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Abstract

Conserved DNA damage responses (DDRs) sense genome damage and prevent mitosis of broken 

chromosomes. How cells lacking DDRs cope with broken chromosomes during mitosis is poorly 

understood. DDRs are frequently inactivated in cells with extra genomes (polyploidy), suggesting 

study of polyploidy can reveal how cells with impaired DDRs/genome damage continue dividing. 

Here, we show continued division and normal organ development occurs in polyploid, DDR-

impaired Drosophila papillar cells. As papillar cells become polyploid, they naturally accumulate 

broken acentric chromosomes, but do not apoptose/arrest the cell cycle. To survive mitosis with 

acentric chromosomes, papillar cells require Fanconi Anemia proteins FANCD2 and FANCI, and 

Blm helicase, but not canonical DDR signaling. FANCD2 acts independently of previous S-phases 

to promote alignment and segregation of acentric DNA produced by double-strand breaks, thus 

avoiding micronuclei and organ malformation. As polyploidy and impaired DDRs can promote 

cancer, our findings provide insight into disease-relevant DNA damage tolerance mechanisms.
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INTRODUCTION

Conserved DNA damage responses (DDRs) prevent mitosis of cells with DNA damage by 

promoting cell cycle arrest, DNA repair, and apoptosis. Attenuating these responses leads to 

mitosis with damaged/unstable genomes, which can ultimately enable tumor progression 

(Hanahan and Weinberg 2011; Halazonetis et al. 2008). Thus, understanding mechanisms 

enabling expansion of DDR-attenuated, genomically unstable cells is of great interest.

An increasingly recognized cause of DDR attenuation is the endocycle. This modified cell 

cycle lacks M-phase, and repeated endocycles thus generate polyploid cells (Edgar et al. 

2014; Fox and Duronio 2013). In mammalian cancer cells, endocycles can promote 

resistance to irradiation and cisplatin, common cancer therapies that induce high levels of 

DNA damage (Shen et al. 2008; 2013b). Further, endocycled mouse embryonic fibroblasts 

generated by transient telomere DNA breakage are tumorigenic (Davoli et al. 2010; Davoli 

and de Lange 2012). Thus, continued division of endocycled cells associates with DNA 

damage therapy resistance and tumor growth.

Developmentally programmed endocycles also induce DNA damage and DDR inactivation. 

DNA damage can result from under-replication in the endocycled genome (Beliaeva et al. 

1998; Gall et al. 1971; Nordman et al. 2011; Yarosh and Spradling 2014; Hannibal et al. 

2014). Such under-replicated DNA is prone to deletions and inversions, (Yarosh and 

Spradling 2014) which may result from DSBs.

Indeed Drosophila endocycled cells accumulate the ATM/ATR phosphorylation mark γ-

H2AV (Mehrotra et al. 2008), a readout of double-strand DNA breaks (DSBs). In 
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Drosophila, such DSB accumulation is likely due to low p53 (a core DNA damage-

responsive transcription factor) levels and chromatin silencing at p53 pro-apoptotic target 

genes (Mehrotra et al. 2008; Hassel et al. 2014; Zhang et al. 2014). Similarly, in mice, 

differentiation of endocycling trophoblast giant cells involves decreased p53 (Soloveva and 

Linzer 2004), and suppression of the DDR kinase Chk1 (Ullah et al. 2008;2011). Thus, in 

both developmental and cancerous settings, endocycles promote impaired DDRs and 

tolerated DNA DSBs.

However, many developmentally endocycled cells do not resume mitosis, and thus these 

systems cannot be used to identify responses enabling continued mitosis of genome-

damaged cells. We recently developed study of Drosophila papillar cells as a 

developmentally and genetically tractable model of polyploid mitosis after endocycles. Here, 

using our model, we uncover mechanisms permitting these polyploid cells to undergo viable 

division with DNA damage. Similar to previous studies, we find endocycled papillar cells 

lack p53-mediated apoptosis. Further, we find papillar cells lack S-phase checkpoints and 

enter mitosis without undergoing high fidelity DNA repair. Despite lacking these normally 

crucial DDRs, both papillar mitosis and organ development are highly resistant to DNA 

damage by DSBs. By live imaging pupal development, we show an important part of the 

papillar DDR involves alignment and segregation of broken, acentric chromosome 

fragments. This response does not depend on p53, or core DNA damage kinases.

Instead, the Fanconi Anemia protein FANCD2, its frequent partner FANCI, and the Bloom 

helicase (Blm) are a crucial part of this non-canonical DDR. We show FANCD2 acts 

independently of S-phases prior to mitosis entry, and does not require its core complex 

partner FANCM to promote segregation of acentric fragments produced by DNA DSBs. 

This response ensures normal organ development by preventing acentric micronuclei. Our 

results pinpoint a mechanism enabling viable mitosis despite an impaired DDR.

RESULTS

Lack of apoptosis and S-phase checkpoints during pre-mitotic endocycles

Previous study of endocycle-induced DDR inactivity focused on post-mitotic tissues. To 

understand the impact of endocycles on subsequent divisions, we turned to an accessible in 
vivo model: Drosophila rectal papillar cells (hereafter: papillar cells or papillar precursors).

During 2nd larval instar, papillar precursors endocycle, producing octoploid nuclei (Fox et al. 

2010; Schoenfelder et al. 2014). Unlike previously studied examples of endocycled cells 

with an inactive DDR, papillar cells then undergo polyploid divisions. We thus asked if these 

mitotic endocycled cells also lack an apoptotic response to damaged DNA. It is well 

established that exposure to Ionizing Radiation (IR) causes DNA damage and apoptotic cell 

death in diploid cells. Accordingly, we find induction of pycnotic nuclei and TUNEL 

labeling in diploid wing imaginal tissue after 20 Gy of X-ray induced IR (Fig1A,B,E, 
FigS1A,B, Methods). In contrast, IR does not induce pycnotic nuclei or TUNEL in 

endocycling 2nd instar papillar precursors (Fig1C-E, FigS1C,D). The lack of apoptosis in 

papillar precursors is not due to lack of IR-induced DNA breakage, as IR causes robust γ-

H2AV accumulation in endocycling papillar precursors one hour after IR (FigS1E,F).
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To examine molecular regulation of this apoptotic inactivity, we examined the consequences 

of expressing p53 and its pro-apoptotic targets. Using a UAS-p53 construct used previously 

in salivary glands (Mehrotra et al. 2008), we find p53 expression during papillar endocycles 

is insufficient to induce apoptosis (Fig1F), whereas the same construct expressed with the 

same promoter (Methods) causes robust cell loss in the diploid hindgut pylorus (FigS1G,H). 

In contrast to p53 expression, co-expression of p53 pro-apoptotic targets hid and reaper 
during endocycles induces robust papillar precursor death (Fig1G). We conclude that as in 

non-mitotic endocycling cells, mitosis-capable papillar precursor cells attenuate a DNA 

damage-responsive, p53-dependent apoptotic response during endocycles.

In addition to apoptosis, cell cycle arrest is an important DDR. We thus tested if, during 

endocycles, papillar precursors lack DNA damage checkpoints for S-phase entry or 

progression. One hour after IR, there is no change in the number of papillar precursor cells 

in endocycle S-phases (using EdU, FigS1I-K). Further, by examining late S-phase patterns 

of EdU incorporation, we find the proportion of endocycling cells that progress to late S-

phase does not decrease after IR (FigS1L). Thus, during pre-mitotic endocycles of papillar 

cells, DNA breakage fails to activate either p53-dependent apoptosis or S-phase entry/

progression checkpoints.

Acentric chromosomes accumulate but segregate during papillar mitosis

Given the inactive responses to broken DNA in endocycling papillar cells, we next examined 

whether such inactivity leads to unrepaired/aberrant chromosomes after endocycles. During 

metamorphosis (4-5 days after endocycles), papillar cells undergo 1-3 complete mitotic 

cycles as octoploid cells. Even in the absence of exogenous DNA damage, these divisions 

are frequently error-prone. While some errors are due to extra centrosomes (Schoenfelder et 

al. 2014), we also observed chromosome structure aberrations, which could also contribute 

to mitotic errors (Fox et al. 2010).

We thus examined the nature of papillar chromosome aberrations in detail, and asked if 

aberrations are more common in these polyploid cells relative to diploid cells. Indeed, in the 

absence of exogenous DNA damage, papillar cells naturally accumulate two recurring 

chromosome aberrations: acentric fragments (Fig2A) and chromosome fusions (dicentric 

chromosomes, FigS2A). We detected at least one of these aberrations in 19.8% of papillar 

cells, with acentric chromosomes being most common (Fig2C,D). In contrast, no such 

aberrations are found in diploid imaginal disc cells (Fig2B-D). Therefore, endocycled 

polyploid papillar cells naturally accumulate chromosomal aberrations that persist into 

mitosis.

To gain insight into the fate of chromosome aberrations in polyploid mitotic papillar cells, 

we used live imaging. To distinguish between errant chromosomes containing or lacking 

centromeres, we used the markers histone-GFP (to mark DNA) and CenpC-Tomato (to mark 

kinetochores/centromeres), as well as a fragment of Moesin-GFP (to mark cell membranes 

and cytokinesis). In WT, we observed normal mitotic chromosome segregation in 82% of 

cells (Fig2E,H, Movie S1), in general agreement with previous measurements (Fox et al. 

2010; Schoenfelder et al. 2014). Our approach also enabled us to detect cells with mitotic 

defects, in which DNA lags in anaphase. In these aberrant mitoses, CenpC enabled us to 
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distinguish lagging DNA lacking (Fig2F, MovieS2) or containing centromeres (FigS2B). 

Lagging DNA with centromeres frequently localizes in an anaphase bridge, which persists 

until cytokinesis (FigS2B). Such bridges could represent separation of under-replicated 

DNA (Unhavaithaya and Orr-Weaver 2012). Alternatively, as part of the bridge-breakage-

fusion cycle (Titen and Golic 2008), bridges are expected for cells with fused (dicentric) 

chromosomes, which we detect in our metaphase chromosome squashes (FigS2A, C).

Much less expected was the fate of acentric DNA fragments. In 11/92 WT papillar divisions 

we could clearly detect acentric fragments, in general agreement with our chromosome 

squash data (12.0%, Fig2F,H vs. 15.6%, Fig2D). Despite lacking detectable centromeres, 

these acentric fragments successfully incorporate into daughter nuclei before cytokinesis 

(Fig2F,G, MovieS2). By comparison, in 89 WT time-lapse movies of diploid imaginal disc 

tissue, we did not detect acentric DNA (Fig2H). Taken together, our data show chromosome 

structural aberrations arise in normal development of apoptosis-deficient papillar cells. The 

most common aberration is acentric DNA, which remarkably segregates into daughter cells 

in mitosis (Fig2G).

Papillar development is highly tolerant of DNA breakage

The purpose of canonical DDRs is to prevent mitotic expansion of genome-damaged cells. 

However, endocycled papillar cells lack canonical DDRs and enter mitosis with 

chromosome aberrations. It remained possible that the fraction of cells with such aberrations 

are eliminated by a non-apoptotic mechanism. We thus tested if increasing the incidence and 

number of papillar chromosome aberrations would cause mitotic or developmental defects. 

We allowed animals exposed to IR during papillar endocycles to progress through the 4-5-

day period between endocycle completion and mitosis initiation. In these animals, 

chromosome aberrations induced during endocycles persist several days later and remain 

when papillar cells re-enter mitosis. This result mirrors the persistence of mitotic 

chromosome aberrations in papillar cells without exogenous DNA breakage. In mitotic 

papillar cells, IR most noticeably causes an increase in acentric (Fig3A,C,D vs. Fig2A,C,D) 

and fused chromosomes (FigS2D and Fig3A,C,D, vs. FigS2A and Fig2C,D). Thus, IR 

primarily amplifies the two major classes of naturally occurring DNA damage.

The increased incidence of persistent damage days after IR suggests papillar cells lack high-

fidelity DNA repair (however, the presence of chromosome fusions suggests papillar cells 

likely engage in limited repair). To compare the lack of high fidelity repair in papillar cells 

to diploid cells irradiated at the same stage, we examined genital imaginal disc cells at the 

same time point (5 days after IR), when they divide while enveloping forming papillae (Fox 

et al. 2010). Chromosome aberrations were only present in a small number of these diploid 

cells during metamorphosis (Fig3B-D) suggesting repair of damage occurs prior to re-

entering mitosis or that damaged cells are cleared from the tissue. Thus, unlike diploid cells, 

endocycling papillar cells not only lack apoptosis and S-phase checkpoints, but also lack 

high-fidelity DNA repair.

Given the persistence of chromosome aberrations in mitotic papillar cells, we could next 

examine if elevating the level of DNA breaks alters the fate of papillar chromosome 

aberrations in mitosis. In animals irradiated during 2nd larval instar papillar endocycles, the 
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number of error-prone divisions increases significantly (Fig3F vs. Fig2H-8N). Many of 

these defects are present during the first papillar division, confirming DNA damage left 

either un-repaired or aberrantly repaired after IR causes mitotic errors. Mitotic errors 

associate with a longer anaphase (Fig3G). As in un-irradiated animals, centromere-

containing DNA that lags forms a bridge that is resolved in cytokinesis (FigS2E, MovieS3). 

Due to co-existence of centric and acentric aberrations in some irradiated papillar cells, we 

could only score/follow the existence and fate of acentric DNA in a subset of irradiated 

papillar cells. As in un-irradiated animals, the acentric DNA that we could clearly observe 

segregated into daughter cells prior to cytokinesis (Fig3E, MovieS4). These results reinforce 

the model that papillar cells possess a robust response to segregate acentric DNA in mitosis.

Given that papillar cells undergo mitosis with chromosome aberrations, we next asked if 

increasing such aberrations affects papillar development. During development papillar cells 

undergo 1-3 divisions while forming four cone shaped structures of 100 cells each (Fig3H, 
Fox et al. 2010; Schoenfelder et al. 2014). Papillar development also leads to patterned gene 

expression, reflected in activation of enhancers such as AICR210H05-Gal4 at each papillar 

base (FigS2F). We examined AICR210H05-Gal4 expression in animals exposed to IR during 

endocycles. Additionally, to precisely quantify the effect of IR on papillar development, we 

hand-counted adult papillar cells (390+/−24 per animal without IR in WT, Fig3J). 

Strikingly, papillar development proceeds normally despite increased DNA breaks induced 

by IR (Fig3H-J, FigS2G). We detect only a minor reduction in mean adult papillar cell 

number after IR (352+/−43 cells/animal after IR, Fig3J). This suggests that even when 

containing a high number of chromosomal aberrations, papillar cells execute multiple rounds 

of division while undergoing proper morphogenesis and organ patterning. Thus, polyploid 

mitotic papillar cells are remarkably tolerant of acentric and fused chromosome structure 

aberrations.

FANCD2 plays a key role in acentric chromosome segregation and papillar cell survival

To begin to understand the robust DNA breakage tolerance of papillar cells, which lack 

canonical DDRs, we took a candidate approach. Given that: 1)acentric chromosomes are the 

most prominent chromosome aberration in both naturally occurring and irradiated papillar 

cells, and 2)the remarkable ability of such acentric DNA to segregate, we hypothesized that 

genes important for segregation of acentric DNA are critical to papillar DNA damage 

tolerance. We thus looked for genes involved in segregating acentric DNA.

The Spindle Assembly Checkpoint gene BubR1 was recently shown to function as part of a 

“tether” connecting acentric DNA and its centromere when breaks are induced during 

Drosophila neuroblast mitosis (Royou et al. 2010; Karg et al. 2015; Derive et al. 2015). 

Using the I-Cre1 system, an established method of generating an acentric chromosome 

(Rong et al. 2002; Royou et al. 2010), we generated acentric X-chromosomes in diploid 

neuroblasts. We readily detected BubR1-positive tethers in neuroblasts (FigS3A). In 

contrast, while we clearly detected BubR1 on metaphase papillar kinetochores, no BubR1 

tethers were detected in papillar anaphase cells following I-Cre1 induction (FigS3B) or after 

IR (data not shown). Further, bubR1(KEN) mutants, which are defective in tether formation 

and cause diploid cell lethality following I-Cre induction (Royou et al. 2010), have normal 
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papillar structure/cell number after IR (FigS3C). Thus, BubR1 tethers do not appear to be 

essential for acentric DNA segregation in papillar cells.

As an alternative mechanism of acentric DNA segregation, we considered a role for the 

Fanconi Anemia protein FANCD2. Together with FANCI and Blm helicase, FANCD2 was 

previously implicated in resolving “ultra-fine DNA bridges” that persist into mitosis (Chan 

et al. 2007; Chan and Hickson 2009; Naim and Rosselli 2009). We thus investigated if 

FANCD2 plays a role in the papillar DDR. To do so, we expressed either one of two fancd2 
RNAi constructs (Methods, hereafter fancd2) specifically in papillar cells and the associated 

hindgut throughout development. In the absence of any exogenous DNA damage, fancd2 
loss primarily increases acentric DNA in mitotic papillar cells (by roughly 2-fold, Fig4A,B). 

We thus used IR to amplify the two main naturally occurring forms of chromosome 

aberrations (acentric and fused chromosomes, FigS4A,B) and assayed the effect of fancd2 
depletion. IR causes papillae of reduced size and significantly decreased cell number in 

fancd2 relative to WT (Methods, Fig4C-F, FigS5A vs. Fig3H-J). This phenotype is not due 

to additional chromosome aberrations in fancd2 after IR, as papillar chromosomes of 

irradiated fancd2 animals do not display novel/increased chromosome defects after IR 

(FigS4A-C, Methods). Additionally, the mitotic index is similar between fancd2 and WT 

after IR (FigS4D), suggesting papillar cells continue dividing without fancd2, but exhibit 

reduced survival.

To understand why fancd2 decreases cell survival after IR, we used live imaging. Similar to 

WT, IR causes lagging DNA with centromeres in fancd2, which localize in an anaphase 

bridge until cytokinesis (FigS4E). Therefore, it is unlikely that FANCD2 resolves 

centromere-containing anaphase bridges in papillar cells. In contrast, we noted two 

significantly enhanced mitotic abnormalities related to acentric DNA in fancd2 after IR. 

First, prior to anaphase, acentric DNA frequently fails to align on the metaphase plate during 

fancd2 divisions (Fig4G,H). Second, at anaphase, acentric DNA lags substantially and often 

fails to incorporate into daughter nuclei, resulting in acentric micronuclei (Fig4G,H, 
MovieS5). We detect unaligned acentric DNA both during the first and subsequent fancd2 
divisions (FigS4F). We also find unaligned metaphase DNA in fancd2 mitotic cells 

accumulates the mitotic marker phospho-histone H3 (PH3, Fig4I). Interestingly, we see a 

robust increase in micronuclei in fancd2 animals after IR, which retain PH3 even after cells 

exit mitosis (when the rest of the nucleus has lost the marker, Fig4J,K). This latter 

observation is consistent with aberrant cell cycle activity in micronuclei (Crasta et al. 2012). 

Taken together, lack of FANCD2 leads to unaligned acentric DNA, acentric micronuclei, and 

papillar cell number loss following IR (Fig4L).

FANCD2 responds specifically to DSBs and acts independently of previous S-phases

FANCD2 prevents genome instability in response to a host of stimuli, including inter-strand 

cross-links, recombination intermediates, replication stress/late replication, and lesions 

created by IR (Grompe 2002; Walden and Deans 2014; Moldovan and D'Andrea 2009; 

Pontel et al. 2015). In papillar cells, we find acentric DNA fragments are the most common 

aberration, and FANCD2 loss leads to inaccurate segregation of these fragments. These data 
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suggest in genome-damaged papillar cells, FANCD2 may play an important role by 

responding specifically to double-strand break (DSB)-induced acentric DNA.

To test this idea, we employed the I-Cre system to generate papillar cells with acentric X-

chromatids (Fig5A-C). We used I-Cre because IR causes a host of chromosome aberrations, 

and it was unclear which causes cell loss in fancd2. We optimized conditions so the number 

of acentric fragments/cell was similar to following IR (Fig5B-Meta vs. Fig3D-acentric, 
Methods). As described previously for diploid Drosophila neuroblasts, and as we observe 

after IR, acentric papillar DNA generated by I-Cre lags in anaphase but eventually 

segregates into daughter nuclei (Fig5C, MovieS6). As seen after IR, I-Cre induction during 

papillar endocycles causes essentially no change in adult papillar structure/cell number 

(Fig5D,F). In contrast, I-Cre causes significant cell number reduction in multiple fancd2 
RNAi lines (Fig5E,F, FigS5B). As for IR, we detect PH3+ unaligned DNA (Fig5G) and an 

increase in persistent PH3+ micronuclei in multiple fancd2 RNAi lines (Fig5H,I). Thus, I-

Cre largely phenocopies IR induction in fancd2. We also note that, for multiple fancd2 RNAi 
lines, the number of PH3+ micronuclei significantly increases without exogenous DNA 

breakage (Fig5I), underscoring the importance of fancd2 in papillar cells not only following 

exogenous DNA damage but also under physiological conditions.

As a further test of the physiological importance of FANCD2 in papillar cells, we employed 

a test of papillar function. We previously established that animals with decreased rectal 

papillar cells cannot survive high levels of dietary salt, due to the role of papillar structures 

in salt absorption (Schoenfelder et al. 2014). To test if fancd2 loss impacts the physiological 

function of adult papillae following DSB induction, we fed WT and fancd2 animals either 

control or a high-salt diet in the presence or absence of I-Cre expression. Indeed, fancd2 loss 

in developing papillae renders adult flies sensitive to high-salt, a result that is enhanced by I-

Cre expression (Fig5J-M). Together, these data show FANCD2’s response to DSB-induced 

acentric DNA is a key aspect of the resistance of mitotic papillar cells to DNA damage.

Our data point to a role for fancd2 in promoting acentric DNA segregation. As loss of 

fancd2 can promote replicative stress (Lossaint et al. 2013; Howlett et al. 2005) it was 

possible that our observed role for FANCD2 was due to secondary consequences of 

depleting fancd2 during endocycle DNA replication, which occurs prior to mitosis of 

acentric DNA. We thus tested if fancd2’s role in preventing acentric DNA-related defects 

arises during endocycle DNA replication. If so, depleting fancd2 after endocycle S-phases 

(but before mitosis) should not affect the papillar response to acentric DNA. To test this idea, 

we exploited the changing cell cycle biology of papillar cells. A large window of time 

(several days) separates the last endocycle S-phase (2nd larval instar stage) from the next S-

phase, the latter of which occurs after the first papillar mitosis (Pupal Day 2). We thus 

induced I-Cre as before during endocycles, but then used temporal control of RNAi (Fig6A, 
Methods) to only deplete fancd2 after completion of the last endo-S-phase (as confirmed by 

EdU labeling, Fig6A-C). We then live imaged the first mitosis following this temporally 

restricted fancd2 depletion. Remarkably, fancd2 depletion in the absence of endocycle S-

phase still leads to unaligned metaphase chromosomes and acentric micronuclei (Fig6D,E, 
MovieS7). From these data, we conclude fancd2’s role in preventing micronuclei in 

response to acentric DNA occurs independently of prior S-phases.
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FANCI and Bloom also facilitate papillar DSB survival

Having found a role for FANCD2 in response to acentric DNA, we next asked if other 

Drosophila Fanconi Anemia proteins play similar roles. We first examined FANCM, a 

conserved helicase and member of the Fanconi core complex that recognizes DNA damage 

and recruits additional FANC proteins during cross-link repair (Kuo et al. 2014). As for 

FANCD2, we examined papillar survival in fancm mutants (Methods) following IR and I-

Cre. fancm mutants are mildly sensitive to IR during papillar development (Fig7A, FigS5C). 

In contrast, fancm mutants do not exhibit a significantly increased sensitivity to DNA 

damage specifically caused by I-Cre-induced acentric DNA (Fig7B,D). Thus, FANCM 

responds to IR in papillar cells, but unlike FANCD2 is dispensable for the papillar response 

to acentric DNA. This result is consistent with previous reports of FANCD2 functions 

independent of the FANCM-containing core complex (Yeo et al 2014, Raghunandan et al 

2015).

We next examined FANCI, a DSB-responsive nuclease known to function in a heterodimer 

with FANCD2 (Kondo and Perrimon 2011; Moldovan and D'Andrea 2009). fanci loss 

decreases adult papillar cell number not only after IR, but also after I-Cre (Fig7A,B,C,E, 
FigS5D-F). Further, following I-Cre induction, PH3+ micronuclei accumulate in fanci 
animals at increased frequencies relative to WT (Fig7G), and fanci loss leads to salt-stress 

sensitivity (Fig7H,I). We also note that, as for fancd2, the level of PH3+ micronuclei 

without exogenous DNA damage is significantly higher in fanci than in WT (Fig7G vs. 
Fig5I). These data suggest that like FANCD2, FANCI is required for the papillar acentric 

DNA response. We then asked if Blm helicase is active in papillar cells following DSB 

induction. We examined Blm because of its role in FANCD2-mediated segregation of ultra-

find DNA bridges (Chan et al. 2007; Naim and Rosselli 2009). Much like FANCD2 and 

FANCI, Blm loss causes cell loss not only after IR, but also after I-Cre (Fig7A,B,F, FigS5G-
J). We were unable to examine micronuclei in Blm-deficient animals due to additional, I-

Cre-independent mitotic defects, which have been described previously (FigS5K, McVey et 

al. 2007). Taken together, our data implicate FANCD2, FANCI, and Blm as regulators of an 

acentric DNA response that ensures survival of DSB-resistant endocycled cells.

Core DDR components are not required for papillar DSB survival

Finally, we asked if our identified FANCD2-dependent response to acentric DNA requires 

core DDR signaling. The well-known DDR kinases ATM and ATR have both been 

implicated in FANCD2-dependent repair in specific contexts (Andreassen et al. 2004; 

Sobeck et al. 2006; Taniguchi et al. 2002). We first induced IR during endocycles in ATM 
(Drosophila tefu, hereafter ATM) or ATR (Drosophila mei-41, hereafter ATR) mutants 

(Methods). Both ATM and ATR animals have mild IR-specific decreases in adult papillar 

cell number (Fig8A, FigS5L,M), implicating these upstream kinases in a papillar response 

to IR. In contrast, null mutations in one or both of the canonical ATM/ATR downstream 

kinases chk1 (Drosophila grp) or chk2 (Drosophila lok) have no effect on papillar cell 

number after IR (Fig8A,C). Similarly, p53 null animals have no impact on post-IR papillar 

cell survival (Fig8A,D). Thus, papillar cells retain an IR-responsive role for ATM and ATR, 

but not their common downstream effectors Chk1, Chk2, or p53.
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Given our demonstrated role for ATM and ATR after IR in papillar cells, we examined if, as 

for FANCD2, FANCI, and Blm, these kinases are required for papillar cell viability in 

response to DSB-induced acentric DNA. Both ATM and ATR are dispensable for cell 

survival following I-Cre mediated induction of acentric chromosomes (Fig8B,E,F). These 

results differ from the clear requirement for FANCD2, FANCI, and Blm after I-Cre and 

suggest ATM/ATR play an IR-responsive role independent from responding to acentric DNA 

in papillar cells. Taken together, our data suggest that successful mitosis with DSB-induced 

acentric DNA does not require the core DDR regulators ATM, ATR, Chk1, Chk2, or p53.

DISCUSSION

Through activation of apoptosis, cell cycle checkpoints, and high fidelity DNA repair, 

canonical DDRs prevent cells from entering mitosis with broken chromosomes. In this 

study, we find naturally endocycling Drosophila papillar cells fail to apoptose, arrest the 

endocycle, or accomplish accurate repair, leading to mitosis with broken chromosomes. 

Despite this, papillar development is not hindered by chromosome breakage. In these 

damage-resistant polyploid cells, DNA fragments that appear to be completely separate from 

DNA containing centromeres align and segregate during mitosis. Our data suggest that this 

segregation is mediated by FANCD2, FANCI, and Blm, and serves to prevent micronucleus 

formation and promote cell viability and proper organ function. As endocycling cells can 

also acquire resistance to cancer therapies that induce DNA breaks, further study in this area 

is likely to shed light on cancer-relevant biology.

The endocycle is a recurrent source of DNA damage response attenuation

Previous work in post-mitotic Drosophila and mouse cells identified the endocycle as a 

source of DDR inactivation. Similar to previous work in non-mitotic endocycling cells and 

in mouse trophoblasts (Soloveva and Linzer 2004; Mehrotra et al. 2008; Zhang et al. 2014), 

we find papillar cells do not rely on/activate p53 in response to DNA damage. We recently 

showed papillar cells undergo a distinct endocycle: the pre-mitotic endocycle (Schoenfelder 

et al. 2014). Thus, a lack of a requirement for p53 activity appears common in diverse 

endocycling cells.

In mice, another DDR regulator- Chk1- is inactive in endocycling trophoblast cells (Ullah et 

al. 2011; 2008). As a potential indicator that this inactivity may be conserved, we find Chk1 

(and also Chk2) are not required for the papillar acentric DNA response. In the Drosophila 
embryo, a Chk1-dependent checkpoint eliminates cells with replication errors (Fogarty et al. 

1997; Sibon et al. 1997; 2000; Takada et al. 2007). Given that endocycles frequently cause 

replication-induced DSBs (Yarosh and Spradling 2014; Mehrotra et al. 2008; Nordman et al. 

2011; Hannibal et al. 2014), we speculate a conserved property of endocycles is inactivity of 

this Chk1 replication checkpoint. This inactivity would explain how cells progress through 

what are often error-prone endo-S phases and accumulate DNA breaks. Such Chk1-

independency may be reversible, as endocycled Drosophila follicle cells require Chk1 for 

replication fork elongation during gene amplification (Alexander et al. 2015).

Beyond endocycles, polyploidy also inactivates the DDR in other ways. In mammalian cells, 

cytokinesis failure arrests the cell cycle. Continued division of resulting polyploid cells 
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requires p53 inactivity (Ganem et al. 2014; Wong and Stearns 2005; Fujiwara et al. 2005). 

Polyploid cancer cells also re-wire canonical DDRs (Zheng et al. 2012). These examples and 

others (Schoenfelder and Fox 2015) highlight numerous connections between polyploidy 

and DDR inactivation. However, to this point little was known about how polyploid cells 

proliferate without functional DDR components.

FANCD2 as an emergency DNA damage regulator

Emerging evidence suggests in the absence of canonical DDRs, emergency DDRs make 

mitosis compatible with genome damage. BubR1, Polo, and Aurora B respond to broken 

chromosomes in Drosophila neuroblasts (Royou et al. 2010; Karg et al. 2015; Derive et al. 

2015), and Aurora B and INCENP form heterochromatic DNA threads that segregate 

achiasmate chromosomes during Drosophila meiosis (Hughes et al. 2009). Here, we propose 

that FANCD2 performs a similar function.

We argue a key role of emergency DDRs is prevention of micronuclei. We previously 

showed papillar cells are highly tolerant of whole chromosome aneuploidy (Schoenfelder et 

al. 2014). In contrast to whole chromosome aneuploidy, we find papillar cells are intolerant 

of mis-segregated acentric DNA fragments and micronuclei. Recent work implicated 

micronuclei as catalysts in chromothripsis, a genome-shattering event linked to cell death 

and cancer (Hatch and Hetzer 2015; Zhang et al. 2015). Interestingly, polyploid cancer cells 

were recently shown to be more likely to undergo chromothripsis (Mardin et al. 2015). 

Further, Fanconi Anemia and Bloom syndrome patients are cancer-prone, and cells from 

these patients accumulate micronuclei (Naim and Rosselli 2009). Our data suggest polyploid 

papillar cells are a useful model to identify other factors like FANCD2 that act in mitotic 

cells lacking canonical DDRs.

Our data suggest FANCD2, Blm, and FANCI can recognize and respond to DSB-induced 

acentric DNA, and may act to tether acentric DNA to its centromere-containing fragment. 

However, it remains possible that instead the chromosomes that we score as acentric contain 

ultra-fine DAPI-negative DNA bridges, which are technically challenging to visualize. In 

mitotic mammalian cells, FANCD2, FANCI, and Blm have been shown previously to 

localize to a specific class of these ultra-fine bridges (UFBs) between daughter nuclei (Chan 

et al. 2009; Naim and Rosselli 2009). The exact nature and various classes of these bridges 

is still being determined, although at least some of these structures contain DNA that fails to 

replicate until cells enter mitosis (Minocherhomji et al 2015).

Thus, it is possible that while I-Cre initially severs the DNA completely, limited DNA repair 

may join the centromere with its acentric fragment, creating an ultra-fine bridge structure. 

Similarly, during papillar development, under-replication may naturally occur, as it does 

during many endocycles that fail to initiate late replication (Lily and Spradling 1996; 

Nordman et al. 2011; Yarosh and Spradling 2014). If so, such un-replicated DNA may 

bridge apparent centric and acentric chromosomes, and may be recognized by FANCD2 

early in the first mitosis. However, we previously showed that papillar cells are distinct from 

other endocycled cells in that they do initiate late replication and achieve (at least very close 

to) full genome duplications (Fox et al. 2010). Future experiments will therefore have to 

determine exactly what FANCD2 recognizes following endocycles/DSB induction. 
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Regardless, our data suggest that FANCD2 specifically responds to endocycle-induced DNA 

breakage and is required for segregation of such damaged chromosomes.

Another possible interpretation of our work is that loss of fancd2 increases lesions such as 

inter-strand cross-links or lesions similar to those caused by IR, which sensitizes papillar 

cells with apparent acentric DNA. However, our data argue against this model. First, 

FANCM, a component of the Fanconi core complex, is not required for the response to 

acentric DNA. A previously established function of this FANCM core complex is to 

ubiquitinate FANCD2, which is important for specific repair events such as repair of DNA 

cross-links (Alpi et al. 2008; Marek and Bale 2006). Second, ATM is also not required for 

the FANCD2 acentric DNA response, suggesting that ATM-mediated FANCD2 

phosphorylation, which is important for FANCD2’s previously established response to IR, is 

also not involved (Sobeck et al. 2006; Taniguchi et al. 2002). Because of these results, we 

consider it unlikely that excess DNA cross-links and IR-related DNA breaks caused by 

absence of fancd2 somehow synergize with I-Cre-induced DNA breakage to cause the 

fancd2 phenotypes, because if this were the case we would see the same result with fancm 
and ATM mutants following I-Cre (although it remains possible that fancd2 elevates some 

other class of DNA damage that we did not analyze in this study). Third, FANCD2 acts 

independently of DNA replication prior to mitotic entry to prevent acentric micronuclei, 

suggesting that excessive replication stress from endocycles is not the cause of fancd2 
micronuclei. Thus, our data suggest that papillar cells are a useful model of the in vivo 
consequences of FANCD2’s response to DSBs and apparent acentric DNA.

Finally, in a clinical setting, combining current cancer therapies with FANCD2 deficiency 

has recently emerged as a promising strategy in treating human tumors (Shen et al. 2013a; 

Burdak-Rothkamm et al. 2015; Liu et al. 2015). Our work may argue that such therapies 

would be effective in radio-resistant cancers exhibiting either polyploidy or lack of canonical 

DDR functions.

EXPERIMENTAL PROCEDURES

Drosophila stocks and genetics

Unless indicated, WT was brachyenteron (byn) Gal4, UAS Moesin-GFP. byn-Gal4 
expressed all UAS transgenes except in FigS2F,G. All experiments were at 22°C except 

Fig1G, where animals were kept at 18°C before shifting to 29°C just prior to 2nd larval 

instar, to inactivate Tub-Gal80(ts), and Fig6, where animals were similarly kept at 18°C until 

the indicated time period. Salt stress was performed as in Schoenfelder et al. (2014). 

flybase.org lists the full genotypes for all stocks used. Alleles and transgenes used in this 

study: byn-Gal4, Tub-Gal80(ts), UAS-p53 (P Gus p53 2.1), UAS-hid, UAS-rpr, CenpC-

Tomato, UAS-Moesin-GFP, hisH2AV-GFP, hisH2AV-RFP, hs-I-Cre1 (1A), hs-I-Cre1 (2A), 

UAS tefu RNAi (v108074, referred to as tefu RNAi #1), UAS tefu RNAi (JF0142,2 referred 

to as tefu RNAi #2), mei-41 (29D), mei-41 (RT1), grp (Z2150), lok (30), p53 (5A 1-4), UAS 

fancd2 dsRNA (referred to as fancd2 RNAi #1), UAS fancd2 RNAi (v45433, referred to as 

fancd2 RNAi #2 in figure 5 and figure 6), UAS fancd2 RNAi (HMC03558, referred to as 

fancd2 RNAi #2 in figure 4),UAS fanci RNAi (HMS00769, referred to as fanci RNAi#1), 
UAS fanci RNAi (v24655, referred to as fanci RNAi #2), fancm (Del), Df 3R (ED6058)-a 
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fancm-spanning Deficiency, UAS Blm RNAi (v13309, referred to as Blm RNAi #1), UAS 
Blm RNAi (v13310, referred to as Blm RNAi #2), AICR-Gal4 (10H05), UAS-GFP, UAS-

RFP, BubR1-GFP, UAS Moesin-mCherry, and BubR1 (KEN).

DNA damage

IR was performed in 2nd instar larvae aged to the stage of papillar precursor endocycles. 

Animals in 60 or 100mm petri dishes with a thin layer of standard Drosophila food were 

placed in an X-RAD 160 PXI precision X-ray Irradiator (calibrated by a Dosimetrist) at 20 

Gy. To compare the number of aberrant chromosomes between WT and fancd2 under the 

same IR conditions, GFP-marked WT larvae were mixed with RFP-marked fancd2 larvae in 

the same dish, which was then irradiated. For I-Cre, animals were heat shocked in a 37°C 

water bath in vials for 90 min. All experiments represent at least 2 separate IR/I-Cre 

treatments.

Tissue Preparation/Microscopy

Fixation, chromosome preparations, and live imaging were as in Schoenfelder et al. 2014. 

Antibodies: Mouse Phospho-Histone H3 Ser10, (1:1000, Cell Signaling), Mouse Drosophila 
Gamma H2AV, (1:2500, Lake et al. 2013), Rabbit GFP (1:1000, Life Technologies). Nuclear 

labeling in all fixed images: DAPI. For EdU (Invitrogen) labeling, tissue was pulsed with 

EdU for 15 min., and detection was according to manufacturer’s instructions. TUNEL 

labeling was as in Schoenfelder et al 2014. Fixed images were acquired using a Zeiss 

AxioImager M.2 with Apotome processing (20X, 40X or 63X). Live imaging used an Andor 

XD Spinning Disk Confocal Microscope (60X silicon or 100X oil).

Image analysis

Z-projections were assembled using ImageJ. Movies were assembled using MetaMorph 

(Molecular Devices). Adobe Photoshop was used to adjust brightness/contrast. ImageJ’s 

“cell counter” was used to count cell number.

Statistical analyses of adult cell numbers

To determine if papillar cells of a given mutant led to significant cell number decreases after 

IR/I-Cre relative to WT, the distribution of adult papillar cell number before and after IR/I-

Cre was compared for each genotype using a Z-test. Resulting p values determined if any 

decrease in adult papillar cell number after IR/I-Cre was significantly different than WT. 

Significant differences (p values ranged from p<.05 to p<1× 10−9) are noted in the figures 

with *.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• The endocycle inactivates canonical apoptotic and DNA repair responses

• Endocycled cells can divide and survive despite high levels of DNA breakage

• During division, endocycled cells align and segregate acentric DNA after DSBs

• FANCD2 promotes alignment/segregation of acentric DNA
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Figure1. Lack of p53-dependent apoptosis in papillar precursors
A,B.3rd instar larval wing imaginal discs. A.Nuclei in undamaged disc. B.Pycnotic nuclei 

(arrows) in irradiated disc, 6 hrs. post IR. C,D.2nd instar rectum (during papillar precursor 

endocycling). C.Nuclei in unirradiated rectum. D.No pycnotic nuclei in rectum, 6 hrs. post 

IR. E.% pycnotic nuclei from A-D (wing data-blue, rectum data-red). Numbers indicate 

mean % pycnotic nuclei/animal (N=minimum 10 animals/condition, multiple replicates). *= 

significant to p<.001, two-tailed T-test. Bars=standard deviation. F.UAS-p53 expression in 

rectum (using byn-Gal4) does not induce pycnotic nuclei. G.UAS hid, UAS rpr co-

expression in rectum (Methods) does induce pycnotic nuclei. DAPI=DNA in all images. 

Scale bar=10μm.
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Figure2. Acentric chromosomes accumulate and segregate during Wild Type papillar 
development
A.Example papillar cell with acentric chromosome (arrow, 2X magnified inset). B.Example 

diploid imaginal disc cell with normal karyotype. DAPI=DNA in A,B. C.Number 

aberrations/cell for cells examined in A,B. D.Distribution of acentric/fused chromosomes for 

cells examined in A,B. A-D: data from N=96 8N and N=93 2N cells respectively, from 8 

replicates. The increased incidence of aberrant karyotypes in 8N vs. 2N is significant when 

accounting for increased chromosomes in 8N cells (Chi square, p<.05). E,F.Time-lapses of 

papillar mitosis. CenpC-Tomato=kinetochores (KTs, purple), histone H2AV=DNA (green, 

nuclear), and Moesin-GFP=cell membranes (Memb, green). Time is in minutes relative to 

anaphase onset. E.Example of normal mitotic segregation. F. Example of acentric 

chromatids that segregate into daughter nuclei. White arrow and 2X magnified, contrast-

enhanced insets highlight segregating acentric DNA. G.Diagram of fate of acentric and 

fused papillar chromosomes. Green=DNA, Purple=Centromeres. H.Frequency of mitotic 

errors in 8N papillar and 2N imaginal disc tissue. Data from N=92 (papillar) and N=89 

(imaginal disc) movies (numerous replicates). Scale bar=5μm.
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Figure3. Papillar development is refractory to frequent chromosome structural aberrations
A.Example of chromosome structure in 8N mitotic papillar cell 5 days after IR induced 

during endocycles. Acentric fragments (yellow arrows, 2X magnified inset in A’) and 

chromosome fusions (white arrows) are indicated. B.Diploid genital imaginal disc 

karyotype, from animal irradiated at the same time as cells in A. C.Number aberrations/cell 

from irradiated wild-type octoploid (8N WT) papillar and diploid WT (2N WT) imaginal 

disc cells. D.Distribution of acentric/fused chromosomes from same animals as in C. 
Compare C,D to unirradiated data in Fig2C,D. A-D from N=70 and N=54 polyploid and 

diploid cells respectively. The increased incidence of aberrant karyotypes in 8N vs. 2N is 

significant when accounting for increased chromosomes in 8N cells (Chi square, p<.0001). 

E.Time-lapse of papillar mitosis after IR induced during endocycles. CenpC-

Tomato=kinetochores (KTs, purple), histone H2AV=DNA (green, nuclear), and Moesin-

GFP=cell membranes (Memb, green). Time is in minutes relative to anaphase onset. 

Example of lagging acentric DNA (white arrow, 2x magnified and contrast-enhanced insets) 

that segregates into daughter nuclei. Yellow arrow at 17:00 highlights contractile ring. 

F.Distribution of mitotic defects in 8N papillar cells after IR, scored from time-lapse data. 

Note- the percentage of cells with acentric DNA is likely an under-estimate, due to the co-
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existence of centromere-containing DNA that overlaps acentric DNA in some cases. G.Avg. 

time from anaphase onset to cytokinesis furrow initiation. IR divisions were binned into 

those with/without detectable errors. *= significant change from No IR or IR with normal 

mitosis (Two-tailed T-test, p<.001). Error bars= standard deviation. Data in E-G from 

N=113 IR divisions, from numerous replicates. H.WT adult rectum. DNA-purple, papillae-

pseudo-colored green. I.WT adult rectum in animals irradiated during endocycles. J.Adult 

papillar cell number in WT, from control and IR (induced during endocycles). N= 13-23 

animals counted/condition from multiple replicates. Yellow bars=mean. DAPI=DNA in all 

images. White scale bar=5 μm, Yellow scale bar=50 μm.
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Figure4. FANCD2 promotes papillar cell viability and prevents micronucleus formation after IR
A.Representative image of papillar chromosomes in fancd2 RNAi#1 animal. Arrows 

indicate acentric chromosomes. DAPI indicates DNA. B.Frequency of acentric and fused 

chromosomes in WT vs. fancd2 RNAi#1 papillar cells +/− IR. C.Adult fancd2RNAi#1 
rectum. D.Adult fancd2RNAi#1 rectum from animal irradiated during papillar endocycles. 

E.Adult fancd2RNAi#2 rectum from animal irradiated during papillar endocycles. Papillae 

false-colored in green, DNA in purple in C-E. For comparable controls see Fig3H,I. F.Adult 

papillar cell number in fancd2 +/−IR. N=8-30 animals/condition. Yellow bars=mean. 

*=significant change between NoIR vs. +IR compared to WT (Methods). G.Time-lapse of 

fancd2RNAi#1 papillar cell after IR. CenpC-Tomato=kinetochores (KTs, purple), histone 

H2AV=DNA (green, nuclear), and Moesin-GFP=cell membranes (Memb, green). Time is in 

min. relative to anaphase onset. White arrows=unaligned DNA that form micronuclei. 

Yellow arrow=cytokinetic furrow. H.Frequency unaligned DNA and micronuclei +/−IR in 

WT vs. fancd2RNAi#1. Data from 84-113 divisions/condition, from multiple replicates. 

*=significant change from no IR by Chi-squared (p<.00001, Methods). I.Unaligned PH3+ 

chromosomes (green labeling/arrows, DNA in purple) in fancd2RNAi#1 after IR. 
J.Persistent PH3+ micronuclei (green labeling/arrows, DNA in purple) in fancd2RNAi#1 
after IR. K.Frequency PH3+ micronuclei +/−IR in WT vs. fancd2RNAi#1. From N=18-27 

animals/condition from multiple replicates. Yellow bars=mean. *=significant change from 
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no IR (Two-tailed T-test, p<.01). L.Diagram of acentric chromosome fate in fancd2 after IR. 

Green=DNA, Purple=Centromeres. Instead of segregating completely into daughter nuclei 

as in Fig3E, acentric DNA accumulates in micronuclei (indicated by small green circles 

without centromeres). DAPI=DNA in all images. White scale bar=50μm, yellow scale 

bar=5μm.
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Figure5. FANCD2 promotes papillar cell viability and prevents micronucleus formation 
specifically in response to acentric chromosomes
A.Top-Diagram of I-Cre system. One acrocentric X chromatid (green) shown before/after I-

Cre induced DSB severs the connection with the centromere (purple). Bottom-Example of 

uncut and cut X-chromosomes in papillar cells from I-Cre expressing flies. B.Frequency of 

mitotic papillar cells after I-Cre (expressed during endocycles) with at least 1 aberrant X 

chromosome at metaphase (Meta, from chromosome preparation data) or with lagging DNA 

at anaphase (Ana, from live imaging data). From N=58-82 cells/condition, from multiple 

replicates. C.Representative time-lapse papillar DNA segregation following I-Cre (expressed 

during endocycles). CenpC-Tomato=kinetochores (KTs, purple), histone H2AV=DNA 

(green). Time in min. relative to anaphase onset. Arrow indicates lagging DNA, which 

segregates. D.WT adult rectum after I-Cre (expressed during endocycles). E.fancd2RNAi#1 
adult rectum after I-Cre (expressed during endocycles). Papillae false-colored green, DNA in 

purple in D and E. F.Avg. adult papillar cell number/animal for WT and fancd2RNAi#1 +/− 

I-Cre. From N=8-23 animals/condition, multiple replicates. *=significant change between +/

− I-Cre compared to WT (Methods). Yellow bars= mean. G.Unaligned PH3+ chromosomes 

(green labeling/white arrows, DNA in purple) in fancd2RNAi#1 after I-Cre. H.Persistent 
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PH3+ micronuclei (green labeling/white arrows, DNA in purple) in fancd2RNAi#1 after I-

Cre. I. Number PH3+ micronuclei +/− I-Cre in WT vs. fancd2RNAi#1 and fancd2RNAi#2. 
Yellow bars= mean. From N=17-23 animals/condition, multiple replicates. *=significant 

difference from WT (Two-tailed T-test, p<.005). DAPI=DNA in all images. J-M.Survival of 

adults of WT (blue) and fancd2 RNAi#1 (red) animals over time for the indicated I-Cre and 

diet conditions. Bars= standard error. Each genotype/condition represents 3 replicates with 

10 animals/replicate. White scale bar=50μm, yellow scale bar=5μm.
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Figure6. Depletion of fancd2 in the absence of endocycle S-phases does not alter the acentric 
DNA phenotype
A.Experimental procedure. I-Cre was induced during 2nd larval instar papillar endocycles. 

Following endocycles (3rd larval instar), fancd2 RNAi was induced. On pupal Day 2 (D2), 

the first papillar mitosis was examined. B.EdU labeling (green, DNA in purple), showing S-

phase in the 2nd instar larval rectum (area to right of white line). C.EdU/DNA labeling as in 

B, now showing endocycles are complete in the rectum by 3rd instar stage (note-endocycles 

continue in the ileum, left of the white line). D.Time-lapse of I-Cre/fancd2 RNAi#1 animal 

cultured under conditions shown in A. Example unaligned acentric DNA fragment (white 

arrow) that ends up in a micronucleus following cytokinesis (yellow arrow). Purple-

kinetochores (KTs, CenpC Tomato) green-DNA (DNA, his GFP) and cell membranes 

(Memb, Moesin GFP). Time in minutes relative to anaphase onset. E.Graph of incidence of 

unaligned metaphase acentric DNA and micronuclei after anaphase in WT or fancd2 
RNAi#1 following I-Cre expression, as in panel A. From N= 30-32 cells/condition. 

*=significant change by Chi-squared, p<.001. White scale bar=25 μm, Yellow scale 

bar=5μm.
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Figure7. FANCI and Blm also facilitate papillar DSB survival
A.Avg. adult papillar cell number/animal for WT and indicated FANCD2 network mutants 

+/−IR. From N=7-25 animals/condition, multiple replicates. *=significant change +/−IR 

compared to WT (Methods). Yellow bars=mean. B.Avg. adult papillar cell number/animal 

for WT and indicated mutants +/−I-Cre. From N=9-11 animals/condition, multiple 

replicates. *= significant change +/−I-Cre compared to WT (Methods). Yellow bars=mean. 

C.fanci RNAi#1 adult rectum after IR. D.fancm adult rectum after I-Cre. E.fanci RNAi#1 
adult rectum after I-Cre. F.blm RNAi#1 adult rectum after I-Cre. Papillae false-colored 

green, DNA in purple in C-F. G.Number PH3+ micronuclei +/− I-Cre in WT vs. 

fanciRNAi#1 and fanciRNAi#2. Yellow bars= mean. From N=9-27 animals/condition, 

multiple replicates. H,I.Survival of fanci RNAi#1 adults without (blue) or with (red) I-Cre 

expression, plotted over time for the indicated diet conditions. Bars= standard error. Each 

genotype/condition represents 3 replicates with 10 animals/replicate. DAPI=DNA in all 

images. White scale bar=50μm, yellow scale bar=5μm.
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Figure8. Canonical DNA damage regulators are not required for papillar cell survival in 
response to acentric chromosomes
A-B.Avg. adult papillar cell number/animal for WT and indicated mutants +/− IR (A) or I-

Cre (B). From N=7-17 animals/condition, multiple replicates. *=significant change +/− IR 

or I-Cre compared to WT (Methods). Yellow bars=mean. C.grp, lok adult rectum after IR. 

D.p53 adult rectum after IR. E.tefuRNAi#1 adult rectum after I-Cre. F.mei-41 adult rectum 

after I-Cre. DNA (labeled with DAPI) in purple and papillae pseudo-colored in green in all 

images. Scale bar=50μm.
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