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Summary  

Aneuploidy, an unbalanced number of chromosomes, is highly deleterious at the cellular level and leads to 

senescence, a stress-induced response characterized by permanent cell cycle arrest and a well-defined 

associated secretory phenotype. Here we use a Drosophila epithelial model to delineate the pathway that 

leads to the induction of senescence as a consequence of the acquisition of an aneuploid karyotype. Whereas 

aneuploidy induces, as a result of gene dosage imbalance, proteotoxic stress and activation of the major 

protein quality control mechanisms, near-saturation functioning of autophagy leads to compromised 

mitophagy, accumulation of dysfunctional mitochondria and the production of radical oxygen species (ROS). 

We uncovered a role of JNK in driving senescence as a consequence of dysfunctional mitochondria and ROS. 

We show that activation of the major protein-quality control mechanisms and mitophagy dampen the 

deleterious effects of aneuploidy and identify a role of senescence in proteostasis and compensatory 

proliferation for tissue repair. 
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Introduction 

Chromosomal Instability (CIN), an increased rate of changes in chromosome structure and number, is a 

hallmark of most solid tumors of epithelial origin. CIN contributes to the gain of chromosomes carrying 

oncogenes and the loss of those carrying tumor suppressor genes (Ben-David and Amon, 2020). However, 

the impact of CIN on the biology of the cell, on the homeostasis of the tissue and on the fitness of the organism 

are far from being fully elucidated. Of note are the highly deleterious effects of CIN as a result of the generation 

of highly aneuploid karyotypes. Work in yeast and human cells has shown that an unbalanced number of 

chromosomes leads to altered protein stoichiometry and impaired functioning of large protein complexes 

involved in replication, mitosis, and metabolism (Santaguida and Amon, 2015; Zhu et al., 2018). One of the 

consequences of metabolic stress is the production of radical oxygen species (ROS). Ultimately, highly 

aneuploid cells enter a state of senescence, characterized by permanent cell cycle arrest and an enhanced 

secretory phenotype (Barroso- Vilares et al., 2020; Macedo et al., 2018). The production of pro-inflammatory 

cytokines has been proposed to contribute to the elimination of these cells by the immune system (Santaguida 

et al., 2017). To date, the molecular mechanisms driving aneuploidy-induced senescence and its potential 

contribution to tissue repair and tumorigenesis have not been elucidated.  

The Drosophila wing primordium has proved a useful model system to identify the relevant cell populations 

and pertinent cell interactions involved in the response of an epithelial tissue to CIN, and to functionally 

decipher the molecular mechanisms driving emerging, tumor-like cellular behaviors (Dekanty et al., 2012; 

Milán et al., 2014; Morais da Silva et al., 2013). In this model, cells with highly aneuploid karyotypes delaminate 

as a result of chromosome-wide gene dosage imbalances and the production of ROS (Clemente-Ruiz et al., 

2016). ROS contribute to activating the stress JNK signaling pathway through Ask1 (Muzzopappa et al., 2017), 

and JNK induces the transcriptional activation of pro-apoptotic genes and the death of these cells. Upon 

apoptosis inhibition, CIN tissues produce tumor-like overgrowths that grow extensively and metastasize in 

allograft transplantations (Dekanty et al., 2012). This tumorigenic response relies on JNK, which remains 

strongly activated in highly aneuploid cells that delaminate from the epithelium. JNK activates a transcriptional 

program that drives non-autonomous tissue overgrowth through the expression of mitogenic molecules, 

basement membrane degradation through the expression of MMPs, and tissue invasiveness by modulating 

the actin-myosin cytoskeleton (Benhra et al., 2018). Cross-feeding interactions between delaminating cells 
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producing mitogenic molecules and epithelial cells acting as source of new aneuploid cells are responsible for 

the unlimited growth potential of CIN-tumors (Muzzopappa et al., 2017). Remarkably, many of the molecular 

responses and cellular and tissue-wide behaviors identified in the fly epithelial model of CIN, such as ROS 

production, extrusion of aneuploid cells, metastatic behavior, expression of pro-inflammatory signals and 

tumorigenesis, have been also observed in mammalian epithelial tissues subjected to CIN (Bakhoum et al., 

2018; Levine et al., 2017; Li et al., 2010; Rowald et al., 2016; Santaguida et al., 2017). 

Using the fly model of CIN, we present evidence that upon apoptosis inhibition highly aneuploid cells enter 

a state of senescence, characterized by permanent cell cycle arrest in G2 and an enhanced secretory 

phenotype. We delineate the pathway that leads to senescence as a response to aneuploidy. We first show 

that aneuploidy-induced proteotoxic stress, as a result of gene dosage imbalances, and near-saturation of 

autophagy contribute to impaired mitophagy. The resulting accumulation of dysfunctional mitochondria and 

the production of ROS contribute to activating a cellular program in aneuploid cells that drives JNK-driven 

senescence. Lastly, we unravel a role of aneuploidy-induced senescence in proteostasis and compensatory 

proliferation and demonstrate that activation of the major protein quality control mechanisms and mitophagy 

dampens the deleterious effects of aneuploidy.  
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Results  

The ubiquitin-proteasome system is functioning near-saturation in CIN tissues 

The wing primordium of Drosophila is a highly proliferative monolayer epithelium (Figure 1A, A’). RNAi-

mediated depletion of the spindle assembly checkpoint (SAC) gene rod in this tissue induces high levels of 

CIN, and the resulting aneuploid cells delaminate basally from the epithelium, activate JNK and die (Figure 

1C). To maintain aneuploid cells in the tissue, we co-expressed the baculovirus caspase inhibitor p35 (Hay et 

al., 1994), or a synthetic miRNA that targets the pro-apoptotic genes reaper, hid and grim [miRHG, (Siegrist et 

al., 2010)]. We targeted the expression of these transgenes to the posterior compartment of the wing, while 

the anterior compartment acted as a control tissue (Figure 1B). The highly aneuploid delaminated population, 

marked with a cyan line from here onwards, was located on the basal side of the epithelium, and cells were 

loosely attached and expressed the JNK target MMP1 (Figure 1B’ and Figure S1A). Morphological differences 

and MMP1 staining (which was removed from most images to simplify them) were used to identify the highly 

aneuploid delaminated population. The ubiquitin-proteasome system (UPS) plays a crucial role in governing 

normal protein turnover and protein quality control by degrading misfolded and damaged proteins, and protein 

ubiquitylation serves as an essential degradation signal for proteins. CIN-tissues showed evidence of 

proteotoxic stress, as monitored by the presence of poly-ubiquitin (Ubq) aggregates (Figure 1D). These 

aggregates were also positive for the ubiquitin receptor p62 [Ref(2)P in flies (Nezis et al., 2008)]. Ubq- and 

Ref(2)P-positive aggregates were observed mainly in the P compartment, specifically in delaminated cells 

(Figure 1E, E’). Similar aggregates were observed in delaminated cells of wing discs upon depletion of the 

SAC gene bub3 or the spindle assembly gene asp (Figure S1A-B), experimental conditions that induce high 

levels of CIN (Dekanty et al., 2012). To further address whether protein aggregates appeared in CIN-induced 

aneuploid cells, we used Htt25Q, a fusion protein consisting of human Huntingtin with a polyQ stretch 

containing only 25 glutamines and fused to a Cerulean fluorescent protein (Ramdzan et al., 2017). Htt25Q 

does not form aggregates nor does it cause toxicity on its own but the existence of protein aggregates in the 

cell can seed Htt25Q polymerization (Serpionov et al., 2016). Whereas Htt25Q showed diffused expression in 

control wing discs, Htt25Q was accumulated in big foci upon CIN and mostly in delaminating cells (Figure 1F-

G’), thus pointing to the appearance of protein aggregates in these cells. 
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The Male-Specific Lethal complex (MSLc) targets X-chromosomes in males to increase gene transcription 

to a similar level to that observed in autosomal chromosomes (Lucchesi and Kuroda, 2015). Upon depletion 

of the MSLc, male tissues fail to increase the transcription of this chromosome, thus causing a chromosome-

wide gene expression imbalance of the X-chromosome with respect to autosomes that can be used to assess 

whether these imbalances phenocopy the cellular stresses that occur in aneuploid cells (Clemente-Ruiz et al., 

2016). Depletion of the MSL-C gene msl-1 in male tissues expressing p35 gave rise to the appearance of 

Ref(2)P-positive aggregates (Figure S1A, A’, B). Planar polarization of the mitotic spindle in the wing epithelium 

is oriented by the dynein/dynactin motor complex, whose cortical localization depends on Mud/NUMA 

(Nakajima et al., 2013). Failure of the mitotic spindle to achieve planar polarization induces cell delamination. 

In contrast to CIN-tissues, the DNA content profile of delaminated cells in mud-depleted tissues did not reveal 

a high percentage of cells with DNA content higher than 4C (Figure S6E, F). Thus, the behavior of these cells 

can be used to assess whether delamination per se phenocopies the cellular stresses that occur in CIN-

induced aneuploid cells. Interestingly, Ref(2)P-positive aggregates were not observed in mud-depleted tissues 

(Figure S1A, A’, B). These results imply that these aggregates are an outcome of CIN-induced aneuploidy and 

the associated gene dosage imbalance, and not a trivial consequence of cell delamination.  

The proteasome is a multi-subunit protease complex (de Poot et al., 2017). To characterize the in vivo 

activity of the proteasome in CIN tissues, we used CL1-GFP, a fusion protein created by attaching a 

proteasome degradation signal to GFP (Pandey et al., 2007). Whereas CL1-GFP was rapidly degraded in 

control wing discs and no accumulation was observed, it was accumulated upon CIN and mostly in 

delaminating cells, where it co-localized with Ubq-positive aggregates (Figure 1H-J). These data suggest that 

the proteasome is near saturation in CIN-induced aneuploid cells. In order to reinforce this proposal, we 

selected a number of RNAis against various proteasome subunits (Rpn) that did not have phenotypic 

consequences in terms of tissue size when expressed in otherwise wild-type eyes (Figure 1K, bottom panels), 

and we tested their ability to enhance the deleterious effects of CIN. Similar to the wing, the eye primordium is 

a highly proliferative monolayer epithelium. Induction of CIN with an eye-specific Gal4 (eyeless-gal4) driving 

bub3-RNAi expression caused cell death in the eye primordium and produced rough eyes with a reproducible 

mild reduction in size (Figure 1K, Figure S1C, Table S1). Upon apoptosis inhibition, highly aneuploid cells 

remained in the basal side of the eye epithelium, activated JNK and accumulated CL1-GFP (Figure S1D-F). 
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Interestingly, co-depletion of bub3 and several rpn genes resulted in strongly reduced adult eyes (Figure 1K, 

upper panels). Co-expression of HttQ25 gave similar results and increased the number of apoptotic cells 

observed in CIN tissues (Figure 1K, Figure S1G, I). Usp14 is a deubiquitinating enzyme identified as an 

endogenous inhibitor of the proteasome (Hanna et al., 2006), and mutations in Usp14 improve the fitness of 

aneuploid yeast cells (Torres et al., 2010). Depletion of usp14 rescued the size of eyes subjected to CIN and 

the number of apoptotic cells observed in CIN tissues (Figure 1K, Figure S1G, H). These data indicate that the 

UPS is working near saturation in tissues subject to CIN and that experimental activation of the UPS can 

dampen the deleterious effects of CIN. 

 

Autophagy induction and flux play critical roles in CIN tissues 

Together with the UPS, autophagy - a pathway responsible for the lysosomal degradation of cellular 

components - plays an essential role in maintaining protein homeostasis (proteostasis). p62 [Ref(2)P in flies, 

(Nezis et al., 2008)], acts as a receptor of ubiquitinated proteins and binds to Atg8, which becomes membrane-

associated under autophagy induction and localizes to the site of autophagosome nucleation. The observed 

accumulation of Ref(2)P-positive aggregates in CIN-induced aneuploid cells suggests that autophagic 

degradation is either saturated or not functioning. We thus analyzed whether autophagy induction, its flux, and 

lysosomal biogenesis were functioning in these cells. High levels of autophagy were induced in CIN tissues 

expressing p35 or miRHG, as visualized by the punctated accumulation of ChAtg8a (a mCherry-tagged form 

of Atg8a) and this induction was more prevalent in delaminated cells (Figure 2A-C’, Figure S2G). Autophagy 

was also elevated in the anterior compartment, where CIN cells are not present. This non-autonomous 

induction of autophagy resembles the one caused by oncogene-driven fly epithelial tumors (Katheder et al., 

2017). ChAtg8a-positive puncta were observed also in delaminated cells of bub3- or asp-depleted wing and 

eye discs, but not in mud-depleted tissues (Figure S2G). We noticed that many of the Ref(2)-positive 

aggregates did not co-localize with ChAtg8a-positive puncta (Figure 2D, E, E’), pointing to the pathological 

accumulation of autophagic cargo. Induction of autophagy depended on the presence of the cargo and the 

activity of Atg1, as autophagy levels were reduced in CIN tissues expressing ref(2)P- or atg1-RNAi (Figure 

2G, G’, K, Figure S2B). In atg1-depleted tissues, the density of Ref(2)P- and Ubq-positive aggregates and the 

extent of CL1-GFP accumulation increased dramatically (compare Figure 2H-K and Figure 1D, I, see also 
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Figure S2A). Importantly, Ref(2)P-positive aggregates were now observed in epithelial cells (Figure 2I, I’, 

arrowheads, compare with Figure 1E, E’). These findings indicate that autophagy is functioning in CIN tissues 

near saturation. To reinforce this proposal, we tested several RNAis against different atg genes for their ability 

to enhance the CIN-induced deleterious effects. Whereas depletion of atg genes did not have any overt 

consequence in adult eyes or epithelial tissues of otherwise wild type individuals, it reduced the size of eyes 

subjected to CIN and increased the number of CIN-induced apoptotic cells (Figure 2F, Figure S2C-E). 

Overexpression of Ref(2)P, known to boost autophagy (Aparicio et al., 2019), rescued both eye size and 

number of apoptotic cells caused by CIN (Figure 2F, Figure S2F). Thus, autophagy is working near saturation 

in CIN tissues and experimental activation of autophagy can dampen the deleterious effects of CIN. 

We next used the tandem tagged mCherry-GFP-Atg8a reporter to study autophagic flux. The low lysosomal 

pH rapidly quenches the GFP signal after fusion and the autophagolysosome is only positive for mCherry. In 

CIN-induced tissues, most Atg8a-positive puncta were located in delaminated cells and were positive for 

mCherry only (Figure 3A, A’, D). However, some large puncta positive for both signals were observed in 

delaminating cells. Depletion of Syntaxin17 [Syx17, a protein required for lysosomal fusion (Takáts et al., 

2013)] resulted in an accumulation of puncta positive for both signals and these puncta could now be observed 

not only in delaminated cells but also in cells that remained in the epithelium (Figure 3B, B’, D). No major effect 

on autophagy flux was observed upon Syx17 depletion in control tissues (Figure S3A-B). In Drosophila, Mitf, 

the single ortholog of TFEB and MITF (microphthalmia-associated transcription factor), coordinates lysosome 

biogenesis (Bouché et al., 2016; Tognon et al., 2016; Zhang et al., 2015). Mitf expression and activity 

(monitored by the Mitf-2.2-GFP transcriptional reporter and the Mitf synthetic target 4Mbox-GFP) were both 

induced in CIN-tissues and this induction was more prevalent in delaminated cells (Figure 3E-H). Consistently, 

these cells were positive for Lysotracker Red (LTR), which labels acidic organelles such as lysosomes, and 

for a tagged version of Lysosomal-associated membrane protein 1 (LAMP1, Figure 3I-L, Figure S3F). As it 

occurs with autophagy, some cells of the nearby anterior compartment not subjected to CIN and some cells 

subjected to CIN that remained in the epithelium were positive for LTR and induced Mitf (Figure 3E-J). 

Interestingly, autophagy flux was reduced in CIN tissues subjected to Mitf-depletion (Figure 3C, D).  By 

contrast, levels of autophagy induction were only slightly reduced under these conditions (Figure S3C). To 

sum up, autophagy flux is functioning in CIN-induced tissues. However, the accumulation of autophagic cargo 
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and presence of few yellow dots suggests that this flux is close to saturation. Consistent with this proposal, 

depletion of syx17 or mitf reduced the size of eyes subjected to CIN and increased the number of CIN-induced 

apoptotic cells (Figure 3M, N). Depletion of syx17 or mitf in otherwise wild-type tissues had no major impact 

on eye size or cell death (Figure 3M, Figure S3D). Overexpression of Spinster [Spin, a protein involved in 

autolysosome formation in flies and vertebrates (Rong et al., 2011; Sasaki et al., 2017)] rescued the size of 

eyes subjected to CIN (Figure 3M). These data indicate that autophagy flux is working near saturation in tissues 

subject to CIN and that experimental induction of autolysosome formation can dampen the deleterious effects 

of CIN. 

 

UPR, HIF and TOR regulate autophagy in aneuploid cells 

Autophagy can be induced by different means in a highly pleiotropic condition such as CIN. The Unfolded 

Protein Response (UPR), inhibition of the UPS and the resulting reduction in the amino acid pool are all well 

known to be involved in triggering autophagy (He and Klionsky, 2009). We thus tested whether the 

corresponding sensing pathways are activated upon CIN and whether they play a role in autophagy induction.  

In normoxia, Hypoxia-Inducible transcription Factor-1 (HIF-1, known as Sima in Drosophila) is degraded by 

the UPS (Lavista-Llanos et al., 2002). Upon hypoxia or UPS inhibition, HIF-1 is not degraded, induces 

expression of Lactate dehydrogenase (LDH, a key enzyme involved in anaerobic metabolism) and activates 

autophagy (Lőw et al., 2013). Sima and LDH levels and those of the Sima biosensor ODD-GFP (Misra et al., 

2017) were highly increased in CIN tissues, especially in delaminated cells (Figure 4A, B, B’). Sima activation 

was not a result of hypoxia, as shown by the oxygen biosensor nlsDsRedFT [Figure S4A, B, (Lidsky et al., 

2018)] and was most probably caused by UPS saturation (Lőw et al., 2013). Interestingly, depletion of sima in 

CIN-tissues reduced the extent of autophagy induction (Figure 4H-I’, N, Figure S4C, D).  

Target of Rapamycin (TOR) plays a vital role in nutrient sensing and autophagy regulation. During nutrient 

availability, TOR represses Atg1 through direct phosphorylation (Noda and Ohsumi, 1998). Amino acid pools 

are maintained by proteasome-dependent degradation, and UPS inhibition reduces TOR activity and triggers 

autophagy as a compensatory mechanism to replenish the amino acid pool (Suraweera et al., 2012). TOR 

regulates transcription by inhibiting the nuclear localization of the REPTOR transcription factor (Tiebe et al., 

2015). High levels of the REPTOR transcriptional reporter unk-GFP were observed in CIN-induced tissues, 
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especially in delaminated cells (Figure 4C-D’). These results together with the observed induction of autophagy 

(Figures 2A-C, 3E-H) indicate that TOR is repressed in CIN-induced aneuploid cells. Consistently, 

overexpression of the small GTPase Rheb to activate TOR lowered the degree of autophagy induction and 

unk-GFP expression (Figures 4J, J’, N, Figure S4J). TOR activation also increased the accumulation of Ref(2)-

positive aggregates in CIN tissues and enhanced the CIN-induced eye phenotype (Figure 4G, Figure S4F-I), 

supporting the proposal that autophagy induction and flux counteract the deleterious effects of CIN and that 

they are functioning near saturation in these tissues. We would like to note, though, that other downstream 

effectors besides autophagy might also contribute to the negative impact of TOR activation in CIN tissues. 

The UPR is activated in response to accumulation of unfolded or misfolded proteins in the lumen of the 

endoplasmic reticulum (ER), thereby leading to the halting of protein translation, the degradation of misfolded 

proteins, and increased production of molecular chaperones involved in protein folding. Three UPR sensors 

are embedded in the ER membrane: (1) PERK (protein kinase RNA-like endoplasmic reticulum kinase), which 

phosphorylates eIF2α (eukaryotic Initiation Factor 2) to inhibit global protein synthesis and induce selective 

translation of Activating Transcription Factor 4 (ATF4); (2) ATF6 (activating transcription factor 6), whose 

cleaved form translocates to the nucleus; and (3) IRE1 (inositol-requiring enzyme 1), which activates, through 

splicing, the XBP1 (X-box binding protein 1) transcription factor. Levels of phosphorylated eIF2α and the 

spliced form of XBP1-GFP (Ryoo et al., 2007) were both upregulated in CIN tissues, especially in the highly 

aneuploid delaminated cells (Figure 4E, F, F’, Figure S4E), indicating that the UPR is activated in this 

population. It is well known that UPR sensors and transcriptional mediators are also upregulated upon UPR 

activation. Consistently, we found increased expression of PERK, ATF4 and ATF6 in CIN tissues (Figure S4K, 

K’). Importantly, depletion of perk, ire1 or xbp1 lowered autophagy induction in CIN tissues (Figure 4L-N). BiP 

(Hsc70-3 in Drosophila) is both mediator and transcriptional target of the UPR and encodes for an ER-resident 

chaperone with a critical role in the clearance of misfolded ER aggregates and degradation of membrane-

associated proteins (Gething, 1999). BiP depletion enhanced the CIN-induced eye phenotype and increased 

the number of CIN-induced apoptotic cells (Figure 4G, O, Figure S4L). Depletion of sip3 (septin interacting 

protein 3), which promotes the degradation of misfolded peptides in the ER, gave similar results and induced 

an accumulation of Ref(2)-positive aggregates (Figure 4G, H, O, Figure S4M-O). By contrast, overexpression 

of BiP rescued the size of eyes subjected to CIN and reduced the number of CIN-induced apoptotic cells 
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(Figure 4G, O, Figure S4L). All together, these results indicate that autophagy is induced by at least three 

distinct mechanisms in a highly pleiotropic condition such as CIN. We can also conclude that experimental 

increase in the degradation of misfolded ER aggregates by means of BiP overexpression can dampen the 

deleterious effects of CIN.  

 

Mitochondrial dysfunction in aneuploid cells contributes to ROS production  

Selective autophagy of mitochondria, known as mitophagy, is an important quality control mechanism that 

eliminates damaged mitochondria. We reasoned that near saturation of autophagy and its flux might 

compromise mitophagic activity thus leading to the accumulation of dysfunctional mitochondria in CIN-induced 

aneuploid cells. Wild-type cells are decorated by a highly filamentous array of mitochondria (Figure 5A-A’’, 

Video S1). By contrast, fragmented mitochondria were accumulated in CIN tissues, and this accumulation was 

more prominent in delaminated cells (Figure 5B-B’’,D, Video S2). Transmission electron microscopy (TEM) 

and expansion microscopy of CIN-tissues confirmed the presence of fragmented mitochondria in CIN-induced 

delaminated cells (Figure 5C, Figure S5G,H). We then used the MitoTimer reporter, which targets the 

oxidation-sensitive Timer protein to mitochondria (Laker et al., 2014). The shift of mitochondrial fluorescence 

toward red observed in CIN-induced aneuploid cells (compare Figure 5E, E’’ and Figure 5F, F’’) pointed either 

to high rates of mitochondria oxidation or to slow rates of mitochondria turnover. The ER is a major storehouse 

of calcium (Ca2+), which is released to the cytoplasm upon stress. Upon ER stress, attached organelles like 

mitochondria can experience a heavy Ca2+ influx that drives mitochondria fragmentation and dysfunction and 

the production of ROS. Interestingly, two genetically encoded Ca2+ indicators revealed increased Ca2+ levels 

in the cytoplasm (GCaMP) and mitochondria (Mito-GCaMP) of CIN tissues (Figure S5A-D’). Mitochondrial 

membrane potential generated by proton pumps is an essential component in the process of energy storage 

during oxidative phosphorylation. In CIN-induced aneuploid cells, mitochondria were either depolarized or 

hyperpolarized, reinforcing the proposal that mitochondria are dysfunctional (Figure S5E-F’). The presence of 

dysfunctional mitochondria prompted us to look for mitochondria positive for autophagy markers. Fragmented 

and accumulated mitochondria present in the tissue were positive for the autophagy adaptor Ref(2)P (arrows 

in Figure 5G, Pearson's correlation coefficient for signal colocalization was 0,74, n=9 wing discs), and super-

resolution microscopy analysis revealed that many of the large autophagic cargoes (61,5%; n=65) colocalized 
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with fragmented mitochondria (arrows in Figure 5H, H’, Figure S5I, Videos S3, S4). Targeting of damaged 

mitochondria to mitophagy relies on the activity of PINK1 (PTEN-induced putative kinase 1), a mitochondrially 

localized kinase that phosphorylates Ubiquitin and Parkin upon loss of mitochondria membrane potential. The 

E3-ligase activity of Parkin is enhanced upon phosphorylation, thus placing more ubiquitin for successive 

phosphorylation. Mitochondria labeled with phospho-ubiquitin-chains are recognized by the autophagic 

adaptor, which results in autophagosome formation. We then used MitoQC (Lee et al., 2018), where a tandem 

GFP-mCherry fusion protein is targeted to the outer mitochondria membrane, to analyze mitophagy in CIN 

tissues. MitoQC exploits the pH sensitivity of GFP to enable the differential labeling of mitochondria in the 

acidic microenvironment of the lysosome as a proxy endpoint readout. Only a few small MitoQC-positive 

puncta, most of them red, marking mitolysosomes, were observed in wild-type tissues (arrows in Figure 5I-

I’’,P). By contrast, the number of MitoQC-positive puncta was very high in CIN tissues, and many of them were 

positive for both colors and of small (arrowheads) and large size (asterisks, Figure 5J-N', P, Figure S5K, Video 

S5). Similar results were obtained with the mitophagy reporter MitoKeima (Figure S5L). Structural illumination 

microscopy (SIM) and expansion microscopy analysis unraveled that the large MitoQC-positive aggregates 

consisted of tens of mitochondria and co-localized with lysosomes (Figure 5M-N’, Figure S5J, K, N, Video S6). 

Few red-only dots (arrows) were also found. Increased number of MitoQC-positive puncta were also observed 

in CIN-induced delaminated cells of asp-depleted tissues or when apoptosis was blocked by expressing 

miRHG in rod-depleted tissues (Figure S5M). Correlative light electron microscopy (CLEM) of CIN tissues 

confirmed the subcellular localization of red MitoQC-positive puncta to lysosomes (arrows in Figure 5O and 

zoom of the same area in Figure S5 P.1) and unraveled the accumulation of yellow MitoQC-positive 

mitochondria not only in the cytoplasm of delaminated cells (arrowhead in Figure 5O and Figure S5 P.4) but 

also in extracellular vesicles (Figure S5 P.2, Figure S5 P.3). This latter observation suggests that aneuploid 

cells, as previously observed in mesenchymal stem cells (Phinney et al., 2015), might remove unwanted 

mitochondria through their release into the extracellular compartment via specialized vesicles (Figure S5 P.2, 

Figure S5 P.3). Taken together, these results indicate that mitochondria are highly dysfunctional in CIN-

induced aneuploid cells and that mitophagy is highly saturated in these cells. Eye primordia subjected to CIN 

also showed a high number of MitoQC-positive puncta and large mitochondrial aggregates positive for both 

colors in the basal side of the epithelium (Figure S5O). Several RNAis against different genes involved in 
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mitochondria homeostasis or mitophagy, including parkin, enhanced the CIN-induced eye phenotype and the 

number of apoptotic cells but did not have phenotypic consequences in terms of tissue size when expressed 

in otherwise wild-type eyes (Figure 5Q, R, Figure S5R, S). By contrast, upregulation of Parkin, known to 

activate mitophagy in fly tissues (Rana et al., 2013), rescued the CIN-induced eye phenotype and the number 

of CIN-induced apoptotic cells (Figure 5Q, R, Figure S5S). Similar results were obtained upon overexpression 

of mitochondria-specific chaperones Hsp60 and Hsp60c or ROS scavengers Sod2, GTPx-1 and CatA (Figure 

5Q). Three separate observations indicate that ROS are induced, at least in part, by near-saturation of 

mitophagy and the resulting mitochondrial dysfunction. First, both cytoplasmic and mitochondrial ROS were 

observed in CIN-induced aneuploid cells [Figure 5S-U, (Clemente-Ruiz et al., 2016)]. Second, ROS levels 

were increased upon depletion of atg9 or mitf (Figure 5V, Figure S5U).  Third, the levels of mitochondrial ROS 

were rescued by Ref(2)P or Parkin overexpression, or usp-14 depletion (Figure 5W), all these experimental 

conditions well known to activate mitophagy (Aparicio et al., 2019; Chakraborty et al., 2018). Altogether, our 

data indicate that experimental depletion of ROS, either by overexpressing ROS scavengers and mitochondria 

chaperones or by inducing mitophagy, can dampen the deleterious effects of CIN.  

 

A role of JNK in aneuploidy-induced senescence, proteostasis and compensatory proliferation  

We observed that CIN-induced aneuploid cells presented features of senescence, a state of stable cell cycle 

arrest characterized by morphological and metabolic changes, altered gene expression, ER stress, 

accumulation of dysfunctional mitochondria, increased lysosomal content and adoption of a pro-inflammatory 

phenotype known as the senescence-associated secretory phenotype (SASP, (Hernandez-Segura et al., 

2018)). These cells express many secreted molecules, including mitogenic molecules, cytokines, EGFR 

ligands, Matrix Metalloproteinases, the systemic hormone Dilp8, and the non-functional secreted protease 

Scarface [Figure S6A, (Benhra et al., 2018; Clemente-Ruiz et al., 2016; Dekanty et al., 2012; Muzzopappa et 

al., 2017)]. Consistently, the ER and Golgi apparatus were enlarged (Figure S6B, C). These cells were also 

mitotically inactive, as monitored by the lack of pH3 staining and EdU incorporation (Figure 6A-C), and 

presented an enlarged cellular and nuclear size (Figure 6E, F, Figure S6E). To address whether these cells 

were arrested in G1 or G2, we used Fly-Fucci, which relies on fluorochrome-tagged degrons from the Cyclin 

B (in red) and E2F1 (in green) proteins that are degraded in mitosis or at the onset of the S phase, respectively 
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(Zielke et al., 2014). The percentage of delaminated cells in G2 was increased and the percentage of cells in 

G1 was correspondingly reduced (Figure 6D). DNA content analysis of FACS-sorted dissociated wing disc 

cells showed an accumulation of delaminated cells during the G2/M phases (Figure S6D, E). The behavior of 

mud-depleted misaligned cells can be used to assess whether delamination phenocopies the cell cycle arrest 

observed in CIN-induced aneuploid cells. Delaminated cells observed in mud-depleted tissues accumulated 

in G2/M but were mitotically active (Figure S6F, G). Cell cycle arrest in senescent mammalian cells relies on 

p53 activity and the transcriptional induction of p21/p27, which blocks cell cycle arrest in G1 (Gorgoulis et al., 

2019). Although Drosophila orthologues of p53 (Dp53) and p21/p27 (Dacapo) were induced in CIN tissues, 

they did not participate in the cell cycle arrest (Figure S6K-N). By contrast, JNK activation played a key role 

not only in the cell cycle arrest in G2, but also in the increase in nuclear and cellular size (Figure 6A-F). The 

senescence-associated β-galactosidase (SA-β-Gal) assay is the most widely used test to detect senescent 

cells. CIN tissues were positive for SA-β-Gal, the staining was more prominent in the delaminated population, 

and depletion of the JNK pathway rescued the increased levels of SA-β-Gal (Figure 6G). CIN tissues also 

showed high levels of DNA damage, and aneuploid cells activated the DNA damage response pathway and 

presented enhanced levels of the heterochromatin protein HP1 (Figure S6H-J). All these results indicate that 

CIN-induced delaminated cells enter a JNK-driven senescent state.  

Despite the levels of apoptosis observed in CIN tissues, their impact on the size of adult structures [wings, 

(Dekanty et al., 2012) and eyes, Figure 7A] was mild. These observations suggest that epithelial primordia 

give rise to nearly normal-looking adult structures as a result of compensatory proliferation (Haynie and Bryant, 

1977). Consistently, in CIN tissues in which apoptotic was not inhibited, mitotic activity in the epithelium was 

clearly increased when compared to wild-type controls (Figure 7B, C). We next addressed whether JNK-driven 

senescence and its associated SASP contribute to the observed increase in mitotic activity in CIN tissues and 

to tissue repair. Whereas JNK blockage did not have major phenotypic consequences in terms of mitotic 

activity or tissue size when expressed in otherwise wild-type eyes, it reduced the mitotic activity of CIN tissues 

and enhanced the CIN-induced eye phenotype (Figure 7A-C). Tissue size reduction was also observed in 

developing wing primordia subjected to CIN and depleted for JNK (Figure 7B, C). We noticed that similar to 

the wing epithelium, the eye epithelium subjected to CIN was positive for SA-β-Gal and induced the expression 

of mitogenic molecules (Figure S7A) whose depletion also enhances the CIN-induced eye phenotype 
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(Clemente-Ruiz et al., 2016). Interestingly, we observed that JNK depletion in CIN-induced aneuploid cells 

also reduced the levels of autophagy induction and lysosomal biogenesis, and increased the number of 

Ref(2)P-positive aggregates and the accumulation of CL1-GFP (Figure 7D-G’, Figure S7A-A´). These results 

unravel roles of JNK-driven senescence in compensatory proliferation for tissue repair, most probably through 

the production of mitogenic molecules, and in dampening the deleterious effects of aneuploidy by activating 

the major protein quality control mechanisms. Autophagy induction by JNK could be direct (Wu et al., 2009). 

However, JNK is also well known to drive the expression of IL-6-like Unpaired cytokines in CIN-induced 

aneuploid cells (Clemente-Ruiz et al., 2016). Interestingly, blocking the JAK-STAT pathway by expressing a 

dominant negative version of Domeless lowered autophagy induction levels in CIN tissues indicating that 

JAK/STAT could also contribute to autophagy induction downstream of JNK (Figure 7D-D´, Figure S7A-A´).  

 

Discussion 

A central role of autophagy in antagonizing proteotoxic stress in CIN tissues 

In yeast and mammals, aneuploidy generates, as a result of gene dosage imbalance, proteotoxic stress and 

activates autophagy as the major quality control mechanism aimed at maintaining proteostasis (Santaguida et 

al., 2015; Stingele et al., 2013). To delineate the cascade of events that lead to the induction of autophagy as 

a result of aneuploidy, we used a Drosophila epithelial model of CIN (Benhra et al., 2018; Clemente-Ruiz et 

al., 2014, 2016; Dekanty et al., 2012; Morais da Silva et al., 2013; Muzzopappa et al., 2017) that recapitulates 

most emerging cellular behaviors observed in mammalian epithelial tissues upon CIN, such as extrusion of 

aneuploid cells, invasive behavior, expression of pro-inflammatory signals and tumorigenesis (Bakhoum et al., 

2018; Levine et al., 2017; Rowald et al., 2016; Santaguida et al., 2017). We present evidence that epithelial 

cells with high levels of aneuploidy show strong levels of proteotoxic stress and that the proteasome is 

functioning near saturation (Figure 7H). In this context, it is interesting to speculate that aneuploidy might have 

a direct impact on the stoichiometry of the proteasome, thus further compromising its activity. In addition to 

p62-mediated autophagy, we identified three distinct molecular mechanisms by which autophagy is triggered 

in aneuploid cells. Repression of TOR and activation of HIF, most probably caused by proteasome malfunction, 

and activation of UPR contributes to autophagy induction. In addition, Mitf/TFEB activation contributes to 

lysosomal biogenesis. As occurs with the proteasome, our data also indicate that autophagic induction and 
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flux are functioning near saturation. As a consequence, mitophagy is compromised thus leading to the 

accumulation of dysfunctional mitochondria. Consistently, we observed that reducing the levels of autophagy 

or the activity of those pathways mediating autophagy induction increased the levels of mitochondrial ROS 

observed in CIN tissues (Figure S7F). Despite the highly pleiotropic effects of CIN and aneuploidy, our work 

has demonstrated that experimental activation of the major protein quality mechanisms (by targeting the 

deubiquitinating enzyme USP14 or overexpressing Ref(2)P/p62, Spin or the ER chaperon BiP) or induction of 

mitophagy (by overexpressing Parkin) can have a profound effect in dampening the deleterious effects of CIN 

on the tissue. All these results open new avenues towards the use of chemical therapy to dampen aneuploidy-

associated cellular stresses and target most solid tumors of epithelial origin, characterized by high levels of 

aneuploidy.   

 

Mitochondria as sensing and signaling organelles in aneuploid cells 

Research in the last two decades has provided evidence that mitochondria function as signaling organelles, 

communicating with the cytosol to initiate biological processes under homeostatic and stress conditions 

(Chandel, 2014). In CIN tissues, a dysfunctional pool of mitochondria was present. Beside mitophagy 

saturation, mitochondria per se may be affected by proteotoxic stress. Indeed, mitochondria contain more than 

1000 different proteins, which are imported from the cytoplasm through the TOM complex (Mokranjac, 2020), 

and various defects, including excessive ROS, impaired complex assembly or accumulation of misfolded 

proteins, impair the efficiency of mitochondrial protein import and activate the mitochondrial UPR [mtUPR, 

(Shpilka and Haynes, 2018)] to enhance the repair and recovery of the mitochondrial network. Similar to the 

role of ATFS-1 in worms and ATF5 in mice in mediating the mtUPR, PGAM5 mediates the mtUPR response 

in Drosophila by activating JNK to enhance the transcription of mitochondrial chaperones (Borch Jensen et 

al., 2017; Owusu-Ansah et al., 2013). Depletion of PGAM5 reduced the activity levels of JNK (Figure S7B) 

and the number of apoptotic cells in CIN tissues (Figure S7C, D), and enhanced the CIN-induced eye 

phenotype (Figure 7A). By contrast, overexpression of mitochondrial chaperones rescued the CIN-induced 

eye phenotype (Figure 5J). Thus, mitochondria activate JNK not only through the production of ROS, as 

previously reported (Clemente-Ruiz et al., 2016), but also through the activity of PGAM5. Interestingly, the 

JNKK kinase Ask1, which is activated by ROS through its binding to Thioredoxin (Sekine et al., 2012) and by 
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PGAM5 through dephosphorylation of inhibitory sites (Takeda et al., 2009), mediates both signaling outputs. 

All these results unravel a central role of mitochondria as sensors of proteotoxic stress and major contributors 

to JNK activation in CIN-induced aneuploid cells. Other sources of JNK activation might exist in aneuploid 

cells, including the reported impact of ROS in causing DNA damage and p53 activation in mammalian 

aneuploids (Li et al., 2010), which in flies results in the activation of JNK (McEwen and Peifer, 2005). Reducing 

the levels of autophagy or the activity of those pathways mediating autophagy induction increased the levels 

of JNK in CIN tissues, reinforcing the causal relationship between autophagy saturation, mitochondrial 

dysfunction and JNK activity (Figure S7F). 

 

Aneuploidy-induced senescence, proteostasis and compensatory proliferation 

CIN drives cellular senescence in mammalian cells as a consequence of the generation of highly aneuploid 

karyotypes (Barroso- Vilares et al., 2020; Macedo et al., 2018; Santaguida et al., 2017), and cellular 

senescence and its associated SASP can contribute to tissue repair, inflammation and tumorigenesis 

(Gorgoulis et al., 2019). We demonstrate that highly aneuploid fly epithelial cells enter a senescent state 

characterized by cell cycle arrest and a highly secretory phenotype, and that senescence contributes to 

compensatory proliferation and proteostasis. In contrast to mammalian cells, cell cycle arrest in fly epithelial 

cells is independent of the fly orthologues of p53 (Dp53) and p21/p27 (Dacapo), occurs in G2, and it is a result 

of JNK activation. The cell cycle arrest in G2 is a common response of Drosophila epithelial cells to various 

stresses, including DNA damage, polyploidy or tissue injury (Cosolo et al., 2019; Gerlach et al., 2018), and it 

is most probably due to the minor role played by Dp53 in mediating stress-driven cell cycle arrest in G1 

(Ollmann et al., 2000). Interestingly, all other aspects of aneuploidy-induced senescence, including changes 

in cellular and nuclear size, and enlargement of the lysosomal compartment and the SASP, also rely on JNK 

activity (Figure 6, Figure S6). We also present evidence that JNK-driven senescence contributes, through the 

SASP, to proteostasis and tissue repair. Whereas IL-6-like Unpaired cytokines emanating from senescent 

cells contribute to the induction of autophagy, JNK, most probably through the production of the mitogenic 

molecule Wnt [Wingless in Drosophila, (Dekanty et al., 2012)], contributes to tissue repair. Maintenance of 

highly aneuploid cells in the tissue by apoptosis inhibition drives CIN-induced tumorigenesis most likely due 

to the chronic activation of the SASP (Dekanty et al., 2012).  
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Limitations of the study 

By using a variety of genetic tools and characterizing the cellular behaviors observed in an epithelial tissue 

subjected to CIN, this work has elucidated the mechanisms by which aneuploidy-induced proteotoxic stress 

leads to the accumulation of dysfunctional mitochondria, which activate JNK in order to drive cellular 

senescence and orchestrate tissue homeostasis. Future studies will be needed to further characterize the 

molecular mechanisms used by mitochondria to act as sensing and signaling organelles in aneuploid cells 

and to identify the secreted molecular players that mediate all aspects of senescence-driven cell and tissue 

homeostasis. 
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Figure legends 

Figure 1.  The ubiquitin-proteasome system is functioning near saturation in CIN tissues 

(A, B, D-J) Wing discs of larvae expressing the indicated transgenes under the control of en-gal4 (expressed in 

posterior, P, cells) and stained for MMP1-GFP (A-B’), Ref(2)P (red or white, D, E, E’), Ubiquitin (Ubq, green or 

white in D, E, E’, red in J), Htt-25Q (green, F-G’), CL1-GFP (green, H-J), and DAPI (blue or white). (C) Cartoon 

depicting the cellular response of an epithelium to Chromosomal Instability (CIN), where highly aneuploid cells 

delaminate to the basal (bs) side of the epithelium. (K) Adult eyes expressing the indicated transgenes under 

the control of ey-gal4. Higher magnifications of A, B, E, G, I (marked with white squares in E) are shown in A’, 

B’, E’, G’, I’  and cross-sections of A’ and B’ are shown below. In all figures, the anterior-posterior (AP) boundary 

is depicted by a white line, delaminating cells by a cyan line and wing disc contours by a dotted line. Scale bars, 

50 μm. See also Figure S1. 

Figure 2. Autophagy plays a critical role in CIN tissues 

(A-E, G-J) Wing discs of larvae expressing the indicated transgenes under the control of en-gal4 and stained 

for Cherry-Atg8a (ChAtg8a, red or white, A-E, G-G’’), Ref(2)P (green or white, D-E’, red, H-I’), Ubiquitin (Ubq, 

green or white, H, H’), CL1-GFP (green, J, J’), and DAPI (blue or white, C, E, G, I- J’). (F) Adult eyes expressing 

the indicated transgenes under the control of ey-gal4. (K) Scatter plots showing the amount of ChAtg8, Ref(2)P, 

Ubq and CL1-GFP signal per area of wing discs expressing the indicated transgenes. Mean and SD are shown. 

Student’s t-test: *** p<0.001. Higher magnifications of C, E, G, H, I, J (marked with white squares in C, E, G, I) 

are shown in C’, E’, G’, H’, I’, J’. White arrowheads in I show Ref(2)P-positive signal in epithelial cells. Scale 

bars, 50 μm. See also Figure S2. 

Figure 3. Autophagic flux is functioning near saturation in CIN tissues  

(A-C’, E-L, N) Wing discs of larvae expressing the indicated transgenes under the control of en-gal4 (A-C’, E-

L) or ap-gal4 (N) and stained for Atg8a tagged with GFP (green) and mCherry (red, A-C’),  Mitf 2.2-GFP 

(green or white, E, F), 4Mbox-GFP (green or white, G, H), Lysotracker (red or white, I, J),  Lamp-GFP (green 

or white, K, L), Dcp1 (green or white, N), MyrT (red, N) and DAPI (white in A-C; blue or white in F, H, J, L, N). 

Higher magnifications of A-C are shown in A’-C’. (D, N) Histograms (D) and scatter plot (N) showing the 

percentage of red and yellow dots in GFP-mCherry-Atg8a-expressing wing discs (D) and Dcp1 signal per area 

(N) of wing discs expressing the indicated transgenes. Mean values and SD are shown. Chi-square test for 
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equality of proportion (D) and Student’s t-test (N): *** p<0.001. (M) Adult eyes expressing the indicated 

transgenes under the control of ey-gal4. Scale bars, 50 μm. See also Figure S3. 

Figure 4. UPR and HIF activation and TOR inhibition contribute to autophagy induction 

(A-F’, H-M’, O) Wing discs of larvae expressing the indicated transgenes under the control of en-gal4 (A-F’, 

H-M’) or ap-gal4 (O) and stained for LDH-GFP, SIMA-GFP and ODD-GFP (green, A-B’), unk-GFP (green, C-

D’), P-elf2a and Xbp1-GFP (green, E-F’), Cherry-Atg8a (ChAtg8a, red, H-M’), Dcp1 (green or white, O), 

MyrT(red, O) and DAPI (blue or white, B’, D’, F’, H-M, O). Higher magnifications of B, D, F, H-M (marked with 

white squares in H-M) are shown in B’, D’, F’, H’-M’. (G) Adult eyes expressing the indicated transgenes 

under the control of ey-gal4. (N, O) Scatter plots showing the amount of ChAtg8a (N) or Dcp1 (O) signal per 

area of wing discs expressing the indicated transgenes. Mean values and SD are shown. Dunnett's test: *** 

p<0.001. Scale bars, 50 μm. See also Figure S4.  

Figure 5. Mitochondrial dysfunction as a source of ROS in CIN tissues 

(A-B’’’, E-N’,R-W) Wing discs of larvae expressing the indicated transgenes under the control of en-gal4 (A-

B’’’, E-N’, S-W) or ap-gal4 (R) and stained for MitoGFP (green or white, A-B’’’, G-H’), MitoTimer (green and 

red, E-F’’), Ref(2)P (red, G), ChAtg8a (H, H’), MitoQC (green and red, I-N’), Dcp1 (green or white, R), MyrT 

(red, R), DHE (red or white, S), GstD-GFP (green, T, V), Mitosox (red or white, U, W), MMP1-GFP (green, S, 

U), and DAPI (blue or white). (C, O) TEM (C) and CLEM (O) of wing disc cells. Mitochondria are marked in 

green in C or labeled by the expression of MitoQC (red or yellow) in O. Higher magnifications of A’, B’, E, F, 

H, I, J, M, N, O (marked with white squares in A’, B’, H, M, N O) are shown in A’’-A’’’, B’’- B’’’, E’- E’’, F’- F’’, 

I’- I’’, J’-O. (D, P, R, V, W) Histograms (D, P) and scatter plots (R, V, W) showing mitochondria density and 

length (D), the number of MitoQC-positive dots per wing disc and the percentage of red and yellow dots (P), 

and the amount of Dcp1 (R), GstD-GFP (V)  or Mitosox (V)  signal per area in wing discs expressing the 

indicated transgenes. Mean values and SD are shown. Chi-square test for equality of proportions (P), 

Student’s t-test (D, R) or Dunnett's test (V, W): *** p<0.001. (Q) Adult eyes expressing the indicated transgenes 

under the control of ey-gal4. Arrows point to Ref(2)P-positive signal colocalizing with MitoGFP in G, to large 

ChAtg8a aggregates colocalizing with MitoGFP in H, and to mitolysosomes in I’’, K, L, O. Arrowheads and 

asterisks in K-O point to yellow MitoQC-positive puncta and yellow MitoQC-positive aggregates, respectively. 

See also Figure S5 and Videos S1-S6. 
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Figure 6. A role of JNK in CIN-induced senescence  

(A, C, D, E, G) Wing discs of larvae expressing the indicated transgenes under the control of en-gal4 and stained 

for MMP1 (red, A, C), pH3 (green or white, A), EdU (green or white, C), FlyFucci (ub-GFP-E2F11-230 and ub-

mRFP1-NLS-CycB1-266) to label cells in G1 (green), G2 (yellow) and S (red) phases (D), MMP1-GFP (red, E), 

MyrT (green, E), senescence-associated (SA) β-galactosidase (green or white, G) and DAPI (blue or white, A, 

C, E, G). High magnification of the squared regions is shown in A, C, D, G. (B, F) Scatter plots showing mitotic 

activity (B) and nuclear size (F) of delaminated cells of the indicated genotypes. Mean and SD are shown. 

Student’s t-test (B) or Tukey's test (F): *** p<0.001.  Scale bars, 50 μm (A, C, D, G), 10 μm (in high magnifications 

in D), 5 μm (E). See also Figure S6.  

Figure 7. CIN-induced senescence contributes to tissue repair and proteostasis  

(A) Adult eyes expressing the indicated transgenes under the control of ey-gal4. (B, D-G) Wing discs of larvae 

expressing the indicated transgenes under the control of en-gal4 and stained for pH3 (green or white, B), Ci 

(red, B), Cherry-Atg8a (ChAtg8a, red, D), lysotracker (red, E), Ref(2)P (red, F), CL1-GFP (green, G). Bottom 

panels in D-E are higher magnifications of the regions marked with a white square in the wing discs shown in 

upper panels.  Scale bars, 50 μm . (C, D’, E’, F’, G’). Scatter plots showing mitotic activity and P/A ratio (C), 

Cherry-Atg8a (D’), lysotracker (E’) and CL1-GFP (F’) signal per area in wing disc of the indicated genotypes. 

Mean and SD are shown. Tukey’s (C), Dunnett's (D’) or Student’s t-test (E’-G’): ** p<0.01, *** p<0.001. (H) 

Cartoon depicting the pathway that leads to aneuploidy-induced senescence. See also Figure S7. 
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STAR methods  

Resource availability 

Lead Contact 

Further information and requests for resources and reagents should be directed to and will be fulfilled by the 

Lead Contact, Marco Milán (marco.milan@irbbarcelona.org).  

Materials Availability 

Strains generated in the course of this work are freely available to academic researchers through the Lead 

Contact. 

Data and Code Availability 

This study did not generate datasets or codes. 

Experimental Model and Subject Details 

Fly maintenance, husbandry and transgene expression 

Strains of Drosophila melanogaster were maintained on standard medium (4% glucose, 55 g/L yeast, 0.65% 

agar, 28 g/L wheat flour, 4 ml/L propionic acid and 1.1 g/L nipagin) at 25°C in light/dark cycles of 12 hours. 

Sex of experimental larvae was not considered relevant to this study and was not determined. The strains 

used in this study are summarized in the Key Resources Table. 

Standard induction of CIN 

Females of the following genotype: en-gal4, UAS-p35/CyO,GFP; UAS-rod-RNAi/TM6B, tub-Gal80 were 

crossed with males carrying the corresponding transgenes and allowed to lay eggs on standard fly food for 

24 h at 25°C. Larvae were kept at 29°C for 5 days before dissection. Experimental flies and control individuals 

were grown in parallel. 

Cell death experiments 

Flies were allowed to lay eggs on standard fly food for 24 h at 25°C and kept at 25°C for another 24 h. Larvae 

were then switched to 29oC and maintained for 3 days before dissection. Experimental flies and control 

individuals were grown in parallel. 

CIN eye model experiments 
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Adult eye experiments: females carrying either the ey-gal4 driver alone (control) or the ey-gal4 driver together 

with the UAS-bub3-RNAi transgene (CIN) were crossed with males of the indicated genotypes and allowed to 

lay eggs on standard fly food for 24 h at 25°C. Progeny was kept at 25°C until they eclosed. Experimental flies 

and control individuals were grown in parallel. The eye phenotype was monitored in adult males.  Information 

about the transgenes (name and origin) used, the figure where they appear, the total number (n) of eyes 

scored and the frequency (in %) of the different phenotypes observed (wild-type, mild and strong phenotype) 

is included in Table S1. 

Eye disc experiments: Flies were allowed to lay eggs on standard fly food for 24 h at 25°C and kept at 25°C 

for another 24 h. Larvae were then switched to 29oC and maintained for 3 days before dissection. Experimental 

flies and control individuals were grown in parallel. Divergent from wing imaginal discs, eye discs were 

observed with pyknotic nuclei even in the presence of p35 overexpression, suggesting its loss over time.  

Method Details 

Immunohistochemistry 

Wing imaginal discs of third instar larvae were dissected in cold PBS, fixed in 4% formaldehyde for 20 min, 

rinsed three times in PBT (PBS1%, 0.2% Triton), blocked for 1 h in BBT (PBS1X, 0.3% BSA, 0.2% Triton, 250 

mM NaCl) and incubated overnight with the following antibodies: mouse anti-MMP1 (1:20) (14A3D2, 

Developmental Studies Hybridoma Bank, DSHB);  rabbit anti-PH3 (1:1000; Merk Millipore); rat anti-Ci (1:10; 

2A1, DSHB); rabbit anti-cleaved Dcp1 (1:100; 9578 S, Cell Signaling Technology); rabbit anti-Ref(2)P (1:5000, 

Tor Erik); mouse anti-Ubiquitin (1:100, Enzo Life Science); mouse anti-P-H2Av (1:500, 2618077, DSHB). 

Discs were rinsed with PBT and incubated with secondary antibodies [Cy2, Cy3, Cy5 and Alexa 647 (1:400), 

Jackson ImmunoResearch] and DAPI for 2 h. After 3 PBT washes, discs were kept on mounting media (80 

ml glycerol + 10 ml PBS 10x + 0.8 ml N-propyl-gallate 50%). 

Leica SP5, Zeiss LSM780 and Zeiss LSM880 (with airyscan plus super resolution) confocal microscopes were 

used. The most representative image is shown in all experiments. At least 10-15 wing discs per genotype were 

imaged. 

DNA synthesis 

Click-iT™ Plus EdU Alexa Fluor™ 647 Imaging Kit from Invitrogen (C10640) was used to measure DNA 

synthesis (S phase) in proliferating cells, following the manufacturer’s indications. EdU (5-ethynyl-2´-
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deoxyuridine) provided in the kit is a nucleoside analogue of thymidine and is incorporated into DNA during 

active DNA synthesis. Time of incubation with EdU: 15 min.  

SA-β-galactosidase assay  

CellEvent™ senescence green detection kit from Invitrogen (C10850) was used to detect senescence-

associated β-galactosidase (SA-β-gal) activity, following the manufacturer’s instructions. Wing discs were fixed 

with 4% PFA, washed (1% BSA in PBS) and then incubated in working solution for 2 h at 37ºC. Discs were 

then washed in PBS and mounted for confocal imaging. 

Fluorescent-based ROS detection assays 

Dihydroethidium (DHE): For the detection of Superoxide radicals, imaginal discs were dissected in Schneider’s 

medium followed by incubation in 0.3mM DHE (Molecular Probes, Cat# D11347) in Schneider’s medium for 5 

min at RT in the dark. After washing the tissues with PBS1X buffer (pH7.2), they were briefly fixed in 8% 

paraformaldehyde for 10 min at RT and incubated for 10 min with DAPI in PBT. Tissues were imaged in a 

Zeiss LSM780 confocal microscope. 

Mitosox: For the detection of Superoxide radicals, imaginal discs were dissected in Schneider’s medium at 

RT, and then incubated in 5 μM MitoSOXTM redDHE (Molecular Probes, Cat# M36008) in Schneider’s medium 

for 10 min at 37°C, protected from light. After washing the tissues with warm Schneider’s medium, the discs 

were mounted in Schneider’s medium and live-imaged immediately in a Zeiss LSM780 confocal microscope. 

The MMP1-GFP reporter was used to identify the delaminating cell population in the sample. 

Tetramethylrhodamine Ethyl Ester (TMRE) assay 

Fluorescent dye was used to measure mitochondrial membrane potential (high fluorescence, hyperpolarized, 

low fluorescence, depolarized). Wing discs were dissected in Schneider’s medium followed by incubation in 

0.1μM TMRE (Invitrogen, #T669) in Schneider’s medium for 10 min at RT in the dark. After washing the tissues 

with Schneider’s medium twice, they were mounted in Schneider’s medium and immediately imaged. The 

MMP1-GFP reporter was used to identify the delaminating cell population in the sample. 

Flow Cytometry analysis  

Wing discs of larvae of the following genotypes (1) ap-gal4,UAS-MyrT;UAS-p35 (2) ap-gal4,UAS-rod-

RNAi,UAS-MyrT/MMP1-GFP; UAS-p35 and (2) ap-gal4,mud-RNAi,UAS-MyrT/MMP1-GFP; UAS-p35 (3) ey-

gal4;UAS-p35 (4) ey-gal4,UAS-bub3-i;UAS-p35  were dissected in cold PBS, dissociated with Trypsin-EDTA, 
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fixed with formaldehyde 4% for 20 min and permeabilized in ethanol 70% for 2 hours. Fixed cells were stained 

with DAPI. Cells from the ventral compartment (MyrT-negative, MMP1-GFP-negative), dorsal compartment 

(MyrT-positive, MMP1-GFP-negative) and delaminating cell population (MyrT-positive, MMP1-GFP-positive) 

were sorted by FACS. Delaminated cells activate JNK and drive MMP1-GFP expression. Then, GFP positive 

cells represent the delaminated cell population. For eye disc experiments, cells were not sorted based on JNK 

expression. Instead, all cells were accounted.  DAPI fluorescence was determined by flow cytometry using a 

MoFlo flow cytometer (DakoCytomation, Fort Collins, CO). Excitation of the sample was carried out using a 

Coherent Enterprise II argon-ion laser. Excitation with the UV laser (440 nm) permits the acquisition of forward-

scatter (FS), side-scatter (SS) and DNA content, the blue laser (530 nm) fluorescence from GFP and the green 

laser (610 nm) fluorescence from Tomato. Doublets were discriminated using an integral/peak dotplot of DAPI 

fluorescence. Optical alignment was based on optimized signal from 10 μm fluorescent beads (Flowcheck, 

Coulter Corporation, Miami, FL). DNA analysis (Ploidy analysis) on single fluorescence histograms was done 

using Multicycle software (Phoenix Flow Systems, San Diego, CA).  

Comet assay 

The Comet Assay Kit (Trevigen, Catalog #4250-050K) was performed as described in (Rimkus and 

Wassarman, 2018) to detect Double Strand Breaks (DSBs) in DNA at a single-cell level, with the following 

modifications. Briefly, 6 wing imaginal discs were dissected and placed in 1,5 ml Eppendorf tube with 100 μl 

of cold PBS. Samples were homogenized with plastic pestles for 3 sec, and 10 μl of homogenate was added 

to 100 μl of LMA-agarose that had been boiled and cooled to 37ºC in a heat block. Comets were imaged using 

an ECLIPSE E800 + OLYMPUS DP72 upright microscope with a 10X objective. For each sample, >100 comets 

were imaged and analyzed using CaspLab Software. Damage was quantified as the comet tail moment, which 

is defined as the product of the tail length and the fraction of total DNA in the tail (Tail moment=tail length x % 

of DNA in the tail). Unpaired equal-variance two-tail t-test was performed using GraphPad Prism 7 Project to 

compare comet tail moment between pairs of samples. 

Confocal microscopy.  

Samples were analyzed using the following confocal microscopes: Leica SP5, LSM 780 Zeiss and LSM880 

Zeiss fitted with a Fast Airyscan module (Carl Zeiss). Z-stacks were acquired using either the laser scanning 

confocal mode or the High Resolution mode (Airyscan). Image acquisition was done with either 100x, 63x, 40x 
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or 25x oil lenses. Airyscan raw images were reconstructed with the default 3D Airyscan algorithm of ZEN black 

software from Zeiss in Figure 5 (panels A´´´, B´´´, E´´, F´´, L, M), Figure S3 (panel F), Figure S5 (panels A, B, 

B´, C, D, D´, H, I, J, K, L), Figure S6 (panels B, C), and Videos S1, S2, S4, S5. 

Structured Illumination microscopy (SIM)  

SIM data shown in Figure 5 (panels H and N) and Videos S3 and S6 were acquired on a LSM 880 Zeiss 

confocal microscope equipped with an Elyra PS1 module and a piezo stage. Image acquisition was done with 

either 100x or 63x oil lenses. Grid rotations were restricted to three to avoid bleaching. SIM images were 

reconstructed with the ZEN black software from Zeiss and with the use of Max Isotropic and the Baseline 

Shifted algorithms.  

3D reconstructions  

3D reconstructions in Videos S1-S6 were done with the use of Imaris 9.0.1 and intensity-based surfaces were 

created after background subtraction. 

Correlative light electron microscopy (CLEM) 

A previously published protocol for eye imaginal discs (Katheder et al., 2017) was followed for preparation of 

wing imaginal discs. Serial sections (~100nm) of wing imaginal discs were cut on an Ultracut UCT 

ultramicrotome (Leica) and collected on 200μm-mesh carbon-coated grids. Water was added and grids were 

imaged with the use of tile scanning multichannel confocal imaging with Z-stacks (LSM 880, 63x oil lens, with 

oversampling).  The same areas were imaged with the use of TEM (80kV in a JEOL-JEM 1010 electron 

microscope). Confocal images were flipped horizontally and rotated 90o degrees for overlaying. ImageJ 

(Rueden et al., 2017) was used to subtract background and filter the fluorescence images. Fluorescence and 

electron microscopy images were rescaled and registered with the use of ec-CLEM, an ICY imaging software 

plugin (Paul-Gilloteaux et al., 2017). At least 15 landmarks were taken per image and the default rigid 

registration algorithm was used.  

Expansion microscopy 

Protocol was adopted from (Tillberg et al., 2016) and modified. Tissues (after normal fixation and antibody 

staining) were treated with 0.1 mg/ml Acryloyl X (Life Technologies) in PBS at room temperature, overnight. 

Cells were then washed in monomer solution (1x PBS, 2 M NaCl, 2.5% acrylamide, 0.15% 

Methylenbisacrylamide, 8.625% sodium acrylate) and embedded in monomer solution containing 0.2% APS 
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and 0.2% TEMED. Gels were polymerized for 2 h at 37°C and then digested with 8 U/ml Proteinase K for 4 h 

at 37°C. Gels were expanded in MilliQ (expansion factor ~5) and mounted on poly-L-lysine-coated coverslips 

and imaged by Airyscan in Figure 5M and Figure S5H.  

 

Quantification and Statistical Analysis 

Tissue growth (P/A ratio) 

The sizes of the whole wing disc (based on DAPI staining) and the anterior (A) and posterior (P) compartments 

(based on Ci expression) were measured manually using Fiji Software (NIH, USA) on apical sections 

(epithelium) of the wing disc obtained using a Zeiss LSM780 confocal microscope at 25X glycerol immersion 

objective. The ratio between the posterior and anterior (PA) compartment sizes was calculated. 

Ref(2)P, Ubq, MMP1, Mitosox and Dcp1  

The sizes of the posterior (for Ref(2)P, Ubq and MMP1) or the dorsal compartments (for Dcp1) based on Ci 

and MyrT expression respectively, or the wing pouch and hinge area (for Mitosox) were measured (polygonal 

tool) using Fiji Software (NIH, USA), while the Ref(2)P/Ubq/Dcp1/Mitosox signal was measured upon setting 

a fluorescence threshold for the corresponding channel. Image stacks were obtained using a Zeiss LSM780 

confocal microscope at 25X oil immersion objective with 2 μm per optical section to cover the entire thickness 

of each disc. Maximum intensity Z-projection was performed on the stacks prior to quantification. The ratio 

between the Ref(2)P/Ubq/Dcp1-positive area and the corresponding compartment (posterior or dorsal) was 

calculated. All genotypes included in each plot were analyzed in parallel. And, in the case of Dcp1 signal and 

Mitosox, scatter plots represent fold-change induction according to their respective control. 

Mitotic activity (pH3)  

Quantification of mitosis in delaminating cells (based on MMP1 expression and DAPI morphology, Figure 6B) 

or in the wing pouch and hinge region (Figure 7C) was performed by counting mitotic cells (pH3 positive cells) 

using the Fiji Software (NIH, USA). Image stacks were obtained using a Zeiss LSM780 confocal microscope 

at 40X glycerol immersion objective with 2 μm per optical section to cover the entire thickness of each disc. 

The ratio between number of mitotic cells and the MMP1-positive area (Figure 6B) or the ratio between the 

amount of pH3 cells in the posterior versus the anterior region (Figure 7C) was calculated. 

ChAtg8a and lysotracker (LTR)  
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Fiji Software (NIH, USA) was used to measure the MMP1-positive region (polygonal tool) and the 

ChAtg8a/LTR-positive area upon setting a fluorescence threshold for the red channel in single plane sections 

of the delaminating cells (positive for MMP1). Image stacks were obtained using a Zeiss LSM780 confocal 

microscope, 40X oil immersion objective with 2 μm per optical section to cover the entire thickness of each 

disc. Several optical sections of a minimum of 6 different wing discs were scored and the ratio between the 

ChAtg8a-positive area and the posterior compartment was calculated. 

GFP-Ch-Atg8a and MitoQC  

Fiji Software (NIH, USA) was used to manually measure the MMP1-positive region (polygonal tool) and to 

manually count the number of big and small yellow dots, and big and small red dots in this region of the dual 

reporters GFP-mCherry-Atg8 (Figure 3D) and MitoQC (Figure 5I). Image stacks were obtained using a Zeiss 

LSM780 confocal microscope, 40X oil immersion objective with 2 μm per optical section to cover the entire 

thickness of each disc. Several optical sections of a minimum of 6 different wing discs were scored and the 

ratio between number of dots per MMP1 area or the frequencies of the dots (in percentage). 

Fly-Fucci quantification 

Image stacks were obtained using a Zeiss LSM780 confocal microscope at 63X oil immersion objective with 

1 μm per optical section to cover the entire thickness of the delaminating population of cells (CIN-tissues) or 

a region of interest within the asynchronously dividing cells of the epithelium, thereby avoiding the zone of 

non-proliferating cell (control wing disc) under identical confocal settings. The number of red, green or red and 

green cells were counted manually and percentages were calculated.  

Mitochondria density and length 

Mitochondria density: three whole wing discs of control and CIN tissues expressing Mito-GFP under the 

control of the en-gal4 driver were selected, images were taken at 100X with tile scan and stitching at super-

resolution quality using Airyscan. Mitochondria accumulation (%) was calculated from each sample and t-

test was conducted based on average values.  

Mitochondrial length: the wing pouch region of control and CIN tissues expressing Mito-GFP under the control 

of the en-gal4 driver was selected and small 3D stacks (1.5-2 microns thick, roughly a cell thickness) were 

projected with SUM projection. Fiji Software (NIH, USA) was used to apply manual threshold and watershed 

algorithm to segment the images and measure particles (mitochondria) length. A minimum number of 
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25000 particles in total were measured. Average length in microns was calculated from each image (five per 

genotype) and t-test was conducted based on average values.  

Mito-GFP-Ref(2)P colocalization quantification 

The Just Another Colocalization Plugin (JACoP) plugin from Fiji Software (NIH, USA) was used to quantify 

the grade of overlap of Mito-GFP aggregates and Ref(2)P fluorescent signals in images with stacks (CIN-

tissues). The overlap coefficient is calculated as the Pearson's coefficient with the mean intensity value of 

both channels being taken out of the expression. Average value of overlapping coefficient after applying 

manual threshold was 0.74 (number of wing discs=9). 

Statistical analysis 

Statistical analysis was performed by unpaired equal-variance two-tail Student’s t-test when comparing the 

difference in means of a single experimental group with a control, or by a chi-square test for equality of 

proportion of a single experimental group with a control. Differences were considered significant when p values 

were less than 0.001 (***), 0.01 (**), or 0.05 (*). All genotypes included in each histogram or scatter plot were 

subjected to the same experimental conditions (temperature and time of transgene induction) and analyzed 

in parallel. Mean values and standard deviations were calculated and the corresponding statistical analysis 

and graphical representations were carried out with GraphPad Prism 7.0 statistical software. ANOVA followed 

by Dunnett’s test was applied when comparing multiple experimental groups with a common control. ANOVA 

followed by Tukey’s test was used for comparing the equality of means in all possible group pairs. Differences 

were considered significant when adjusted p values were less than 0.001 (***), 0.01 (**), or 0.05 (*). All tests 

were performed after log-transformation of the data. However, for clarity of representation, data are shown in 

the original scale. Statistical analysis was carried out with the multcomp R package (Hothorn et al., 2008). 

Information about the n values, p values, and statistical tests used can be found in the figure legends and in 

Table S2. 
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Supplementary Movies 

Video S1. Filamentous array of mitochondria in a wild type wing disc, related to Figure 5.  

3D reconstruction of a wing disc expressing p35 and Mito-GFP (green) under the control of the en-gal4 driver. 

Video S2. Fragmented mitochondria in a wing disc subjected to CIN, related to Figure 5. 

3D reconstruction of a wing disc expressing rod-RNAi, p35 and Mito-GFP (green) under the control of the en-

gal4 driver. 

Video S3.  Co-localization of large autophagic cargos and mitochondria in CIN-induced aneuploid 

cells, related to Figure 5. 

3D reconstruction of a wing disc, and rod-RNAi, p35 and Mito-GFP (green) under the control of the en-gal4 

driver and ChAtg8a (red) under the control of the Atg8a promoter. 

Video S4.  Large autophagic cargo with fragmented mitochondria in a CIN-induced aneuploid cell, 

related to Figure 5. 

 3D reconstruction of a wing disc expressing rod-RNAi, p35 and Mito-GFP (green) under the control of the en-

gal4 driver and ChAtg8a (red) under the control of the Atg8a promoter. 

Video S5.  Mitophagy induction and saturation in a wing disc subjected to CIN, related to Figure 5. 

3D reconstruction of a wing disc expressing rod-RNAi, p35 and Mito-QC (red and green) under the control of 

the en-gal4 driver. 

Video S6.  Mitophagy saturation in CIN-induced aneuploid cells, related to Figure 5. 

3D reconstruction of a wing disc expressing rod-RNAi, p35 and Mito-QC (red and green) under the control of 

the en-gal4 driver. 
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Key Resources Table 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
mouse anti-MMP1 (14A3D2) Developmental Studies Hybridoma 

bank  
RRID:AB_579782 

rat anti-Ci Developmental Studies Hybridoma 
bank 

RRID:AB_2109711 

rabbit anti-cleaved Dcp1 Cell Signaling Technology RRID:AB_2721060 
rabbit anti-PH3 Merck Code: 06-570 
mouse anti-P-H2Av (1:500); Developmental Studies Hybridoma 

bank  
RRID:AB_2618077 

mouse anti-Ubiquitin Enzo Life Science RRID:AB_10541840 
rabbit anti-Ref(2)P Tor Erik Rusten, University of Oslo 

(Norway) 
 

rabbit anti- gal Cappel  

rabbit-anti-p-eIF2  Cell Signaling Technology RRID:AB_390740 
Alexa fluor 488-conjugated AffiniPure 
Donkey Anti-Mouse IgG (H+L) 

Jackson ImmunoResearch RRID:AB_2341099 

Cy2 AffiniPure Donkey Anti-Rabbit IgG 
(H+L) 

Jackson ImmunoResearch RRID:AB_2307385 

Cy3 AffiniPure Donkey Anti-Mouse IgG 
(H+L) 

Jackson ImmunoResearch RRID:AB_2315777 

Cy3 AffiniPure Donkey Anti-Rabbit IgG 
(H+L) 

Jackson ImmunoResearch RRID:AB_2307443 

Cy5 AffiniPure Donkey Anti-Rat IgG 
(H+L) 

Jackson ImmunoResearch RRID:AB_2340671 

Chemicals, Peptides and Recombinant Proteins 
Click-iT™ Plus EdU Alexa Fluor™ 647 
Imaging Kit 

Invitrogen Code: C10640 

CellEventTMSenescence Green 
detection kit 

Invitrogen Code: C10850 

DAPI Sigma Aldrich Code: 28718-90-3 
DH3 Molecular Probes Code: D11347 
Mitosox Molecular Probes Code: M36008 
Tetramethylrhodamine ethyl ester 
(TMRE) 

Invitrogen Code: T669 

Comet Assay Kit Trevigen Code: 4250-050K 
In Situ Cell Death Detection Kit, 
Fluorescein (TUNEL) 

Roche  Code:11684 795910 

Acryloly-X Thermo Fisher Code: A20770 
Experimental Models. 
Organisms/Strains 

Vienna Drosophila Resource Center VDRC ID_26669 

en-GAL4  Bloomington Drosophila Stock Center RRID:BDSC_1973 
ap-GAL4 Bloomington Drosophila Stock Center RRID:BDSC_3041 
ey-GAL4 Bloomington Drosophila Stock Center RRID:BDSC_5535 
UAS-bub3-RNAi Vienna Drosophila Resource Center VDRC ID_21037 
UAS-asp-RNAi Vienna Drosophila Resource Center VDRC ID_ 110177 
UAS-gfp-RNAi Bloomington Drosophila Stock Center RRID:BDSC_35786 
UAS-msl1-RNAi Bloomington Drosophila Stock Center RRID:BDSC_9239 
UAS-mud-RNAi Bloomington Drosophila Stock Center RRID:BDSC_28074 
UAS-p35 Bloomington Drosophila Stock Center RRID:BDSC_5072 

RRID:BDSC_5073 

UAS-miRHG (Siegrist et al., 2010) N/A 

UAS-myristoylated-Tomato Bloomington Drosophila Stock Center RRID:BDSC_32221 
UAS-sip3-RNAi Vienna Drosophila Resource Center VDRC ID_6870 



UAS-rpn1-RNAi Bloomington Drosophila Stock Center RRID:BDSC_34348 
UAS-rpn7-RNAi Bloomington Drosophila Stock Center RRID:BDSC_34787 
UAS-rpn11-RNAi Bloomington Drosophila Stock Center RRID:BDSC_33662 
UAS-Htt-25Q-Cerulean Bloomington Drosophila Stock Center RRID:BDSC_58360 
UAS-ref(2)P-RNAi Bloomington Drosophila Stock Center RRID:BDSC_36111 
UAS-atg1-RNAi Vienna Drosophila Resource Center VDRC ID_13133 
UAS-atg2-RNAi Vienna Drosophila Resource Center VDRC ID_108447 
UAS-atg6-RNAi Vienna Drosophila Resource Center VDRC ID_110197 
UAS-atg8-RNAi Vienna Drosophila Resource Center VDRC ID_43097 
UAS-atg9-RNAi Vienna Drosophila Resource Center VDRC ID_10045 
UAS-atg12-RNAi Vienna Drosophila Resource Center VDRC ID_29791 
UAS-atg18-RNAi Vienna Drosophila Resource Center VDRC ID_22643 
UAS-mitf-RNAi Vienna Drosophila Resource Center VDRC ID_108519 
UAS-syx17-RNAi Bloomington Drosophila Stock Center RRID:BDSC_36595 
UAS-Rheb Bloomington Drosophila Stock Center RRID:BDSC_9688 
UAS-BiP-RNAi Bloomington Drosophila Stock Center RRID:BDSC_32402 
UAS-spin-GFP F. Pignoni, SUNY Upstate Medical 

University, Syracuse, USA 
N/A 

UAS-BiP Bloomington Drosophila Stock Center RRID:BDSC_5843 
UAS-mfn-RNAi Bloomington Drosophila Stock Center RRID:BDSC_31157 
UAS-omi-RNAi Vienna Drosophila Resource Center VDRC ID_24106 
UAS-park-RNAi Bloomington Drosophila Stock Center RRID:BDSC_38333 
UAS-park Bloomington Drosophila Stock Center RRID:BDSC_34746 
UAS-spargel-RNAi Bloomington Drosophila Stock Center RRID:BDSC_33915 
UAS-usp14-RNAi Bloomington Drosophila Stock Center RRID:BDSC_66956 
UAS-Sod2 Bloomington Drosophila Stock Center RRID:BDSC_24494 
UAS-Cat-A Bloomington Drosophila Stock Center RRID:BDSC_24621 
UAS-Sod2, GTPx-1 N. Perrimon, Harvard University, 

Boston, USA 
N/A 

UAS-hsp60 N. Perrimon, Harvard University, 
Boston, USA 

N/A 

UAS-hsp60c N. Perrimon, Harvard University, 
Boston, USA 

N/A 

UAS-ref(2)P-GFP G. Juhász, Eötvös Loránd University, 
Budapest, Hungary 

N/A 

UAS-puc2A (Martin-Blanco et al., 1998) N/A 
UAS-bsk-DN Bloomington Drosophila Stock Center RRID:BDSC_6405 
UAS-dap-RNAi Bloomington Drosophila Stock Center RRID:BDSC_64026 
UAS-ask1-K618M (DN) M. Miura, Tokyo University, Tokyo, 

Japan 
N/A 

UAS-p53-RNAi Vienna Drosophila Resource Center VDRC ID_38235 
ub-EGFP-E2F11-230, ub-RFP-CycB1-266 Bloomington Drosophila Stock Center RRID:BDSC_55123 
ub-EGFP-E2F11-230, ub-RFP-CycB1-266 Bloomington Drosophila Stock Center RRID:BDSC_55124 
hid-EGFP.5'F-WT (p53-sensor) Bloomington Drosophila Stock Center RRID:BDSC_50750 
UAS-p53-RNAi Bloomington Drosophila Stock Center RRID:BDSC_66956 
dap-lacZ Bloomington Drosophila Stock Center RRID:BDSC_10406 
UAS-mitoGFP Bloomington Drosophila Stock Center RRID:BDSC_8442 
UAS-mito-mCherry Bloomington Drosophila Stock Center RRID:BDSC_66532 
UAS-mitoTimer Bloomington Drosophila Stock Center RRID:BDSC_57323 
UAS-mitoQC (Lee et al., 2018) N/A 
UAS-mito-Keima (Lee et al., 2018) N/A 
UAS-mitoGCaMP Alex Whitworth, Medical Research 

Council, Cambridge, United Kingdom 
N/A 

UAS-GCaMP Bloomington Drosophila Stock Center RRID:BDSC_42748 
UAS-GFP-mCherry-Atg8a Bloomington Drosophila Stock Center RRID:BDSC_37749 
3xmCherry-Atg8a (Hegedűs et al., 2016) N/A 



MMP1-GFP (Uhlirova and Bohmann, 2006)  N/A 
GstD-GFP (Sykiotis and Bohmann, 2008) N/A 
UAS-CL1-GFP (Pandey et al., 2007) N/A 
Tub-Lamp1-GFP H. Krämer, UT Southwestern Medical 

Center, Dallas, USA 
N/A 

Tub-Lamp1-YFP Kyoto DGRC DGRC: 115240 
HP1-RFP Bloomington Drosophila Stock Center RRID:BDSC_30562 
Mitf-2.2-GFP (Zhang et al., 2015)  N/A 
4Mbox-GFP (Zhang et al., 2015)  N/A 
unk-GFP (Tiebe et al., 2015) N/A 
LDH-GFP (Wang et al., 2016)  RRID:BDSC_57323 
sima-GFP Bloomington Drosophila Stock Center RRID:BDSC_60222 
ODD-GFP (Misra et al., 2017)  N/A 
UAS-nlsDsREDFT (Lidsky et al., 2018) N/A 
UAS-sima-RNAi Bloomington Drosophila Stock Center RRID:BDSC_33895RRI

D:BDSC_33894 
RRID:BDSC_26207 

UAS-Xbp1-GFP (Ryoo et al., 2007) N/A 
UAS-TOR Bloomington Drosophila Stock Center RRID:BDSC_7012 
PERK-GFP Bloomington Drosophila Stock Center RRID:BDSC_42102 
ATF4-GFP Bloomington Drosophila Stock Center RRID:BDSC_34312 
ATF6-GFP Bloomington Drosophila Stock Center RRID:BDSC_59432 
UAS-perk-RNAi Bloomington Drosophila Stock Center RRID:BDSC_42499 
UAS-ire1-RNAi Bloomington Drosophila Stock Center RRID:BDSC_66741 
UAS-pgam5-RNAi Vienna Drosophila Resource Center VDRC ID_51657 
Software and Algorithms 
Fiji Fiji https://fiji.sc/ 
Excel  Microsoft Excel 2016 N/A 
GraphPad Prism 7 Project GraphPad RRID:SCR_002798 
Imaris 9.0.1 Bitplane RRID: SCR_007370 
Black Zen Software Zeiss RRID: SCR_018163 
ec-CLEM (Icy plugin; v 1.0.1.5) (Paul-Gilloteaux et al., 2017) http://icy.bioimageanaly

sis.org/plugin/ 
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