cockroach (84), establishing ZId as a regeneration fac-
tor in a different insect and a different role in regeneration. In an-
other invertebrate, the acoel worm, the egr acts as a pioneer factor to
regulate early wound genes (85). In vertebrates, the pioneer factors
Sox2 and Klf4 are required for reprogramming retinal cells during
retinal ganglion cell regeneration (42). Thus, pioneer transcription
factors such as ZId, Egr, Sox2, and Klf may play distinct roles in a
variety of transitions such as the initial damage response (acoel
worm, vertebrate retinal cells), tissue regrowth between exoskeleton
molts (cockroach), and restoration of pattern and cell fate to form a
functional organ or limb (Drosophila). The work presented here es-
tablishes the role of these factors in late regeneration and the return
to normal gene expression. Future work may uncover pioneer fac-
tors playing similar roles in regeneration across species and may be
deployed to control the exit from regeneration in therapeutic models.

MATERIALS AND METHODS

Tissue ablation

Ablation and regeneration studies were carried out as previously de-
scribed (8). Briefly, egg lays were carried out at room temperature in
the dark for 4 hours on grape juice plates with yeast paste, after
which they were kept at 18°C. Approximately 50 hatched larvae
were collected in separate Nutri-Fly Bloomington food (Genessee
Scientific, 66-112) vials with yeast paste added and food churned. At
early day 7, when larvae are at early third instar stage as determined
by mouth hooks, damage was induced by reaper by placing the vials
in a circulating water bath at 30°C for 24 hours. The vials were then
cooled in an ice water bath for 60 s and returned to an 18°C incuba-
tor. The regenerating animals were either dissected according to the
required time point or allowed to develop to adulthood to assess
adult wing size and patterning. Undamaged animals were kept con-
sistently at 18°C and were dissected on day 10 after egg laying, just
before pupariation. For the regeneration experiments driving rpr
expression using salm-GAL4, the protocol outlined in (11) was fol-
lowed, with tissue ablation occurring over a 16-hour period.

Fly stocks

The fly stocks used for this study were as follows: w**° [Bloomington
Drosophila Stock Center (BDSC), #3605], y1 w'; P{rn-GFPFPTB}
attP40 (BDSC, #93091), w'!*;;UAS-rpr,rnGAL4,Gal80"/TM6B,Gal80
(8), y1 w'; PBac{bs-GFPFPTB}VK00031 (BDSC, #93568), w; 1(2)*"/
CyO, P{enl}wgen11; P{E(spl)mp-HLH-CD2.dC}T6 (BDSC, #83353),
CRY2::ZLD (gift from M. Harrison) (11), w1118; P{GMR11F02-lexA}
JK22C (BDSC, #94749), y1 W PBac{13XLexAop2-mCherry-Rab3}
VK00018/CyO, P{Wee-P.ph0}BaccWee-P20; Dr'/TM6C, Sb' Tb'
(BDSC, #52252), y' w**+; P{CaryP}attP2 (BDSC, #8622),

1118
[

Bose etal., Sci. Adv. 11, eads5743 (2025) 6 June 2025

w67°23;13xLexA0p—short hairpin RNA (shRNA)-zld;+ (this study),
w®,1:13xLexAop-shRNA-zId (this study), taraVAS T EMYC (g ",
P{neoFRT}82B osa>**/TM6B, Tb' (BDSC, #5949), w1118; taral/TM3,
Sb (BDSC, #6403), P{PZ}tara03881 ry’"*/TM3, ry"X Sb' Ser' (BDSC,
#11613), w[1]; Trl[13C]/TM6B, Sb[1] Tb[1] (BDSC, #58473), y[1]
v[1]; P{y[+17.7] v[+t1.8] = TRiPJF02417}attP2 (BDSC, #27072), y[1]
sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8] = TRiPHMS01103}attP2
(BDSC, #33760), y[1] v[1]; P{y[+17.7] = CaryP}attP2 (BDSC, #36303),
w[*]; Ply[+t7.7] w[+mC] = lexAop-rCD2.RFPlexAop-GFPi}attP2
(BDSC, #56175), +;+;GAF:GFP (gift from M. Harrison) (16),
+;+;UASt-Z1d (gift from M. Harrison) (17), GFP::Zld;+;+ (gift from
M. Harrison) (43), and w*;P{arm-GFP.P}83 (BDSC, #8555).

Optogenetic inactivation of ZId

Optogenetic inactivation experiments were carried out by placing
food vials containing undamaged or damaged larvae about 3 inches
(7.62 cm) away from blue LED lights (KQHBEN) inside an 18°C
incubator, thus ensuring that temperature was controlled. Blue light
exposure occurred between the 8th and 11th days after egg lay for
both damaged and undamaged animals homozygous for CRY2::zld
that had spent 24 hours in the 30°C water bath. For experiments in
which Zld was inactivated in flies containing Bs-GFP and UAS-tara,
only males hemizygous for CRY2::zld were dissected and/or ana-
lyzed. Undamaged animals for these experiments were exposed to
equal amount of blue light but kept at 18°C throughout. For control
experiments, CRY2::zld flies were continuously kept in the dark to
ensure no Zld inactivation caused by normal bright light.

Immunofluorescence

Immunostaining was carried out as previously described (8). Primary
antibodies were used at the following concentrations: anti-Zld (1:1000)
(gift from M. Harrison) (87), anti-Nubbin (1:100) [Developmental
Studies Hybridoma Band (DSHB), 2D4), anti-Ct (1:150) (DSHB,
2b10), anti-CD2 (1:500) (Bio-Rad, catalog no. MCA154R), anti-DI
(1:400) (DSHB, ¢594.9D), anti-Wg (1:100) (DSHB, 4D4), anti-Frizzled2
(1:50) (DSHB, 1A3G4), anti-Ac (1:10) (DSHB, RRID AB_528066),
anti-Ptc (1:50) (DSHB, Apal), anti-En (1:3) (DSHB, 4D9), anti-Osa
(1:1) (DSHB, RRID AB_528420), anti-f-galactosidase (1:500) (Ther-
mo Fisher Scientific, catalog no. A-11132), anti-Mys (1:50) (DSHB, cf.6
gl1), anti-Mew (1:50) (DSHB, DK.1A4), anti-phospho-Histone H3
(1:500) (DSHB, 06-570), anti-GFP (1:500) (Abcam, Ab290), anti-GFP
(1:1000) (Invitrogen, 3E6), and anti-Arm (1:50) (DSHB, N2 7A1). Sec-
ondary antibodies used were Alexa Fluor 555 goat anti-mouse immu-
noglobulin G (IgG) (1:1000) (Invitrogen, catalog no. A21424), Alexa
Fluor 555 goat anti-rabbit IgG (1:1000) (Invitrogen, A21429), Alexa
Fluor 488 goat anti-rabbit IgG (1:1000) (Invitrogen, A11034), and
Alexa Fluor 488 goat anti-mouse IgG (1:1000) (Invitrogen, A11001).
The nuclear stain 4',6-diamidino-2-phenylindole was used at a 1:1000
dilution (Thermo Fisher Scientific, D1306). Normal goat serum (NGS;
5%) was used as a blocking agent (Thermo Fisher Scientific, 31872).
Immunostained samples were mounted on VECTASHIELD antifade
mounting medium (Vector Laboratories, H-1000).

All immunofluorescence images were captured using a Zeiss
LSM700 or LSM900 confocal microscope. The same microscope and
settings were used for all images in a given experiment. Maximum
intensity projections were used for quantifying protein expression
pattern or intensity in the regenerating pouch, which was demarcated
by Nubbin expression or by generating a 150 pixel-by-150 pixel area
in the center of the pouch area. Images were processed and quantified
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using FIJI, and parameters and settings for quantified images were
kept the same for all images in a given experiment. Percentage of
D/V boundary expressing Ct was calculated using the freehand
line tool in FIJI to draw a line across Ct expression along the D/V
boundary and measuring length of expression divided by full D/V
boundary length. Area of En silencing in the posterior compart-
ment was calculated by outlining the area where En was repressed
using the freehand selection tool in FIJI. The same method was
used for calculating the ectopic Ptc expression in the posterior
compartment.

Adult wing quantification

Adult wings were mounted with Canada balsam (MilliporeSigma,
C1795-25ml) dissolved in methyl salicylate (Acros Organics, cat-
alog no. 220495000). Images were taken on an Echo Revolve R4
microscope and were processed using FIJI. Percentage of veins
present was calculated using the freehand line tool in FIJI to mea-
sure actual vein length divided by presumptive full vein length.

Quantitative polymerase chain reaction

qPCR experiments were carried out as described previously (36).
Briefly, 20 to 30 discs were collected in Schneiders insect medium
(Sigma-Aldrich, S1046-500ml), and the total RNA was extracted us-
ing the RNeasy Mini Kit (QIAGEN, 74104). Approximately 100 ng
of RNA was used for each sample to make cDNA using the Super-
Script III First Strand Synthesis Kit (Thermo Fisher Scientific,
11752-050). The qPCR reaction was made with addition of SYBR
Green Master Mix (Thermo Fisher Scientific, A25742) and then run
on an ABI StepOnePlus Real-Time PCR System. Each experiment
included three biological replicates, with three technical replicates each.
Fold changes were then calculated according to the AAC; method,
using glyceraldehyde-3-phosphate dehydrogenase 2 (GAPDH?2) asa
comparative housekeeping gene. The primers used for ZId and
GAPDH2 quantification can be found in table S1.

CUT&RUN experiment

For the CUT&RUN experiments, we used flies homozygous for a
functional, endogenous Zld tagged with superfolder GFP (43) together
with an anti-GFP antibody (Abcam, Ab290).We used zIdGFP;+;
UAS-rpr,rnGAL4,Gal80" /+ flies for regenerating discs and zZIdGFP;+;+
for undamaged flies. Control experiments also used w'''%+;UAS-
rpr,rnGAL4,Gal80"/+ discs that lacked GFP-tagged Zld. Two repli-
cates were performed for each genotype and condition. All reagents
used were from the CUT&RUN assay kit (Cell Signaling Technology,
86652). For each replicate, 100 wing discs were dissected from R48 or
undamaged larvae into 1X wash buffer (350 pl of 10X wash buffer, 35 pl
of 100x spermidine, 17.5 pl of 200X protease inhibitor cocktail, and
3097.5 pl of nuclease-free water). Discs were then suspended in acti-
vated concanavalin A beads, after which antibody binding buffer (1 pl
of 100X spermidine, 0.5 pl of 200X protease inhibitor cocktail, 2.5 pl
of digitonin solution, 0.2 pl of GFP antibody, and 95.8 pl of antibody
buffer) was added to the sample for primary antibody binding and
kept on a nutator overnight in 4°C. Next, the samples were treated
with 1.5 pl of pAG-MNase (Protein A/Protein G fused to Micrococ-
cal Nuclease) enzyme in 50 pl of digitonin buffer (4.56 pl of 10X wash
buffer, 0.46 pl of 100X spermidine, 0.23 pl of 200X protease inhibitor
cocktail, 1.14 pl of digitonin solution, and 40.6 pl of nuclease-free wa-
ter), followed by incubation at 4°C for 1 hour. DNA digestion was
performed by activating the pAG-MNase enzyme with 3 pl of CaCl,
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for 30 min at 4°C. The reaction was stopped, and chromatin was
released by adding the sample with 150 pl of 1X stop buffer, which
included the spike-in yeast DNA (37.5 pl of 4% stop buffer, 3.75 pl
of digitonin solution, 0.75 pl of ribonuclease A, 5 pl of yeast spike-
in, and 103 pl of nuclease-free water), incubating at 37°C for
15 min. The released chromatin was then purified using the DNA
purification buffer and spin columns kit (Cell Signaling Technol-
ogy, 14209S). The libraries were prepared by the Roy J. Carver
Biotechnology Center, DNA Services facility using the Ultralow
Input Library construction kit from Tecan. Samples were se-
quenced in the DNA Services facility on a NovaSeq 6000 (101
cycles) from both ends using V1.5 sequencing kits. Fastq files
were generated and demultiplexed with the bcl2fastq v2.20 con-
version software (Illumina).

CUT&RUN data processing

The CUT&RUN paired-end reads were aligned to the Drosophila
melanogaster dm6 genome (Release 6 plus ISO1 MT, version 2014)
and Saccharomyces cerevisiae genome version R64 using bowtie2
(88). Alignment parameters included --very-sensitive-local --no unal
-no-mixed --no-discordant --phred33 -1 10 -X 700 -local--no-overlap
--no dovetail. Reads were then sorted according to coordinates using
SAMtools (89). The resultant files were processed with MarkDuplicates
(Broad Institute) for identifying and removing PCR duplicates with
high stringency. The coverage file was normalized and scaled in accor-
dance to reads aligned to the spike-in (S. cerevsiae) using genomcov,
part of bedtools. The continuous coverage file was obtained using
bamCoverage, part of deepTools (48), which was normalized either
to spike-in DNA or to 1X depth (reads per genome coverage). Data
range for coverage files in each figure was set between 0 and 10 except
for ac (0to 4.5), tara (0 to 15), and osa (0 to 15). Peak calling was done
using MACS2 (47) with default parameters. Tracks were visualized
using Integrative Genomics Viewer (IGV). Peak files were annotated
using ChIPseeker (46), and a heatmap was made using plotHeatmap,
part of deepTools (48). Peak-called files were converted to FASTA se-
quence using Extract Genomic DNA tool, part of Galaxy tools. Motif
discovery and analysis were carried out using peak-called FASTA files
in MEME-ChIP in discriminative mode, part of MEME Suite (90). To
examine GAF and Fkh motif annotation within Zld peaks, their en-
riched motif GFF3 files from MEME-ChIP analysis for ZId at R48
were downloaded and converted to BED files, which were then used
as the input for the ChIPseeker tool. Generated CUT&RUN data
were compared to ChIP-seq data for ZId in stage 14 embryo (GSE
30757) and type II neuroblast (GSE 150931). To scan for CAGGTA
and TAGGTAG motifs, we used FIMO motif scanning tool (91) with
a threshold of 1 x 107* P value.

LexAop-shRNA-zld generation

To make a stable Drosophila line with RNAi-mediated knockdown
of zId, the passenger strand previously described (15), specific to the
zld transcript, was cloned into a LexAop-pWALIUM20 vector using
services from GenScript (table S1). The hairpin sequence used was
TAGTTATATTCAAGCATA. The plasmid was then injected into
embryos and integrated into the Drosophila genome at the attP40
and attP2 recombination sites using services from BestGene.

ATAC-seq data analysis
Processed files from Gene Expression Omnibus (GEO) accession
ID GSE102841 (64) were used to analyze chromatin accessibility at
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Zld-bound regions in early (R0) and mid (R15) regeneration in
Drosophila wing imaginal discs. The coverage files for the control
undamaged discs were subtracted from the coverage files for the
regenerating discs, followed by combining the resultant files for
each replicate. Final tracks were compared between RO and R15
time points while keeping the data ranges the same. Tracks were
viewed on IGV.

Proximity Ligation Assay

The Proximity Ligation Assay was performed using the Duolink
In Situ Mouse/Rabbit Detection Kits (#DU092008) following the
manufacturer’s instructions, with minor modifications. Larvae were
dissected at the desired time point in phosphate-buffered saline
(PBS), and the posterior half was removed. The remaining half was
inverted using forceps to expose the wing imaginal discs. Larval car-
casses were fixed in 4% paraformaldehyde for 20 min at room tem-
perature, followed by three washes with 0.1% PBST (PBS + 0.1%
Triton X-100), each lasting 10 min. Primary antibodies were diluted
to the appropriate concentrations in a solution containing 5% NGS
and PBST, and the samples were incubated overnight at 4°C. After
three washes in PBST, individual carcasses were transferred to 0.5-ml
tubes. The Duolink PLA plus and minus probes (#DU092101) were
diluted 1:5 in the supplied antibody diluent, and 20 pl of the probe
mix was added to each tube. Samples were incubated overnight at
4°C to allow probe binding and proximity ligation. The following
day, the probe mix was removed, and the samples were washed three
times in PBST, with each wash lasting 10 min. For the ligation step,
5% Duolink Ligation Buffer was diluted 1:5 with molecular-grade
water (Corning, 46-000-CM) to prepare a 19.5 pl of reaction mix per
sample. Immediately before use, 0.5 pl of ligase was added to the re-
action mix (1:40), and 20 pl of the final solution was added to each
sample. The samples were incubated for 2 hours at 37°C in a water
bath. After the ligation step, the solution was removed, and each
sample went through 3x 10-min washes in PBST. For the amplifica-
tion step, 5X amplification buffer, which contains the detection oli-
gos coupled to fluorochromes, was diluted 1:5 in molecular-grade
water to prepare 19.75 pl of reaction mix per sample. Immediately
before use, 0.25 pl of polymerase (1:80) was added to each mix, and
20 pl of the final solution was applied to each sample. Samples were
incubated for 2 hours at 37°C in a water bath. After amplification,
the reaction solution was removed, and the samples were washed
twice for 10 min each in 1X wash buffer B (#DU082049), followed
by a final wash in 0.01Xx wash buffer B for 1 min. The wing discs were
mounted on slides using VECTASHIELD mounting medium and
secured with coverslips for imaging.

PLA focus counting

To quantify PLA signal, a 100 pixel-by-60 pixel box was made in
the wing pouch area of discs, and the foci were counted using the
multipoint tool in Image].

Statistical analysis

For measuring relevant statistical differences of means between two
groups, the two-tailed Student’s ¢ test method was applied. For com-
paring multiple groups, the one-way analysis of variance (ANOVA)
statistical test was applied. For comparing wing sizes between differ-
ent groups, a chi-square test was performed. Analysis and graphs were
made using GraphPad Prism 10.
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