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Abstract  

 

Exposure to genotoxic stress by environmental agents or treatments, such as radiation therapy, can 

diminish health span and accelerate aging. We have developed a Drosophila melanogaster model to 

study the molecular effects of radiation-induced damage and repair. Utilizing a quantitative intestinal 

permeability assay, we performed an unbiased GWAS screen (using ~150 strains from the DGRP 

reference panel) to search for natural genetic variants that regulate radiation-induced gut permeability. 

From this screen, we identified the RNA binding protein, Musashi (msi).Msi overexpression promoted 

intestinal stem cell proliferation, which increased survival after irradiation and rescued radiation-

induced gut permeability. We identified that a novel role of Msi in ISC proliferation a novel role for Msi 

in enhancing ISC function following radiation-induced gut damage, which identifies Msi as a potential 

therapeutic target.  
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Introduction  

A typical mammalian cell encounters approximately 2 × 105 DNA lesions per day [1]. External 

stressors, both chemical and radioactive, and internal factors, such as oxidative stress, are the 

primary sources of DNA damage [2]. The inability to correct DNA damage results in the accumulation 

of harmful mutations, which contribute to cellular damage, cancer, and aging [3-8]. However, DNA 

damaging agents, such as radiation, are the only available treatments for certain pathologies. These 

therapies can lead to complications due to cellular and tissue damage caused by genotoxic stress. 

For example, genetic and epigenetic alterations in the tumor [9], or tumor microenvironment, may 

render it resistant to radiation [10]. Additionally, bystander tissues can be damaged from radiotherapy 

[11, 12]. Patients undergoing radiotherapy encounter both short-term side effects (nausea, vomiting, 

and damage to epithelial surfaces) and long-term side effects (enteritis [13], radiation proctitis, heart 

disease [14], and cognitive decline [15]).  

 

Organisms have developed several DNA error correction mechanisms, as the inability to correct DNA 

errors leads to permanent cellular damage [16-19]. To prevent the propagation of DNA damage and 

improve survival following iradiation, cells choose from among several fates: cells may apoptose [26], 

enter a state of replicative arrest, such as senescence, or be cleared by phagocytosis or autophagy. 

[20]. However, in vitro models of genotoxic stress fail to recapitulate these fates; they fail to represent 

the complexities of tissue microenvironments and the cell-nonautonomous consequences of radiation 

damage. For instance, apoptotic or senescent cells may produce secreted factors that exacerbate 

damage to cells that did not receive the primary insult [21].  

 

As the gastrointestinal tract encompasses a large area in the body, it is commonly a bystander tissue 

in radiotherapy and accounts for a significant percentage of side effects from radiation treatment [22, 

23]. The fly and human intestines share similar tissue, anatomy, and physiological function [24, 25]; 
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both fly and mammalian guts are composed of ISCs, enterocytes, and enteroendocrine (EE) cells [26]. 

Intestinal stem cells (ISCs) are involved in regenerative and tissue-repair processes [27, 28] in flies 

and mammals [29].  DNA damage to the ISCs leads to a reduced proliferative potential, which 

contributes to the pathogenesis of radiation enteritis in patients undergoing radiation therapy. [30-

33].Previous studies have used D. melanogaster to identify conserved molecular pathways that 

maintain stem cells' physiological function, tissue repair, and homeostasis in the gut [34-36]. Here, we 

have taken advantage of the flies’ genetic malleability, short lifespan, and complex tissue 

microenvironments to develop a whole-animal model to study therapeutic targets for radiation 

damage to the intestine.  

 

We show that radiation significantly damages flies’ intestine, which decreases ISC proliferation and 

survival, and increases intestinal permeability and inflammation. We use the Drosophila Genetic 

Reference Panel (DGRP), a collection of approximately 150 fully sequenced fly strains, as a 

screening tool to identify natural variants that regulate radiation-induced intestinal permeability [37]. 

One candidate gene we validate is the RNA binding protein, Musashi (msi), which regulates the 

expression of target genes by binding to their 3’UTR using a consensus sequence [38]. Msi is also 

involved in neuronal differentiation and cell fate determination [39, 40]. Here we demonstrate that 

ISC-specific knockdown of msi significantly increases gut permeability after irradiation. Conversely, 

we find that overexpressing msi reduces gut permeability and enhances survival after irradiation. 

Interestingly, we observe that msi overexpression increases ISC proliferation and tissue repair. We 

find that after irradiation, Msi-mediates ISC proliferation by indirectly regulating cyclic AMP (cAMP) 

levels through post-transcriptional modulation of Ac13e. Thus, we identify msi as a potential 

therapeutic target for maintaining gut homeostasis after exposure to radiation. 
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Methodology  

Fly culture, stocks and lifespan analysis  

Flies were reared on standard laboratory diet (Caltech food recipe: 8.6% Cornmeal, 1.6% Yeast, 5% 

Sucrose, 0.46% Agar, 1% Acid mix) [41, 42]. Emerged adults were transferred within 3-5 days to the 

yeast extract (YE) diet (1.5% YE, 8.6% Cornmeal, 5% Sucrose, 0.46% Agar, 1% Acid mix). For 

Gene-Switch Gal4 drivers, RU486 was dissolved in 95% ethanol with a final concentration of 100μM 

(the media is then referred to as '+RU486') and was administered from the adult stage (5 day old). 

The control diet contained the same volume of 95% ethanol and is referred to as 'RU486'. Life spans 

were analyzed as described previously [41, 43].  

Radiation exposure: Adult, female, 5-day old flies were exposed to different doses of X-rays at 320 

kV and 10 mA to achieve the required doses as indicated and maintained on a standard fly diet.  

Quantitative Real-time-PCR: Total RNA was extracted from 12 female guts, 8 female fat bodies (fly 

abdomen) or 5 female whole flies using Quick-RNA MiniPrep Kit (Zymo Research). cDNA was 

synthesized using QuantiTect Reverse Transcription Kit (QIAGEN). 1 µg of total RNA was used per 

sample. qPCR reaction was performed in duplicate on each of 3 independent biological replicates 

using SensiFAST SYBR No-ROX Kit (BIOLINE). Error bars indicate standard deviation. Samples 

were normalized with ribosomal protein 49 (rp49), or glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). 

Immunohistochemistry: Dissected guts were fixed with 4% paraformaldehyde in PEM, 100 mM 

Pipes, 2 mM EGTA, 1 mM MgSO4, for 45 minutes. Samples were washed for 5 minutes three times 

with PEM, then incubated with 1% NP40/PEM for 30 minutes. Samples were washed for 10 minutes 

three times with TBS-TB, 0.02 % Triton X-100/PBS, 0.2 % BSA, and blocking was performed with 5% 

goat serum in TBS-TB for 2 hours at 25ºC. Samples were incubated with the primary antibody 

overnight at 4°C, then washed for 10 minutes three times with TBS-TB, and incubated with the 
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secondary antibody for 2 hours at room temperature. Nuclei were stained using DAPI. Samples were 

mounted with Mowiol mounting buffer and analyzed by confocal microscope (Zeiss: LSM780). 

Acridine orange staining: Dissected guts were incubated with Ethidium Bromide and acridine 

orange (Sigma: 5 μg/ml)  (10 μg/ml) in PBS for 5 minutes at room temperature. Samples were rinsed 

with PBS twice, then mounted with PBS and immediately analyzed by microscope (Olympus: BX51). 

Smurf gut permeability assay: 25 flies were placed in an empty vial containing a piece of 2.0 cm x 

4.0 cm filter paper. 300 μl of blue dye solution, 2.5 % blue dye (FD&C #1) in 5% sucrose, was used to 

wet the paper as a feeding medium. Smurf and non-smurf flies were counted following incubation with 

feeding paper for 24 hours at 25 °C. Smurf flies were quantified as flies with any visible blue dye 

outside of the intestines.   

Spontaneous activity: 24 hours after irradiation, flies were placed in population monitors and their 

physical activity was recorded every 10 minutes for 24 hours (Drosophila population monitor by 

Trikinetics Inc., Waltham, MA, USA). Reading chambers have circular rings of infrared beams at three 

different levels, which allow recording whenever a fly crosses the rings. Activity monitors were kept in 

temperature-controlled incubators set at 25°C on a 12-hour light-dark cycle. The daylight period 

began at 8:00 AM.  

Screening for variants associated with regulating irradiation-induced phenotypes: Two weeks 

following irradiation, we observed significant variation in the gut permeability assay between DGRP 

lines in the proportion of Smurf flies. Candidates with a false detection rate (FDR) of 27% or less were 

considered for further validation [37]. FDRs were calculated empirically from permuted data [44]. The 

association was determined by aligning phenotypic values at an allelic marker. Genetic markers with 

>25% minor allele frequency were used [45] by employing custom scripts written in Python, using 

ordinary least squares regression from the stats models module. The analysis was done using linear 

model: phenotype = β1xGenotype + β2xIrradiationDose+ β3xGenotype X-Irradiation Dose+ intercept. 
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The p-values shown reflect whether the β term is 0. The Genotype X-Irradiation Dose term reflects 

the Irradiation-dependent portion of genetic influence on the phenotype [45].  

Results 

Ionizing radiation reduces survival and locomotion in D. melanogaster.  In the present study, we 

investigated the effects of irradiation on adult flies. Even though ionizing radiation (IR) has been 

extensively studied in the context of mutagenesis experiments [46, 47] and embryonic development 

signals [48] in D. melanogaster, not much is known regarding its effects in adult flies. We exposed 5-

day old w1118 adult flies exposure to different doses of IR. Interestingly, these flies were fairly resistant 

to lower doses of X-rays (from 100R to 1000R), likely because most tissues in the fly are post-mitotic 

[49]. However, when we exposed female w1118 flies to 10kR, it significantly reduced their mean 

lifespan, compared to un-irradiated controls (Fig. 1A) (Supplemental Fig. 1A). We observed a 

similar reduction in lifespan in irradiated male flies, indicating that adult sensitivity to IR is sex 

independent (Supplementary Fig. 1C).   

A frequent adverse effect of radiation exposure is fatigue [50-55]. Several groups have observed that 

irradiated mice have diminished spontaneous and voluntary activity [56, 57]. We used the Drosophila 

Activity Monitor System to investigated whether radiation also reduces flies' spontaneous physical 

activity  [58]. Our results show that irradiated flies displayed both an acute (24h post-exposure to IR) 

and chronic (14d post-exposure to IR) reduction in spontaneous physical activity (Fig. 1B and 

Supplementary Fig 1B). This might be due to muscle damage however, when we evaluated the 

morphological changes in flight and thoracic muscles in irradiated flies, by H and E staining, we did 

not observe any overt structural damage to the muscles in the thorax (day one and seven after 

irradiation) (Fig. 1C). In addition, we did not observe significant structural damage to the brain, one 

and seven days after irradiation (not shown and Fig. 1D). These results indicate that neither muscle 

nor brain damage accounts for the reduction in survival and activity in irradiated flies.  

Ionizing radiation disrupts intestinal integrity and increases inflammation:  
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Because disruption to flies' intestine is known to impact survival [59], we examined whether the 

reduced survival of irradiated flies was from damage to intestinal tissue. Interestingly, our results 

showed that irradiated flies have significantly shorter intestines than non-irradiated controls 14 days 

after irradiation, which suggests that irradiation may structurally damage the fly's gut (Fig. 1D & 

Supplementary Fig. 1B-ii). We hypothesized that this structural damage to the gut influences the 

gut's barrier function. To test this, we measured the effect of irradiation on intestinal permeability, by 

performing the well-established quantitative Smurf assay [60]. Our results in Fig. 1E demonstrate a 

significantly higher percentage of flies with permeable intestine (Smurf flies) upon irradiation when 

compared to un-irradiated controls (14 days after irradiation). This effect of ionizing radiation on 

intestinal permeability was dose-dependent; increasing dosage of radaition progressivly increased the 

percentage of flies with permeable intestine (Supplementary Fig. 1D). Furthermore, radiation also 

induced intestinal permeability when the dosage was staggered (4 doses of 2500 R every other day) 

(Supplementary Fig. 1E). The detrimental effect of IR was sex independent, as irradiated male flies 

also lived significantly shorter (Supplementary Fig. 1C) and had increased intestinal permeability (14 

days after irradiation) (Supplementary Fig. 1F).  

The disruption of gut barrier integrity after irradiation, as indicated by the Smurf assay, may result in 

increased local and systemic inflammation, indicated by the secretion of anti-microbial peptides 

(AMPs) [60]. To test this, we investigated the effect of radiation on the expression of the sentinal 

AMPs, Drosomycin (Droso) and Diptericin (Dip), [61] in dissected guts and fat bodies. This served as 

a proxy for local (intestine) and systemic inflammation. Quantitative realtime PCR (qRT-PCR) on 

dissected intestinal tissue samples indicated a 20-fold increase in Dip expression as early as 24 

hours after irradiation, which increased to 30-fold 14 days after irradiation. This coincided with the 

intestinal permeability observed in our Smurf data, which indicates elevated IMD signaling (Immune 

Deficiency) [62], a critical response to bacterial infection (Fig.1G). Interestingly we did not observe an 

appriciable increase in Drosomycin expression in the irradiated intestines.  
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Fat body in Drosophila contributes to the humoral immune response, hence their AMP production 

may serve as a proxy for systemic inflammation [63, 64]. Quantitative RT-PCR on samples from the 

fat body revealed a 4-fold increase in the expression of Drosomycin 1, followed by a  35-fold increase 

14 days after irradiation (Fig. 1 H). This indicates a sustained increase in systemic inflammation from 

elivated Toll signaling [65] in the fat bodies. Together, these results demonstrate that irradiation 

induces a sustained local and systemic inflammatory response in the adult fly.  

Exposure to radiation causes DNA damage, cell death in enterocytes and inhibition of ISC 

proliferation. Exposure to ionizing radiation induces DNA double strand breaks (DSB) [66, 67]. One 

of the earliest events following DSBs is activation of kinases like ATM, ATR and DNK-PK, which 

phosphorylate the C-terminal tail of the histone 2A [68].  This DSB-induced phosphorylation is 

conserved in Drosophila [69, 70]. We tested the effect of ionizing radiation on histone H2Av 

phosphorylation in flies' intestinal tissue by Immunofluorescence staining for γ-H2Av. Following 

irradiation, flies' intestine showed a substantial increase in γ-H2Xv foci compared to non-irradiated 

flies (Fig. 2A) in a dose-dependent manner (Supplementary Fig. 2A). Environmental stress on gut 

enterocytes is known to activate reparative responses, often initiated by the IL-6-like cytokine, Upd3 

[71]. We tested if persistent DNA damage, caused by radiation, affects Upd3 expression. Our results 

indicate that Upd3 expression is significantly upregulated 24 hours after irradiation, based on GFP 

reporter expression (Fig. 2B), the analysis of GFP fluorescent intensity indicated a 3-fold-induction of 

the reporter gene (Supplementary Fig. 2B). These results were supported by RT-qPCR of Upd3 in 

dissected guts from w1118 female flies, which showed an approximately three-fold increase in Upd3 

expression, compared to un-irradiated controls (Supplementary Fig. 2C). 

Metazoan cells also undergo apoptosis following DNA DSB; thus we investigated the effect of 

radiation on apoptosis in the fly's intestine. To this end, we performed Acridine Orange/Ethidium 

Bromide staining assay in dissected intestinal tissue, which showed an approximate two-fold increase 

in the number of apoptotic cells on days 1, 2 and 3 following irradiation [72] (Fig. 2C). These results 
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were also supported by qRT-PCR (using RNA prepared from dissected intestine), which showed 

elevated expression of the pro-apoptotic genes, hid, reaper [73] and puckered [74] 24 hours after 

irradiation (Fig. 2D). We observed a substantially lower number of apoptotic cells in the gut of flies 

irradiated with lower doses of radiation (1k-5k R) (Supplementary Fig. 2D).  

Exposure to X-rays disrupts intestinal homeostasis and ISC proliferation. Previous studies have 

shown that fly guts respond to damage from toxins like DSS or Bleomycin [75], and stress from 

bacterial infection [76], by inducing the proliferation of ISCs (Intestinal Stem cells), which enhances 

intestinal repair by replacing damaged cells [77]. We investigated if ISCs in irradiated flies restore 

tissue homeostasis by replacing apoptotic enterocytes. To test this, we stained guts with an anti-

phosphohistone H3 (anti-PH3) antibody that marks dividing cells. Immunofluorescence staining in 

dissected guts demonstrated that irradiation inhibited ISC proliferation as early as 1 day after 

irradiation (Fig. 3A). This inability of ISCs to repair damage was even observed 14 days after 

irradiation (Fig. 3B). We reasoned that inhibiting ISC proliferation affects ISC numbers. To test this, 

we irradiated a recombinant fly line carrying a Dl-LacZ enhancer trap that has been extensively used 

to identify ISCs [78, 79]. We observed that exposure to radiation significantly reduced the numbers of 

delta positive ISCs and ISC marker (1 and 14 days after irradiation) (Fig. 3C &3D).  

Overexpression of cyclin E partially rescues radiation-induced intestinal permeability. Cyclin 

E/CDK2 plays a critical role in the G1 phase and the G1-S phase transition [80], and when 

overexpressed, overcomes cell cycle arrest [81]. We overexpressed Cyclin E (CycE) in ISCs (with the 

drug [RU486] inducible ISC-specific 5961 Gal4 UAS system) to test whether forced ISC proliferation 

rescues intestinal damage after irradiation. Flies where CycE was overexpressed (+), in an ISC-

specific manner, had significantly increased ISC proliferation (as measured by pH3 staining in the 

intestine) when compared to the irradiated control without the RU486 (-) (Fig. 3E). We then enquired 

whether cycE over-expression in ISCs of irradiated flies also reduced intestinal permeability. We 

performed the Smurf assay in these flies and the results demonstrate about a 2-fold reduction in the 
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percentage of flies with permeable guts, compared to the irradiated control (Fig. 3F). These results 

from the ectopic expression of cyclin E show that the effect of radiation damage to the intestine is 

reversible.  

Fly GWAS (Genome-Wide Association Study) for radiation-induced intestinal permeability. 

Genetic variations influence sensitivity to genotoxic stress, the detrimental effects of radiation 

treatment, and the prognosis of radiation therapy [83-92]. We hypothesized that Drosophila with 

naturally occurring genetic variations might reveal novel pathways that enhance stem cell proliferative 

repair and reduce radiation-induced intestinal permeability. To test this hypothesis, we leveraged the 

Drosophila Genetic Reference Panel that contains flies with fully sequenced genetic variations. We 

conducted an unbiased Genome Wide Association Study (GWAS screen) of approximately 150 fly 

strains from the Drosophila Genetic Reference Panel. Approximately 100 flies from each strain were 

irradiated with 10k R, and the percentage of Smurf flies was calculated 14 days after irradiation. The 

genetic markers with >25% minor allele frequency were used for screening [37]; lines were split into 

two groups, one for each allele at a given genetic locus. Linear regression modeling was used to 

determine the difference between phenotypes associated with each allele. The FDR for each trait was 

calculated by permutation of the phenotype data [44].  

Results show that flies in different DGRP lines vary significantly in their susceptibility to radiation-

induced intestinal damage. The DGRP lines varied in radiation-induced gut permeability, from a 14-

fold increase in Smurf incidence to a 20-fold decrease in Smurf incidence (Fig. 4). Our GWAS 

analysis revealed several potential candidate genes (Table 1); however we setup a cutoff of false 

detection rate (FDR) of 27% or less to consider the genes for further validation [37]. We investigated 

the candidates listed in Table 1 for their ISC-specific influence on intestinal permeability after 

irradiation. To test this, we crossed fly lines expressing an RNAi against the candidate gene with 

virgin females with the drug-inducible (RU486) ISC-specific 5961 GS-driver. This allowed for temporal 

and spatial control over knockdown in the progeny. When the Smurf assay was performed in the 5-
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day-old adult female progeny (14 days after irradiation) among the candidates tested, we observed 

that knocking down Msi (Musashi) in ISCs most significantly increased gut permeability after 

irradiation (Supplementary Fig. 3).  

Musashi regulates ISC function in response to radiation-induced damage. Musashi (Msi) 

belongs to a family of highly conserved RNA-binding translational repressors that are expressed in 

proliferative progenitor cells [93-95].  We hypothesized that Musashi (msi) modulates ISC 

proliferation in response to tissue damage from irradiation. To test this, we used the Gal4-UAS 

system to knock down msi expression ISCs [96]. The RNAi targeting msi was expressed using a 

drug-inducible (RU486) ISC-specific 5961 GS-driver in 5-day-old adult flies. Knocking down msi in 

ISCs (+), followed by irradiation, increased gut permeability by 2 times compared to irradiated control 

flies (without RU486) (-) exposed to 10k R (Fig. 5A). Conversely, when we overexpressed msi in 

ISCs (+) in irradiated flies, there was a significant reduction in gut permeability compared to irradiated 

control flies (without RU486) (-) (Fig. 6A). However, msi overexpression in enterocytes (EC) using 

5966-Gal4 drivers did not rescue flies from gut permeability after irradiation, which supports an ISC-

specific function for msi (Supplementary Fig. S4A & B).  

Since intestinal damage caused by radiation significantly reduced survival, we tested if msi 

expression improved survival in irradiated flies. Results indicate that msi knockdown in ISCs reduces 

survival upon irradiation (Fig. 5B), whereas msi overexpression results in a marginal but significant 

increase in survival (Fig. 6B). To further characterize msi's impact on radiation sensitivity, we tested 

whether msi expression in ISC’s affected immune activation. In irradiated msi knockdown guts, qRT-

PCR for Dip, a proxy for inflammation in the gut, showed a significant upregulation expression (Fig. 

5C). Conversely, dissected intestines with ISC-specific msi overexpression, showed a a significant 

reduction in Dip expression (Fig. 6C). Interestingly, real-time PCR in the same dissected guts 

indicated a reduced expression of Upd3 upon msi knockdown (Fig. 5D), whereas msi overexpression 

correlated with a significant increase in Upd3 expression in the gut 24 hours after irradiation (Fig. 6D).  
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Because msi is known to regulate cell fate and stemness [97], and irradiation significantly reduces 

ISC proliferation, we investigated the effect of msi on ISC proliferation in response to radiation. 

Results indicate that when msi was knocked down in ISCs, ISC proliferation, as measured by 

immunofluorescence for phospho-Histone 3 (pH3) in dissected guts, was comparable to the control 

1 and 14 days after irradiation (-) (Fig. 5E & F). However, pH3 immunofluorescence staining 

demonstrated that msi overexpression significantly increased ISC proliferation by 15 times (Fig. 6E). 

Also, flies overexpressing msi showed a sustained elevation in the number of pH3 positive cells in the 

gut, even 14 days after irradiation, albeit half of day one levels (Fig. 6F). Thus the survival of flies 

upon manipulating msi levels was correlated with its ability to influence ISC proliferation. 

Discussion 

Understanding the mechanisms involved in tissues homeostasis and repair in response to genotoxic 

stress is critical for understanding how organisms deal with age-related accumulation of genotoxic 

stress. This knowledge may also help in developing therapeutics against the side effects of 

chemotherapeutic agents and However, the lack of an effective in vivo model has hampered progress. 

We have developed adult Drosophila melanogaster as a model to study how different cells interact to 

mount a response to genotoxic stress to maintain tissue homeostasis and repair. We leveraged the 

conservation of the fly intestine to characterize the effect of ionizing radiation on tissue homeostasis 

and screened naturally occurring genetic variants to identify alleles germane to intestinal permeability. 

In addition, we utilized naturally occurring genetic variations in flies to identify novel regulators of 

tissue damage caused by DNA damage. Our GWAS analysis in these strains identified musashi (msi) 

as a potential candidate. Further results showed that the levels of msi in ISCs correlated with ISC 

proliferation and ectopic expression of msi in ISC not only reduced intestinal permeability but also 

increased survival in response to irradiation.  

Earlier studies have shown that exposure to radiation in adult female flies affected fecundity and 

chromosomal aberrations in the progeny [98]. However, little was known regarding the long-term 
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effect of ionizing radiation on survival of adult flies. We began by investigating the dosage of radiation 

that reduces survival. Our results demonstrate that flies are quite resistant to tissue damage caused 

by ionizing radiation, which is in agreement to previously published literature [99, 100]. We find that 

when flies are exposed to either a staggered or singular dose (4 doses of 2500 R every other day) of 

10K R, gut permeability is enhanced and survival is reduced. Exposing flies to staggered doses of 

radiation,may be more representative of patients undergoing radiation therapy. The effect of radiation 

on survival was independent of sex as results were consistent between male and female flies. Even 

though 10k R is higher than doses tolerated by mammals, it is lower compared to past studies where 

flies were irradiated with ionizing radiation [101]. This as discussed earlier is on account of flies 

possessing  mechanisms that protects its dividing cells from genotoxic stress that are not analogous 

in human cells [102].  

Since we exposed whole flies to radiation we expected a strong physiological readout that might 

explain shortened survival of irradiated flies. We observed a consistent increase in the 

phosphorylation of γ-H2Av, the fly orthologue of H2AX [66] . We also observed elevated intestinal 

permeability and shorter small intestines. As increased gut permeability has previously been 

associated with reduced survival [60, 103] due to increased local and systemic inflammation we 

performed semi-quantitative Smurf assay which demonstrated indeed irradiated flies have highly 

permeable intestines. In addition, we also observed elevated inflammation in the intestine quite early 

after irradiation, followed by increased systemic inflammation that temporally correlated with 

increased intestinal permeability (by day 14 after irradiation). We speculate that increased intestinal 

permeability and disruption of barrier function leading to exposure to commensal micro flora might 

explain highly up regulated systemic inflammation as a potential cause for lethality a few weeks after 

irradiation. In fact our anecdotal observation indicated that Smurf flies were more likely to dye. 

In our model, there are two lines of evidence that suggest increased JNK signaling in response to 

radiation: One, there is an increase in expression of the IL-6-like cytokine, Upd3, in response to 
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radiation [71, 104] Two, there is a radiation-induced expression of Hid, reaper and puckered in the 

intestines, which presumably leads to apoptosis in the gut [105].  In humans, the detrimental 

responses to radiation treatment vary greatly [107, 108] and survival, health, and gut homeostasis 

may at least in part be regulated by genetic factors [85, 88, 89].  Interestingly, leaky gut syndrome is a 

hallmark of radiation enteritis in human patients undergoing radiation therapy [107, 108]. Thus, we 

reasoned if fully sequenced natural variations amongst various DGRP strains might be used for 

discovering novel genes that may restore intestinal stem cell function in irradiated flies. We chose the 

Smurf assay as the readout for our screen because it is a quantitative measure of intestinal health. 

Previously, a case-control analysis in DGRP lines for radiation resistance identified several candidate 

genes with human orthologue [109], however they only evaluated genes involved in survival following 

acute exposure to radiation and did not account for tissue damage and repair several weeks after 

exposure. In addition, our linear regression analysis is also more robust compared to case-control 

analysis in limiting confounding [110].  

Interestingly, we observed a significant decline in proliferating ISCs, which reduced ISCs numbers. 

So we reasoned that the dual effect of radiation on increased apoptosis in the intestine and reduction 

in reparative proliferation might be responsible for increased intestinal permeability in irradiated flies. 

When then asked if forcing the restoration of ISC populations might have a protective effect in 

irradiated flies. Previous studies have shown that cyclin E is involved with cells’ re-entry into the cell 

cycle. In flies, Cyclin E alone is capable of activating re-entry into S-phase and promotes ISC 

proliferation [106].  In addition, overexpression of cyclin E promotes proliferation in cells while Ras 

activation and mitochondrial dysfunction mediates reactive oxygen species production, leading to 

activation of p53 and cell cycle arrest [81]. Our results confirmed that over-expression of cycE in ISCs 

not only restored intestinal barrier function, it also increased survival and that observed effect of 

radiation induced tissue damage maybe reversible.   
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Musashi (msi) is a highly conserved RNA binding protein regulator of post-transcriptional processing 

of target genes [38], as well as a known stem cell marker [97]. It was first identified as a regulator of 

asymmetric division sensory organ precursor cells in Drosophila [40].  We found that modulating msi 

in ISCs affected ISC proliferation, which is consistent with the human orthologue, msi1 that is strongly 

expressed in the intestinal crypts, especially during embryonic development and regeneration [94]. 

Interestingly, msi overexpression did not significantly impact survival in non-irradiated flies. The stem 

cell specific role of msi was further confirmed since its ectopic expression in enterocytes had no effect 

on intestinal permeability. Interestingly, msi1 knockdown in U-251 (human glioblastoma cell line) 

resulted in higher instances of double-stranded breaks [111], suggesting its role in DNA repair. We 

were surprised to observe that msi over expression in ISCs resulted in increased expression of Upd3 

expression in dissected guts from irradiated flies. Since Upd3 is expressed primarily in ECs, we 

suspect this maybe sign of healthier intestine upon msi over-expression 2 days before irradiation. 

However it may also suggest that a more intriguing possibility that msi maybe involved in a potential 

cross talk between ISCs and ECs, which remains to be tested.   

Another study in mice demonstrated that msi1 and msi2 could regulate stem cell activation and self-

renewal of crypt base columnar cells upon tissue damage, thus indicating a conserved effect of msi 

on ISC function [112] none the less our findings in conjunction to these reports points to critical role of 

musashi in regenerative medicine.   
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Figure legends 

Figure 1: Radiation induced damage results in significant reduction in survival and 

spontaneous activity due to damage to the gut. (A) Kaplan Meier survival analysis for survival 

irradiation of 5 day old flies. At least 150 flies were used for both irradiated group (10k R) and non-

irradiated control (0 R). (B) The effect of radiation on spontaneous activity. The graph shows 

averaged activity (four vials per group with 25 flies in each vial) per 10 minutes for control and 

irradiated flies. The X-axis represents time (in hrs) after the flies were moved to the activity monitors. 

The activity measurement was started at 4:00pm. (C) Representative H and E (Hematoxylin and 

eosin) staining of the paraffin embedded brain and (D) thorax of w1118, 7 days after irradiation 

showing no structural abnormalities.  (E) The graph represents intestine length measured using 

ImageJ in dissected 14 days after irradiation. The relative length of the w1118 5 days old adult female 

flies 14 days after irradiating with or without 10k R is plotted as arbitrary units. (F) The effect of 

radiation on gut permeability. Smurf assay to access gut permeability was performed in w1118 5 days 

old adult female flies 14 days after irradiating with or without 10k R. Results were plotted as mean 

percentage of ‘Smurf’ to non-smurf flies. Error bars indicate S.D. of 4 replicates. (** p < 0.01, * p < 

0.05 by t-test). (G) Real time PCR performed with RNA prepared using dissected tissue. Results 

plotted as relative fold change in the expression of immune response genes Diptericin (Dip) and 

Drosomycin (Droso) in fat body FB and (H) gut.  The results are present as mean relative fold change 

in the gene expression and normalized to housekeeping gene RP49 on days 1 and 14 after irradiation 

(10k R), demonstrating local and systemic inflammation.    

Figure 2: Exposure to radiation causes DNA damage and cell death in enterocytes and 

inhibition of ISC proliferation. (A) Representative image of adult Drosophila gut dissected 30 

minutes after irradiation with or without 10k R and stained with γ-H2Av antibody (Red) and co-stained 

with DAPI (blue) (B) Representative images of the dissected gut from recombinant line, Upd-3-Gal4 

UAS-GFP, 3 days after irradiation with or without 10k R indicates substantial up-regulation of Upd3 in 
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ECs (green). Nuclei are counter-stained with DAPI (blue). (C) Ethidium bromide-Acridine Orange 

staining was performed in guts of w1118 female flies after irradiation (10k R) at indicated time points. 

The results are plotted as the mean number of apoptotic cells per gut and presented and mean 

apoptotic cells and error bars indicate S.D. of 2 independent experiments with at least 10 guts each. 

(D) Relative fold change in the expression of immune response genes apoptotic genes Hid, Rpr and 

Puc in the dissected gut 24 hours after irradiation. Results were plotted as mean fold change and the 

error bars indicate S.D. of 4 replicates. (** p < 0.01, * p < 0.05 by t-test).  

Figure 3: Radiation induced damage disrupts homeostatic proliferation by intestinal stem cells 

in the guts. (A) Intestinal stem cell proliferation was measured by counting the numbers of pH3-

positive cells detected per gut of flies irradiated with 10k R day 1 and (B) day 14. Guts were dissected 

and pH3 staining was performed relevant days after irradiation with or without 10k R. The result is 

presented as mean ±SE of 10 guts per group. (** p < 0.01, * p < 0.05 by t-test). The effect of ISC 

proliferation on its ISCs was tested counting the numbers of β-Galactosidase positive cells Stem cell 

numbers were determined by immuno-staining using anti-β Gal antibody in dissected guts of lacZ 

enhancer trap line, P {PZ}Dl05151 (Dl-LacZ), in which the P-element is inserted at the 5′ un-translated 

region (UTR) of the Delta genomic locus on days 1 (C) and 14 (D) after irradiation. The result is 

presented as mean ±SE of 10 guts per group. (** p < 0.01, * p < 0.05 by t-test). (E) Number of pH3-

positive cells detected per gut of 5961-GS>UAS-cycE flies irradiated with 10k R. Guts were dissected 

and pH3 staining was performed 14 days after irradiation. Controls 10k R (-) maintained on 1.5 YE 

food without RU486, whereas cycE was overexpressed in ISCs in 10k R (+). The result is 

represented as mean ±SE of 10 guts per group. (** p < 0.01, * p < 0.05 by t-test). (F) Smurf assay for 

assessing gut permeability was performed with 5961-GS>UAS-cycE flies on day 14 after irradiation. 

Control 10k R (-) maintained on 1.5 YE food without RU486, whereas cycE was overexpressed in 

ISCs in 10k R (+). Results plotted as mean proportion of Smurf to non-Smurf flies of 4 vials in each 

group with 25 flies in each vial. Error bars indicate SEM.  
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Figure 4: Phenotypic variation gut permeability across 180 DGRP lines caused by radiation 

exposure. (A) Lines are arranged in order of increasing phenotype of the irradiated lines, paired with 

their non-irradiated controls.  Gut permeability, was determined by Smurf assay and results were 

plotted as mean proportion of ‘Smurf’ to non-smurf flies in each group with at least 100 flies were 

tested per condition. (B) Table 1. List of candidate genes from a GWAS screen for gut permeability 

upon irradiation.  

Figure 5: Reducing Msi expression in ISCs increases gut permeability and reduces survival by 

inhibiting stem cell proliferation. 5961-GS>UAS-Msi RNAi flies were maintained in standard fly 

food with (+) to knockdown msi expression or without RU486 (-) in ISCs. Two days after adding 

RU486, flies were irradiated with 10k R to test the effect of its knockdown on intestinal homeostasis 

(A) Kaplan Meier survival analysis was performed for survival irradiation of 5 day old flies. At least 

150 flies were used each group with control 10k R (-) maintained on 1.5 YE food without RU486, 

whereas Msi expression was knocked down in ISCs in 10k R (+). (B) Smurf assay for assessing gut 

permeability was performed day 14 after irradiation. Control 10k R (-) maintained on 1.5 YE food 

without RU486, whereas Msi was reduced in ISCs in 10k R (+). Results were plotted as mean change 

in the percentage of flies with permeable guts and the error bars indicate S.D. of 4 replicates. (** p < 

0.01, * p < 0.05 by t-test). (C) Real time PCR to detect fold change in the expression of immune 

response genes Diptericin (Dip) in the dissected gut, 14 days after irradiation normalized to 

housekeeping gene RP49, control 10k R (-) maintained on 1.5 YE food without RU486, whereas Msi 

was knocked down in ISCs in 10k R (+). Results were plotted as mean fold change in expression and 

the error bars indicate S.D. of 4 replicates. (** p < 0.01, * p < 0.05 by t-test). (D) Real time PCR 

performed with RNA prepared from dissected guts, 24 hours after irradiation. The results are 

presented as mean fold change in the Unpaired3 (Upd3) expression and normalized to housekeeping 

gene RP49 and the error bars indicate S.D. of 4 replicates. (** p < 0.01, * p < 0.05 by t-test). Control 

10k R (-) maintained on 1.5 YE food without RU486, whereas Msi was knocked down in 10k R (+). 

(E) The number of pH3-positive cells detected per gut of 5961-GS>UAS-Msi flies, to knockdown Msi 
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in ISCs (as indicated), on day 1 and (F) day 14 after irradiation in 10k R (+). Controls 10k R (-) 

maintained on 1.5 YE food without RU486. The result is represented as mean ±SE of 10 guts per 

group. (** p < 0.01, * p < 0.05 by t-test) of 3 independent experiments. 

 

Figure 6: Increasing Msi in ISCs reduces gut permeability and increases survival by enhancing 

stem cell proliferation. 5961-GS>UAS-Msi flies were maintained in standard fly food with (+) to over 

express msi expression or without RU486 (-) in ISCs. Two days after adding RU486, flies were 

irradiated with 10k R to test the effect of its knockdown on intestinal homeostasis (A) Kaplan Meier 

survival analysis was performed for survival irradiation of 5 day old flies. At least 150 flies were used 

each group with control 10k R (-) maintained on 1.5 YE food without RU486, whereas Msi expression 

was induced in ISCs in 10k R (+). (B) Smurf assay for assessing gut permeability was performed day 

14 after irradiation. Control 10k R (-) maintained on 1.5 YE food without RU486, whereas Msi was 

over expressed in ISCs in 10k R (+). Results were plotted as mean change in the percentage of flies 

with permeable guts and the error bars indicate S.D. of 4 replicates. (** p < 0.01, * p < 0.05 by t-test). 

(C) Real time PCR to detect fold change in the expression of immune response genes Diptericin (Dip) 

in the dissected gut, 14 days after irradiation normalized to housekeeping gene RP49, control 10k R 

(-) maintained on 1.5 YE food without RU486, whereas Msi was over expressed in ISCs in 10k R (+). 

Results were plotted as mean fold change in expression and the error bars indicate S.D. of 4 

replicates. (** p < 0.01, * p < 0.05 by t-test). (D) Real time PCR performed with RNA prepared from 

dissected guts, 24 hours after irradiation. The results are presented as mean fold change in the 

Unpaired3 (Upd3) expression and normalized to housekeeping gene RP49 and the error bars 

indicate S.D. of 4 replicates. (** p < 0.01, * p < 0.05 by t-test). Control 10k R (-) maintained on 1.5 YE 

food without RU486, whereas Msi was over expressed in 10k R (+). (E) The number of pH3-positive 

cells detected per gut of 5961-GS>UAS-Msi flies, to induce Msi in ISCs (as indicated), on day 1 and 

(F) day 14 after irradiation in 10k R (+). Controls 10k R (-) maintained on 1.5 YE food without RU486. 
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The result is represented as mean ±SE of 10 guts per group. (** p < 0.01, * p < 0.05 by t-test) of 3 

independent experiments. 

Supplementary Figure 1: Radiation induced damage results in significant reduction in survival 

and increased intestinal permeability in dose dependent manner: (A) Kaplan Meier survival 

analysis for survival irradiation of 5 day old flies. At least 150 flies were used for each dose. (B) 

Representative image of the dissected intestine of adult female fly non-irradiated (0 R) control flies 

and irradiated (10k R) female flies 14 days after irradiation. (C) Kaplan Meier survival analysis for 

survival irradiation of 5 day old flies male w1118 flies, showing the effect of radiation on survival is 

independent of sex. At least 150 flies were used for control (0R) and flies irradiated with 10k Rads 

(10kR). (D) The Smurf assay was performed to investigate the effect of radiation on gut permeability 

in w1118 female flies after irradiation with or without 500 rads, 1000 rads, 2000 rads and 5000 rads 

(0.5k R, 1k R, 2k R, 5k R, 0 R as indicated) at 14 days after irradiation. The results were plotted as 

mean percentage of ‘Smurf’ to non-smurf flies. Error bars indicate S.D. of 4 replicates. (** p < 0.01, * 

p < 0.05 by t-test). (E) The Smurf assay was performed to investigate the effect of radiation on gut 

permeability. The adult female w1118 5 days old adult flies were irradiated with 10k rads (10k R) or 

flies received ‘staggered’ dosage of 2000 rads every other day for 5 days (10k R (S)) and compared 

to non-irradiated control (0 R). Smurf assay was performed 14 days after first dose and results were 

plotted as mean percentage of ‘Smurf’ to non-smurf flies. Error bars indicate S.D. of 4 replicates. (** p 

< 0.01, * p < 0.05 by t-test). (F) The Smurf assay was performed to investigate the effect of radiation 

on gut permeability in either male or female flies 14 after irradiation (10k R) and percentage of Smurf 

flies were compared to non-irradiated control (0 R). Smurf assay was performed 14 days after first 

dose and results were plotted as mean percentage of ‘Smurf’ to non-smurf flies. Error bars indicate 

S.D. of 4 replicates. (** p < 0.01, * p < 0.05 by t-test).  

Supplementary Figure 2: Exposure to radiation causes DNA damage and cell death in dose 

dependent manner. (A) Representative image of adult Drosophila gut dissected 30 minutes after 
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irradiation with or without 0 R, 1k R, 2kR or 5k R (irradiated with 1000, 2000 and 5000 rads 

respectively) and stained with γ-H2Av antibody (Red) and co-stained with DAPI (blue) (B) Mean 

fluorescence intensity of GFP expression from images of the dissected gut from recombinant line, 

Upd-3-Gal4 UAS-GFP, 3 days after irradiation with or without 10k R. Error bars indicate S.D. of 5 

replicates. (** p < 0.01, * p < 0.05 by t-test). (C) Real time PCR performed with RNA prepared from 

dissected guts, 24 hours after irradiation (10k R) or non-irradiated control (0 R). The results are 

presented as mean fold change in the Unpaired3 (Upd3) expression and normalized to housekeeping 

gene RP49 and the error bars indicate S.D. of 4 replicates. (** p < 0.01, * p < 0.05 by t-test).  

 (D) Ethidium bromide-Acridine Orange staining was performed in guts of w1118 female flies after 

irradiation with or without 1000 rads, 2000 rads and 5000 rads (1k R, 2k R, 5k R, or control (0 R) as 

indicated at 48 hours after irradiation. The results are plotted as the mean number of apoptotic cells 

per gut and presented and mean apoptotic cells and error bars indicate S.D. of 2 independent 

experiments with at least 5 guts each. 

Supplementary Figure 3: Secondary screen for intestinal permeability for candidate genes 

from DGRP lines smurf assay. The expression of candidate genes was knocked down in ISCs 

using 5961-GS driver (as indicated). 5961-GS>UAS-candidate gene flies were maintained in standard 

fly food with (+) to knockdown its expression or without RU486 (-). Two days after adding RU486, flies 

were irradiated with 10k R to test the effect of its knockdown on intestinal permeability. Results were 

plotted as mean change in the percentage of flies with permeable guts and the error bars indicate S.D. 

of 4 replicates. (** p < 0.01, * p < 0.05 by t-test).  
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