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Abstract 

Regeneration is a precise process that requires regulated cell proliferation and ac-

curate cell fate decisions. The mechanisms that temporally and spatially control 

the activation or repression of important genes during regeneration are not fully 

understood. Epigenetic modification of regeneration genes by Polycomb group 

and Trithorax group chromatin regulators could be key factors that govern gene 

repression and activation in damaged tissue. Here we report a genetic screen of 

chromatin regulators that identified phenotypes for many PcG and TrxG mutants 

and RNAi lines in Drosophila imaginal wing disc regeneration. Furthermore, we 

show that the two Drosophila SWI/SNF chromatin-remodeling complexes, BAP 

and PBAP, play distinct roles in regeneration. The PBAP complex regulates regen-

erative growth and developmental timing, and is required for the expression of JNK 

signaling targets and upregulation of the growth promoter myc. By contrast, the 

BAP complex is required for ensuring proper patterning and cell fate by stabilizing 

expression of the posterior gene engrailed. The core complex components are re-

quired for both processes: a weak knockdown of brahma (brm), which encodes the 

only ATPase of the SWI/SNF complexes, induces the BAP mutant regeneration 

phenotype, whereas a strong brm mutant shows the PBAP regeneration pheno-

type. Thus, both SWI/SNF complexes are essential for proper gene expression 
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during tissue regeneration, but play distinct roles in regulating growth and cell fate. 

 

Author summary 

To regenerate, damaged tissue must heal the wound, regrow to the proper size, 

replace the correct cell types, and return to the normal gene expression program. 

Such dramatic changes in cellular and tissue behavior require rapid and accurate 

changes of gene expression. Chromatin modifiers are likely to play a role in regu-

lating these changes in gene expression. We induced ablation in Drosophila imag-

inal wing discs using genetic tools, and performed a genetic screen for chromatin 

modifiers that regulate epithelial tissue regeneration. Here we show that many Pol-

ycomb and Trithorax Group genes are indeed important for promoting or constrain-

ing regeneration. Specifically, the two SWI/SNF chromatin-remodeling complexes 

play distinct roles in regulating different aspects of regeneration. The PBAP com-

plex regulates expression of JNK signaling targets, thereby controlling growth and 

developmental timing, while the BAP complex prevents damage-induced cell fate 

changes in the posterior compartment of the wing.  

 

Introduction 

Regeneration is a complex yet highly elegant process that some organisms can 
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use to recognize, repair and replace missing tissue. Imaginal disc repair in Dro-

sophila is a good model system for understanding regeneration due to the high 

capacity of these tissues to regrow and restore complex patterning information, 

and the genetic tools available in this model organism [1]. Regeneration requires 

the coordinated expression of genes that regulate the sensing of tissue damage, 

induction of regenerative growth, re-patterning of the tissue, and coordination of 

regeneration with developmental timing to end the process. However, how regen-

eration genes are regulated is not fully understood. 

 

Regulation of gene expression through changes in chromatin structure is essential 

in many biological processes [2–4]. Chromatin structure can be regulated by his-

tone modifications and by ATP-dependent chromatin remodeling [5]. Recently, sev-

eral chromatin remodelers have been identified as important for regeneration in 

different model organisms, suggesting that they regulate gene expression during 

this process. For example, Brahma (Brm), the ATPase of the SWItch/Sucrose Non-

Fermentable (SWI/SNF) chromatin remodeling complexes, is required for Dro-

sophila midgut regeneration [6]. Brg1, a mammalian homolog of Brm, is indispen-

sable for the control of bulge stem cells during mouse skin regeneration [7]. Dele-

tion of the SWI/SNF component Arid1a improves tissue repair in the mouse liver 

and ear without causing tumor formation [8]. In addition, specific components of 
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the Nucleosome Remodeling and Deacetylase (NuRD) complex are expressed in 

the regeneration blastema and are required for caudal fin regeneration in zebrafish 

[9]. The planarian gene Smed-CHD4, which is the homolog of Mi-2, the ATP-de-

pendent engine of the NuRD complexes, is essential for planarian regeneration 

because it is required for neoblast differentiation [10]. Furthermore, a number of 

genes associated with chromatin remodeling showed transcriptional level changes 

during late-stage regeneration after Drosophila wing disc fragmentation, including 

bap60 and bap111, which are SWI/SNF complexes members [11]. Importantly, the 

aspects of regeneration controlled by many of these chromatin remodelers and 

their genetic targets are not known.  

 

Histone modification genes have also been implicated in regulation of regeneration. 

For example, pharmacological blockade of Histone Deacetylase (HDAC) activity 

inhibits Xenopus tadpole tail regeneration [12]. Bmi1, a PRC1 complex member, is 

upregulated during and is required for regeneration of the exocrine pancreas in 

mice [13]. Kdm6b.1, an H3K27 demethylase, is required for zebrafish fin regener-

ation [14]. HDAC1 cooperates with C/EBP to regulate termination of mouse liver 

regeneration [15]. C/EBPα-Brm-HDAC1, a multi-protein complex, silences E2F-

dependent promoters, reducing regenerative ability in old mouse livers [16]. In Dro-

sophila wing disc regeneration, ash2, which is a Trithorax group member, showed 
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changes in transcription levels during late-stage regeneration [11], the histone 

methylase Trithorax (Trx) regulates Jun N-terminal kinase (JNK) signaling via the 

phosphatase puckered (puc) [17], and the gene wingless has a damage-respon-

sive enhancer that is activated specifically after tissue damage in younger animals, 

but is silenced through H3K27 methylation deposited by the PRC2 complex in 

older animals [18]. These studies demonstrated the importance of chromatin mod-

ification in regeneration. However, little is known about how these proteins control 

gene regulatory networks during regeneration and how they are regulated and tar-

geted after tissue damage. 

 

To probe the role of chromatin modifiers in tissue regeneration more systematically, 

we assembled and screened a collection of pre-existing Drosophila Polycomb 

Group (PcG) and Trithorax Group (TrxG) mutants for regeneration defects using 

the Drosophila wing imaginal disc. We used a spatially and temporally controllable 

tissue-ablation method that uses transgenic tools to induce tissue damage only in 

the wing primordium [19]. This powerful system ablates 94% of the wing primor-

dium on average at the early third instar and allows the damaged wing discs to 

regenerate in situ. Genes regulating different aspects of regeneration, such as ta-

ranis, trithorax, and cap-n-collar, were identified through our previous forward ge-

netic screens using this tissue ablation method [17,20,21].  
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Through the targeted genetic screen of chromatin regulators presented here we 

found that mutants in several of the Drosophila SWI/SNF components showed in-

teresting regeneration defects. We show that the SWI/SNF complexes BAP and 

PBAP are required for regeneration, and that the two complexes play distinct roles. 

Previously, our lab identified a gene, taranis, that is required for maintaining pos-

terior cell fate in regenerating Drosophila wing imaginal discs [20]. Here we show 

that the BAP complex functions to preserve posterior cell fate after wounding in 

parallel to Taranis. By contrast, the PBAP complex is important for the activation 

of JNK signaling targets, including expression of myc to drive regenerative growth, 

and dilp8 to delay metamorphosis and allow enough time for the damaged tissue 

to regrow.  

 

Results  

A genetic screen of chromatin modifier mutants 

To identify regeneration genes among Drosophila PcG and TrxG members, we 

conducted a genetic screen similar to our previously reported unbiased genetic 

screen for genes that regulate wing imaginal disc regeneration [21] using existing 

mutants or RNAi lines of chromatin modifiers (Fig 1A). To induce tissue ablation, 

rotund-GAL4 drove the expression of the pro-apoptotic gene UAS-reaper in the 
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imaginal wing pouch, and tubulin-GAL80ts provided temporal control, enabling us 

to turn ablation on and off by varying the temperature [19]. The ablation was carried 

out for 24 hours during the early third instar. We characterized the quality of regen-

eration by assessing the adult wing size, and identifying patterning defects by scor-

ing ectopic or missing features. The size of the regenerated adult wings was as-

sessed semi-quantitatively, by counting the wings that were approximately 0%, 

25%, 50%, 75%, or 100% of the length of a control adult wing. Using this system, 

we screened populations of animal with the genotypes listed in S1 Table.  

 

Eighty percent of the PcG and TrxG mutants and RNAi lines tested had a change 

in regeneration index of 10% or more compared to controls (see materials and 

methods for regeneration index calculation) (S1 Table), consistent with the idea 

that changes in chromatin structure are required for the damaged tissue to execute 

the regeneration program. Importantly, these genotypes did not show obvious de-

fects in adult wings after normal development (data not shown). Thus, regenerating 

tissues are more sensitive to reduced levels of PcG and TrxG genes. Flies heter-

ozygous mutant for a majority of PcG members had larger adult wings after abla-

tion and regeneration compared to control w1118 animals that had also regenerated, 

indicating that reducing PcG levels enhanced regeneration. These results suggest 

that pro-regeneration genes may normally be repressed by the PcG chromatin 
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modifications. Interestingly, some TrxG mutants or RNAi lines had smaller adult 

wings after damage and regeneration, indicating that loss of these genes impaired 

regeneration, while other TrxG mutants had larger wings after regeneration. This 

variation in phenotypes among the TrxG mutants may be due to the broad range 

of functions that TrxG proteins have, including histone modification and chromatin 

remodeling, which can result in either gene activation or repression [22]. Interest-

ingly, mutants of different components in the same complex, such as the PRC2 

complex and the SWI/SNF complexes, had different phenotypes.  

 

The PBAP Complex Is Required for Regenerative Growth, while the BAP 

Complex Is Required for Posterior Cell Fate 

The SWI/SNF complexes are conserved multi-subunit protein complexes that ac-

tivate or repress gene expression [22] by using the energy from ATP hydrolysis to 

disrupt histone-DNA contacts and remodel nucleosome structure and position 

[23,24]. Brm is the only ATPase of the SWI/SNF complexes in Drosophila [25]. 

Other components contain domains involved in protein-protein interactions, pro-

tein-DNA interactions, or interactions with modified histones [26]. There are two 

subtypes of SWI/SNF in Drosophila: the Brahma-associated proteins (BAP) and 

the Polybromo-associated BAP (PBAP) remodeling complexes [25,27]. They 

share common core components, including Brm, Snr1, Moira (Mor), Bap55, Bap60, 
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Bap111 and Actin [25], but contain different signature proteins. The PBAP complex 

is defined by the components Bap170, Polybromo and Sayp [25,28]. Osa defines 

the BAP complex [29,30]. 

 

As shown in S1 Table, different components of the SWI/SNF complexes showed 

different phenotypes after ablation and regeneration of the wing pouches. Animals 

heterozygous mutant for the PBAP-specific component Bap170 (bap170∆135/+) 

had adult wings that were smaller after disc regeneration than w1118 adult wings 

after disc regeneration (Fig 1B). Thus, Bap170 is required for regeneration, sug-

gesting that the PBAP complex is required for ablated wings to regrow. 

 

By contrast, animals heterozygous mutant for the BAP-specific component Osa 

(osa308/+) had adult wings that were larger than w1118 adult wings and showed se-

vere patterning defects after damage and regeneration of the disc (Fig 1C-1E). 

Specifically, the posterior compartment of the osa308/+ wings had anterior features 

after damage and regeneration of the disc, but had normal wings when no tissue 

damage was induced. To quantify the extent of the posterior-to-anterior (P-to-A) 

transformations, we quantified the number of anterior features in the posterior of 

each wing, including socketed bristles and ectopic veins on the posterior margin, 

an ectopic anterior crossvein (ACV), costal bristles on the alula, and an altered 
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shape that has a narrower proximal and wider distal P compartment[20] (Fig 1F). 

While w1118 adult wings that had regenerated as discs had a low level of P-to-A 

transformations induced by JNK signaling [20], 75% of the osa308/+ wings had P-

to-A transformations, and 83% of these transformed wings had 4 or 5 anterior 

markers in the posterior, representing extensive posterior compartment transfor-

mations. Thus, Osa is required to preserve posterior cell fate during regeneration, 

suggesting that the BAP complex regulates cell fate after damage. 

 

To identify when the P-to-A transformations happen, we examined the expression 

of anterior- and posterior-specific genes during tissue regeneration. Regenerating 

wing discs were dissected out at different times during recovery (R). At 72 hours 

after damage (R72), in osa308/+ regenerating discs, the posterior selector gene 

engrailed (en) was expressed in the posterior compartment, but lost in patches 

(Fig 2A and 2B). In addition, the proneural protein Acheate (Ac), which is ex-

pressed in sensory organ precursors in the anterior of wing discs [31], was ectop-

ically expressed in the posterior (Fig 2C and 2D) marking likely precursors to the 

socketed bristles found in the posterior of the adult wings. The anterior genes cu-

bitus interruptus (ci) [32] and patched (ptc) [33] were ectopically expressed in the 

posterior of the osa308/+ R72 regenerating wing discs (Fig 2E and 2F). The ectopic 

expression of these anterior genes was not observed at R48, suggesting that the 
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P-to-A fate transformations happened late during regeneration (Fig 2G and 2H). 

This phenotype is similar to that of taranis (tara) heterozygous mutants during re-

generation [20]. Tara prevents P-to-A cell fate transformations induced by elevated 

JNK signaling during regeneration. Thus, the BAP-specific component osa, and 

likely the BAP complex itself, may work with Tara to preserve posterior fate during 

the later stages of regeneration. 

 

The increased wing size after regeneration in osa308/+ animals was likely a sec-

ondary result of the patterning defect, as ectopic ptc and ci expression correlates 

with ectopic AP boundaries that stimulate excess growth [20]. Furthermore, pupar-

iation occurred later in osa308/+ regenerating animals compared to w1118 regener-

ating animals (S1A and S1B Fig), which provided more time for regeneration in the 

mutant animals. 

 

The roles of the SWI/SNF chromatin remodeling complexes are specialized in dif-

ferent tissues during development [34,35,26]. Importantly, during development 

BAP regulates growth in the Drosophila wing disc [34], suggesting that the roles of 

the SWI/SNF complexes in regeneration are distinct from their roles in normal de-

velopment.  
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Reducing levels of the core SWI/SNF component Brahma to different levels 

shows either poor regeneration or P-to-A transformations 

Because mutants of BAP or PBAP complex-specific components showed distinct 

phenotypes, we screened mutants of the core components for regeneration phe-

notypes. Assuming the core components are required for both complexes, we ex-

pected their mutants to have small wings after disc regeneration like the bap170/+ 

animals. We also expected that AP patterning would be disrupted, but it was not 

possible to assess AP patterning in these small wings because patterning was in-

complete. Interestingly, mutants or RNAi lines that reduced levels of the core com-

ponents were split between the two phenotypes. For example, brm2/+ discs and 

discs expressing a bap111 RNAi construct regenerated poorly, resulting in small 

wings, while bap55LL05955/+ discs, mor1/+ discs, and discs expressing a bap60 

RNAi construct showed P-to-A transformations in the adult wings and larger wings 

overall after damage and regeneration of the discs (Fig 3A-3G).  

 

There are two possible explanations for why some core components lacked a re-

generative growth phenotype. One possibility is that the SWI/SNF complex com-

ponents assemble in a unique way during regeneration, and these “core” compo-

nents are unnecessary for the complex that regulates regenerative growth. This 

scenario is unlikely, as any SWI/SNF complex should require the function of the 
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scaffold Mor [36]. Another possibility is that some of the mutants and RNAi lines 

caused partial loss of function, which impaired the BAP complex but did not impair 

the PBAP complex. 

  

To test this second possibility, we used a strong mutant and a weak RNAi line to 

reduce the gene function of the core component brm. brm2 is an amorphic allele 

generated through ethyl methanesulfonate mutagenesis [37]. brm2/+ animals 

showed the small wing phenotype indicating poor regeneration (Fig 3A), similar to 

the PBAP complex-specific bap170∆135/+ mutants. By contrast, knockdown of brm 

by expressing a brm RNAi construct during tissue ablation induced P-to-A trans-

formations, similar to the BAP complex-specific osa308/+ mutants (Fig 3H). At R72, 

80% of the brm RNAi wing discs had ectopic expression of the anterior genes ptc 

and ci in the posterior of the discs (n=10), while no expression of ptc or ci was 

observed in the posterior of control R72 discs (n=10) (Fig 3I and 3J). Thus, reduc-

ing the core SWI/SNF component Brm to different levels produced one or the other 

phenotype. We propose that decreasing Brm levels via RNAi caused the loss of 

BAP function and misregulation of cell fate, while decreasing Brm function via the 

strong mutation resulted in the loss of PBAP function, resulting in small wing size 

after disc regeneration. 
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The PBAP complex is required for Myc upregulation and cell proliferation 

during regrowth 

To identify when the defect in regrowth occurs in PBAP complex mutants, we 

measured the regenerating wing pouch in w1118 controls, bap170∆135/+ and brm2/+ 

mutants, as well as in the osa308/+ BAP mutant for comparison. The bap170∆135/+ 

regenerating wing pouches were smaller than w1118 at 36 hours after tissue dam-

age (Fig 4A-4C). brm2/+ mutant animals also had smaller regenerating wing 

pouches during regeneration (S1C-E Fig). By contrast, the regenerating osa308/+ 

wing pouches regrew at the same rate as controls (S1F-J Fig). 

 

To determine whether the bap170∆135/+ mutant animals had a slower rate of prolif-

eration, we quantified the number of mitotic cells in the regenerating wing pouch. 

A significant decrease in the number of PH3-positive cells was observed in 

bap170∆135/+ mutants (Fig 4D-4F, S1K Fig). While smaller adult wings could also 

be caused by increased cell death in the regenerating tissue, we did not find an 

increase in cell death in the brm2/+ discs, as marked by immunostaining for 

cleaved Caspase 3 (S1L and S1M Fig).  

 

To identify why proliferation is slow in bap170∆135/+ mutants, we examined levels 

of Myc, an important growth regulator that is upregulated during Drosophila wing 
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disc regeneration[19]. In mammals, c-myc is a direct target of the SWI/SNF (BAP) 

complex[38], but a role for the PBAP complex in regulating the myc gene has not 

been established. Myc levels were significantly reduced in bap170∆135/+ and 

brm2/+ regenerating discs compared to wild-type regenerating discs (Fig 4G-4I and 

S1N-P Fig). By contrast, there was no change in Myc levels in osa308/+ mutants 

(S1Q-S Fig).  

 

The PBAP complex is required for the delay in pupariation induced by tissue 

damage 

Damaged imaginal discs delay pupariation by expressing ILP8, which delays the 

production of ecdysone and onset of metamorphosis, providing more time for dam-

aged tissue to regenerate [39,40]. To determine whether the SWI/SNF complexes 

regulate the timing of metamorphosis, we quantified the pupariation rate in w1118 

and bap170∆135/+ regenerating animals. Without tissue damage, bap170∆135/+ mu-

tants pupariated slightly later than w1118 animals (Fig 4J). However, after wing disc 

damage, bap170∆135/+ mutants pupariated earlier than w1118 animals by about one 

day, which means the mutants had less time for regeneration (Fig 4K). To uncover 

why bap170∆135/+ animals had less regeneration time, we quantified ilp8 transcrip-

tion levels. qPCR data revealed that bap170∆135/+ animals had about 50% less ilp8 

mRNA (Fig 4L).  
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The PBAP complex regulates expression of JNK signaling targets 

SWI/SNF complexes can be recruited by transcription factors to act as co-activa-

tors of gene expression[41]. Regenerative growth and the pupariation delay are 

regulated by JNK signaling [39,40,42,43]. Thus, it is possible that PBAP is recruited 

to JNK signaling targets like ilp8 by the AP-1 transcription factor [44]. To determine 

whether bap170 is required for JNK-dependent transcription, we examined the ac-

tivity of the TRE-Red reporter, which is composed of four AP-1 binding sites (TREs) 

driving the expression of a DsRed.T4 reporter gene [45] in w1118 and bap170∆135/+ 

regenerating wing discs. The TRE-Red intensity was significantly decreased in the 

bap170∆135/+ regenerating tissue compared to the w1118 regenerating tissue (Fig 

4M-4O), indicating that PBAP is required for full activation of gene expression by 

AP-1 and JNK signaling. 

 

The BAP complex does not regulate JNK signaling 

JNK signaling can alter cell fate during regeneration by perturbing en expression, 

and Tara counters the effects of JNK activity by stabilizing en expression [20]. Thus, 

BAP complex mutations might cause P-to-A transformations by elevating JNK sig-

naling, by reducing tara expression, or by misregulating en directly. To determine 

whether the BAP complex regulates JNK signaling, we examined the JNK reporter 
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TRE-Red and immunostaining for phosphorylated, activated JNK in osa308/+ and 

w1118 regenerating wing discs. TRE-Red intensity was not different between 

osa308/+ and w1118 regenerating tissue (Fig 5A-5C), nor was phospho-JNK im-

munostsaining (S2A and S2B Fig). Thus, the BAP complex acts to protect posterior 

cell fate downstream of or in parallel to JNK signaling. 

 

The BAP complex functions in parallel to Taranis to preserve cell fate 

Because tara is regulated transcriptionally after tissue damage [20], we examined 

whether the BAP complex is required for tara upregulation. Using a tara-lacZ en-

hancer-trap, we assessed expression in bap55LL05955/+ regenerating wing discs, 

which had the same P-to-A transformations as the osa308/+ regenerating discs. No 

change in tara-lacZ expression was identified, (Fig 5D-5F), indicating that the dam-

age-dependent tara expression was not downstream of BAP activity. 

 

To determine whether Tara can suppress the P-to-A transformations induced by 

the reduction of Osa, we overexpressed Tara using UAS-tara under control of rn-

Gal4 in the osa308/+ mutant animals, generating elevated Tara levels in the rn-ex-

pressing cells that survived the tissue ablation. Indeed, the P-to-A transformation 

phenotype in osa308/+ mutant animals was rescued by Tara overexpression (Fig 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 20, 2018. ; https://doi.org/10.1101/326439doi: bioRxiv preprint 

https://doi.org/10.1101/326439
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 
 

5G-5J). Furthermore, Osa protein levels did not appear to change during regener-

ation and were unchanged in tara1/+ mutant regenerating discs (S2C and S2D Fig), 

suggesting that Tara does not regulate osa expression, and the BAP complex is 

not regulated during regeneration by changes in the levels of Osa (S2E-H Fig). 

Thus, Osa and BAP likely function in parallel to Tara to regulate en expression and 

cell fate during regeneration.  

 

Discussion 

To address the question of how regeneration genes are regulated in response to 

tissue damage, we investigated the roles of PcG and TrxG chromatin modifiers. 

While previous work has suggested that chromatin modifiers can regulate regen-

eration [6–17], we took a systematic approach and screened a collection of mu-

tants and RNAi lines that affect a significant number of the chromatin regulators in 

Drosophila. Most of these mutants had regeneration phenotypes, confirming that 

these genes are important for both promoting and constraining regeneration and 

likely facilitate the shift from the normal developmental program to the regeneration 

program, and back again. Most PcG mutants regenerated better than controls, 

while reduction of TrxG gene expression levels caused varying phenotypes. The 

dynamic interplay among PcG and TrxG members in regeneration merits future 

investigation. Here we focused on the role of the SWI/SNF chromatin remodeling 
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complexes in regulating specific aspects of regeneration. Previous work has pro-

vided evidence that SWI/SNF complexes regulate regeneration in other contexts 

[6],[8]. Here we show that both Drosophila SWI/SNF complexes play essential but 

distinct roles during epithelial regeneration, controlling multiple aspects of the pro-

cess, including growth, developmental timing, and cell fate. Furthermore, our work 

has identified multiple likely targets, including myc, ilp8, and en. 

 

Is the requirement for the SWI/SNF complexes for growth and cell fate in the wing 

disc specific to regeneration? In contrast to tara, which is required for posterior 

wing fate only after damage and regeneration [20], loss of mor in homozygous 

clones during wing disc development caused loss of en expression in the posterior 

compartment [46], although this result was interpreted to mean that mor promotes 

rather than constrains en expression. Furthermore, undamaged mor heterozygous 

mutant animals did not show patterning defects (data not shown), while damaged 

heterozygous mutant animals did (Fig 3E), indicating that regenerating tissue is 

more sensitive to reductions in SWI/SNF levels than normally developing tissue. 

By contrast, osa is required for normal wing growth[34], but reduction of osa levels 

did not compromise growth during regeneration; instead, PBAP is important for 

regenerative growth. Thus, some functions of SWI/SNF during regeneration may 

be the same as during development, although damaged tissue has a heightened 
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sensitivity to loss of SWI/SNF activity, while other functions of SWI/SNF are unique 

to regeneration. 

 

SWI/SNF complexes help organisms respond rapidly to stressful conditions or 

changes in the environment. For example SWI/SNF is recruited by the transcription 

factor DAF-16/FOXO to promote stress resistance in Caenorhabditis elegans [47], 

and the Drosophila BAP complex is required for the activation of target genes of 

the NF-κB signaling transcription factor Relish in immune responses[48]. Here we 

show that the Drosophila PBAP complex is similarly required for activation of target 

genes of the JNK signaling transcription factor AP-1 after tissue damage. Indeed, 

the BAF60a subunit, a mammalian homolog of Drosophila BAP60, directly binds 

the AP-1 transcription factor and stimulates the DNA binding activity of AP-1 [49], 

suggesting that this role may be conserved. 

 

Future identification of all genes targeted by BAP and PBAP after tissue damage, 

the factors that recruit these chromatin-remodeling complexes, and the changes 

they induce at these loci will deepen our understanding of how unexpected or 

stressful conditions lead to rapid activation of the appropriate genes. 
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Materials and Methods 

Fly stocks 

The following fly stocks were obtained for this study. In some cases they were 

rebalanced before performing experiments: w1118;; rnGAL4, UAS-rpr, tub-

GAL80ts/TM6B, tubGAL80 [19], w1118 (Wild type), w*; P{neoFRT}82B osa308/TM6B, 

Tb1 (Bloomington Drosophila stock center, BL#5949) [50], w*; 

Bap170∆135/T(2;3)SM6a-TM6B, Tb1 was a gift from Jessica E. Treisman [51], brm2 

es ca1/TM6B, Sb1 Tb1 ca1 (BL#3619) [37], mor1/TM6B, Tb1 (BL#3615) [37], y1 w1; 

P{neoFRT}40A P{FRT(whs)}G13 cn1 PBac{SAstopDsRed}Bap55LL05955 bw1/CyO, 

bw1 (BL#34495) [52], bap111 RNAi (Vienna Drosophila Resource Center, 

VDRC#104361), bap60 RNAi (VDRC#12673), brm RNAi (VDRC#37721), 

P{PZ}tara03881 ry506/TM3, ryRK Sb1 Ser1 (BL#11613) [53], UAS-tara was a gift from 

Michael Cleary[54], TRE-Red was a gift from Dirk Bohmann [45]. A list of the mu-

tants and RNA interference lines used for PcG and TrxG screen can be found in 

S1 Table. mor12 allele was a gift from James Kennison [55], snr1E2 and snr1SR21 

alleles were gifts from Andrew Dingwall [56]. 

 

Genetic screen 

Mutants or RNAi lines were crossed to w1118;; rnGAL4, UAS-rpr, tubGAL80ts/TM6B, 

tubGAL80 flies. Embryos were collected at room temperature on grape plates for 
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4 hours in the dark, then kept at 18°C. Larvae were picked at 2 days after egg lay 

into standard Bloomington cornmeal media and kept at 18°C, 50 larvae in each 

vial, 3 vials per genotype per replicate. On day 7, tissue ablation was conducted 

through a thermal shift to 30°C for 24 hours. Then ablation was stopped by placing 

the vials in ice water for 60 seconds and returning them to 18°C for regeneration. 

The regeneration index was calculated by summing the product of wing size and 

the corresponding percentage of wings for each approximate wing size (0%, 25%, 

50%, 75% and 100%). The ∆ Index was calculated by subtracting the regeneration 

index of the control from the regeneration index of the mutant or RNAi line. 

 

To observe and quantify the patterning features and absolute wing size, adult 

wings were mounted in Gary’s Magic Mount (Canada balsam (Sigma) dissolved in 

methyl salicylate (Sigma)). The mounted adult wings were imaged with an Olym-

pus SZX10 microscope using an Olympus DP21 camera, with the Olympus 

CellSens Dimension software. Wings were measured using ImageJ. 

 

Immunostaining 

Immunostaining was carried out as previously described [19]. Primary antibodies 

used in this study were rabbit anti-Myc (1:500; Santa Cruz), mouse anti-Nubbin 
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(1:250; gift from Steve Cohen) [57], mouse anti-engrailed/invected (1:3; Develop-

mental Studies Hybridoma Bank ) [58], mouse anti-Patched (1:50; DSHB) [59], 

mouse anti-Achaete (1:10; DSHB) [60], rabbit anti-PH3 (1:500; Millipore), mouse 

anti-Osa (1:1; DSHB) [50], rat anti-Ci (1:10; DSHB) [61], rabbit anti-cleaved 

Caspase-3 (1:200; Cell Signaling), mouse anti-βgal (1:100; DSHB), rabbit anti-

phospho-JNK (1:100, Santa Cruz Biotechnology). The Developmental Studies Hy-

bridoma Bank (DSHB) was created by the NICHD of the NIH and is maintained at 

the University of Iowa, Department of Biology, Iowa City, IA 52242. Secondary an-

tibodies used in this study were AlexaFluor secondary antibodies (Molecular 

Probes) (1:1000). TO-PRO-3 iodide (Molecular Probes) was used to detect DNA 

at 1:500. 

 

Confocal images were collected with a Zeiss LSM700 Confocal Microscope using 

ZEN software (Zeiss). Images were processed with ImageJ (NIH) and Photoshop 

(Adobe). Average fluorescence intensity was measured by ImageJ. The size of the 

regenerating wing primordium area was quantified by measuring the anti-Nubbin 

immunostained area in ImageJ.  

 

Quantitative RT-PCR 
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qPCR was conducted as previously described [17]. Each independent sample con-

sisted of 30 wing discs. 3 biological replicates were collected for each genotype 

and time point. Expression levels were normalized to the control gapdh2. The fold 

changes compared to the w1118 undamaged wing discs are shown. Primers used 

in the study were: GAPDH2 (Forward: 5’-GTGAAGCTGATCTCTTGGTACGAC-3’; 

Reverse: 5’-CCGCGCCCTAATCTTTAACTTTTAC-3’), and ilp8 (Forward: 5'-AG-

TTCGCGATGGAGGCGTGC-3’; Reverse: 5'-TGTGCGTTTTGCCGGATCCAAGT-

3’). 

 

Pupariation timing experiments 

To quantify the pupariation rates, new pupal cases in the vials were counted in 24-

hour intervals starting from the end of tissue ablation until no new pupal cases 

formed. Three independent biological replicates, which consisted of 3 vials each 

with 50 animals per vial, were performed for each experiment.  

 

Data Availability 

All relevant data are available from the authors. 
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Fig 1. SWI/SNF components Bap170 and Osa are required for regeneration 

(A) Method for screening mutants or RNAi lines using a genetic ablation system. 

Mutants or RNAi lines of PcG and TrxG genes were crossed to the ablation sys-

tem (w1118; +; rn-GAL4, UAS-rpr, tubGAL80ts/TM6B, tubGAL80). Animals were 

kept at 18°C until 7 days after egg lay (AEL). Then they were moved to 30°C to 

induce tissue ablation for 24 hours, then back to 18°C to enable recovery (R). 

The size of the regenerated adult wings was assessed semi-quantitatively by 

counting the number of wings that were approximately 0%, 25%, 50%, 75% or 

100% of the length of a control adult wing with no tissue damage. The regenerat-

ing discs were also examined at different times during recovery such as R0, R24, 

R48 and R72. 

(B) Comparison of the size of adult wings after imaginal disc damage and regen-

eration in bap170∆135/+ and wild-type (w1118) animals. n = 190 wings 

(bap170∆135/+) and 406 wings (w1118) from 3 independent experiments. Chi-

square test p < 0.001. 

(C) Comparison of the size of adult wings after imaginal disc damage and regen-

eration in osa308/+ and wild-type (w1118) animals. n = 146 wings (osa308/+) and 

296 wings (w1118) from three independent experiments. Chi-square test p < 0.001. 

(D) Wild-type adult wing after disc regeneration. Anterior is up. 

(E) osa308/+ adult wing after disc regeneration. Arrows show five anterior-specific 
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markers in the posterior compartment: anterior crossveins (red), alula-like costa 

bristles (orange), margin vein (green), socketed bristles (blue), and change of 

wing shape with wider distal portion of the wing, similar to the anterior compart-

ment (purple). 

(F) Quantification of the number of Posterior-to-Anterior transformation markers 

described in (E) in each wing after damage and regeneration of the disc, compar-

ing osa308/+ wings to wild-type (w1118) wings, n = 51 wings (osa308/+) and 45 

wings (w1118), from 3 independent experiments. Chi-square test p < 0.001. 

Error bars are SEM. 
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Fig 2. osa/+ mutant showed Posterior-to-Anterior transformations during 

wing disc regeneration  

(A) Wild-type (w1118) regenerating wing disc at R72 with En (green) and Ci (red) 

immunostaining. Anterior is left for all wing disc images. 

(B) osa308/+ regenerating wing discs at R72 with En (green) and Ci (red) im-

munostaining. Arrowhead points to the low En expression region in which Ci is 

expressed in the posterior compartment.  

(C) Wild-type (w1118) regenerating wing disc at R72 with Ac immunostaining. 

(D) osa308/+ regenerating wing disc at R72 with Ac immunostaining. Arrowheads 

show Ac expression in the posterior compartment. 

(E) Wild-type (w1118) regenerating wing disc at R72 with Ptc (green) (E’) and Ci 

(red)(E’’) immunostaining. DNA (blue)(E’’’) was detected with Topro3. 

(F) osa308/+ regenerating wing disc at R72 with Ptc (green)(F’) and Ci (red)(F’’) 

immunostaining. DNA (blue)(F’’’) was detected with Topro3. Arrowhead shows 

Ptc and Ci co-expression in the posterior compartment. 

(G) Wild-type (w1118) regenerating wing disc at R48 with Ptc (green)(G’) and Ci 

(red)(G’’) immunostaining. DNA (blue)(G’’’) was detected with Topro3. 

(H) osa308/+ regenerating wing disc at R48 with Ptc (green)(H’) and Ci (red)(H’’) 

immunostaining. DNA (blue)(H’’’) was detected with Topro3. 

Scale bars are 100μm for all wing disc images. 
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Fig 3. SWI/SNF core components are required for both growth and poste-

rior fate during wing disc regeneration 

(A) Comparison of the size of adult wings after imaginal disc damage and regen-

eration in brm2/+ and wild-type (w1118) animals. n = 142 wings (brm2/+) and 224 

wings (w1118) from 3 independent experiments. Chi-square test p < 0.001 

(B) Comparison of the size of adult wings after imaginal disc damage and regen-

eration in animals expressing bap111 RNAi and control animals. n = 264 wings 

(bap111 RNAi) and 291 wings (control) from 3 independent experiments. The 

control for RNAi lines is VDRC 6000 in all experiments. Chi-square test p < 0.001 

(C-E) Adult wing after disc regeneration of wild-type (w1118) (C), bap55LL05955/+ (D) 

and mor1/+ (E). Anterior is up for all adult wing images. Arrows point to anterior 

features identified in the posterior compartment. Arrows show five anterior-spe-

cific markers in the posterior compartment: anterior crossveins (red), alula-like 

costa bristles (orange), margin vein (green), socketed bristles (blue), and change 

of wing shape with wider distal portion of the wing, similar to the anterior com-

partment (purple). 

(F-H) Adult wing after disc regeneration of animals expressing control, bap60 

RNAi (G) and brm RNAi (H).  

(I) Control regenerating wing disc at R72 with Ptc (green) (I’) and Ci (red) (I’’) im-

munostaining. DNA (blue) (I’’’) was detected with Topro3. 
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(J) Regenerating wing disc of animals expressing brm RNAi at R72 with Ptc 

(green) (J’) and Ci (red) (J’’) immunostaining. DNA (blue) (J’’’) was detected with 

Topro3. Arrowheads show Ptc and Ci co-expression in the posterior compart-

ment. 

Error bars are SEM. Scale bars are 100μm for all wing discs images. 
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Fig 4. Decreased bap170 expression limits regenerative growth and pupari-

ation delay 

(A) Wild-type (w1118) regenerating wing disc at R36 with wing pouch marked by 

anti-Nubbin (green) immunostaining. DNA (blue) was detected with Topro3. 

(B) bap170∆135/+ regenerating wing disc at R36 with wing pouch marked by anti-

Nubbin (green) immunostaining. DNA (blue) was detected with Topro3. 

(C) Comparison of regenerating wing pouch size at 0, 12, 24, 36 hours after im-

aginal disc damage and regeneration in bap170∆135/+ and wild-type (w1118) ani-

mals. 

(D-E) Regenerating wild-type (w1118) (D) and bap170∆135/+ (E) wing discs at R24 

with Nubbin (green) and PH3 (red) immunostaining. DNA (blue) was detected 

with Topro3. Dashed white outline shows the regenerating wing primordium la-

beled with Nubbin. 

(F) Average number of mitotic cells (marked with PH3 immunostaining) in the 

wing primordium (stained with anti-Nubbin) at R24 in bap170∆135/+ and wild-type 

(w1118) animals. n = 8 wing discs (bap170∆135/+) and 10 wing discs (w1118). 

(G-H) Wild-type (w1118) (G) and bap170∆135/+ (H) regenerating wing discs at R24 

with Myc immunostaining. 

(I) Quantification of anti-Myc immunostaining fluorescence intensity in the wing 

pouch in bap170∆135/+ and wild-type (w1118) regenerating wing discs at R24. n = 9 
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wing discs (bap170∆135/+) and 9 wing discs (w1118). 

(J) Pupariation rates of animals during normal development at 18°C. n = 121 pu-

pae (bap170∆135/+) and 245 pupae (w1118) from 3 independent experiments. 

(K) Pupariation rates of animals after tissue damage (30°C) and regeneration 

(18°C). n = 117 pupae (bap170∆135/+) and 231 pupae (w1118) from 3 independent 

experiments. Because the temperature shifts to 30°C in the ablation protocol in-

crease the developmental rate, the pupariation timing of regenerating animals (K) 

cannot be compared to the undamaged control animals (J). 

(L) ilp8 expression examined by qPCR of bap170∆135/+ and wild-type (w1118) re-

generating wing discs at R24. The graph shows fold change relative to wild-type 

(w1118) undamaged discs. 

(M-N) Expression of TRE-Red, a JNK signaling reporter, in wild-type (w1118) (M) 

and bap170∆135/+ (N) regenerating wing discs at R24. 

(O) Quantification of TRE-Red expression fluorescence intensity in bap170∆135/+ 

and wild-type (w1118) regenerating wing pouches at R24. 

Scale bars are 100μm for all wing discs images. * p < 0.1, ** p < 0.05, *** p < 

0.01, Student’s t-test. 
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Fig 5. The BAP complex functions in parallel to Tara to prevent P-to-A 

transformations. 

(A-B) Expression of TRE-Red, a JNK signaling reporter, in wild-type (w1118) (A) 

and osa308/+ (B) regenerating wing discs at R24. 

(C) Quantification of TRE-Red expression fluorescence intensity in osa308/+ and 

wild-type (w1118) regenerating wing pouches at R24. n = 7 wing discs (osa308/+) 

and 10 wing discs (w1118). Error bars are SEM. 

(D-E) tara-lacZ/+ (D) and bap55LL05955/+; tara-lacZ/+ (E) regenerating wing discs 

at R48 stained with β-gal.  

(F) Quantification of β-gal expression fluorescence intensity in bap55LL05955/+ and 

wild-type (w1118) regenerating wing pouches at R48. n = 8 wing discs 

(bap55LL05955/+) and 9 wing discs (w1118). Error bars are SEM. 

(G-I) Adult wing after disc regeneration in wild-type (w1118) (G), osa308/+ (H) and 

UAS-tara/+; osa308/+ (I) animals. Arrows show five anterior-specific markers in 

the posterior compartment: anterior crossveins (red), alula-like costa bristles (or-

ange), margin vein (green), socketed bristles (blue), and change of wing shape 

with wider distal portion of the wing, similar to the anterior compartment (purple). 

Anterior is up for all adult wing images. 

(J) Quantification of the number of Posterior-to-Anterior transformation markers 

described in Fig 1E in each wing after damage and regeneration of the disc, 
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comparing UAS-tara/+; osa308/+ wings to osa308/+ and wild-type (w1118) wings, n = 

21 wings (UAS-tara/+; osa308/+), n = 16 wings (osa308/+) and n = 34 wings (w1118), 

from 3 independent experiments. **** p < 0.0001, Chi-square test. Chi-square 

test measuring UAS-tara/+; osa308/+ against w1118, p = 0.86, not significant. 

Scale bars are 100μm for all wing discs images. * p < 0.1, ** p < 0.05, *** p < 

0.01, Student’s t-test. 
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