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Abstract

:

Long-term shift work is widely believed to increase the risk of certain cancers, but conflicting findings between studies render this association unclear. Evidence of interplay between the circadian clock, cell cycle regulation, and DNA damage detection machinery suggests the possibility that circadian rhythm disruption consequent to shift work could alter the DNA double-strand break (DSB) repair pathway usage to favor mutagenic non-homologous end-joining (NHEJ) repair. To test this hypothesis, we compared relative usage of NHEJ and single-strand annealing (SSA) repair of a complementary ended chromosomal double-stranded break using the Repair Reporter 3 (Rr3) system in Drosophila between flies reared on 12:12 and 8:8 (simulated shift work) light:dark schedules. Actimetric analysis showed that the 8:8 light:dark schedule effectively disrupted the rhythms in locomotor output. Inaccurate NHEJ repair was not a frequent outcome in this system overall, and no significant difference was seen in the usage of NHEJ or SSA repair between the control and simulated shift work schedules. We conclude that this circadian disruption regimen does not alter the usage of mutagenic NHEJ DSB repair in the Drosophila male pre-meiotic germline, in the context of the Rr3 system.
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1. Introduction


Engagement in shift work that involves light during subjective night has been identified as a probable carcinogen [1]. Long-term shift workers have been suggested to be at heightened risk for cancers of the breast [2] (reviewed in [3,4]), prostate [5], and colon [6]. However, a recent combined prospective study and meta-analysis failed to support an association between shift work and breast cancer [7], and another recent study failed to support a link between night-shift work and prostate cancer [8]. Thus, the question of whether night-shift work is indeed a risk factor for cancer in humans remains unclear.



The most immediate effect of night-shift work is the disruption of the circadian rhythm by exposure to light during subjective night, inconsistent sleep schedules, and irregular mealtimes (reviewed in [9,10,11]). Potential direct mechanistic links have been identified between circadian rhythm disruption and tumor promotion, including increased expression of oncogenes [12], altered levels of inflammation-associated proteins [13,14], and disruption of the cell cycle (reviewed in [15]). Conversely, the expression of circadian clock genes has been noted to be disrupted in tumor cells (reviewed in [16]). A prominent indirect mechanistic link between long-term shift work and tumor promotion is increased obesity [17,18,19,20] and metabolic syndrome [17,21,22]. At the molecular level, circadian rhythm disruption produces metabolic abnormalities in rats [23], and impairs insulin sensitivity in human subjects [24]. Behavioral risk factor profiles associated with shift workers have been proposed to play a role in this [10], including increased smoking [25] and alcohol consumption [26] among shift workers.



The possibility of a mechanistic link between circadian rhythm disruption and tumor initiation is less well examined. The key event in tumor initiation is thought to be the accumulation of mutations via unrepaired or misrepaired DNA damage (reviewed in [27]). Some evidence does suggest that circadian rhythm disruption may impair DNA damage repair. Night-shift workers show decreased levels of 8-hydroxydeoxyguanosine excretion in the urine, which could be explained by the reduced ability to remove this oxidative lesion from the genome [28]. Another study showed that PER1 (Period Circadian Regulator 1), a key component of the core circadian clock, physically interacts with the ataxia telangiectasia-mutated (ATM) protein, which is crucial for detecting and initiating the cellular response to DNA double-strand breaks (DSBs). The same study showed that ATM also interacts with CHEK2 (checkpoint kinase 2), which mediates the cell cycle response to DNA damage. Additionally, PER1 sensitizes cells to ionizing radiation-induced apoptosis, suggesting a directly protective role of circadian clock proteins against carcinogenic transformation [29]. Underscoring the possibility of a role for the circadian clock in the cellular response to DNA DSBs, a different core clock protein, TIM (timeless circadian regulator), was shown to interact with the DNA damage-sensing proteins ATR (ATR serine/threonine kinase) and ATRIP (ATR-interacting protein), and with the cell cycle regulator CHEK1(checkpoint kinase 1). Furthermore, the interactions between TIM, ATRIP, and CHEK1 were enhanced by hydroxyurea-induced DNA damage [30].



A connection between the circadian clock and the cellular response to DSBs is especially salient because DSBs are a particularly genotoxic lesion. Since both strands are compromised, the potential for mutation is high. Genetic disorders that impair the ability to detect or repair DSBs are typically cancer prone syndromes (reviewed in [31]). DSBs can be repaired by a number of different pathways with varying degrees of fidelity (reviewed in [32]). The outcome of homologous recombination repair (HRR) depends on choice of template. HRR templated from an intact sister chromatid during late S or G2 can restore the original sequence, whereas HRR from the homolog in a heterozygous individual will result in the loss of heterozygosity (gene conversion). DSBs flanked by repeated sequences may be repaired by annealing of the complementary sequences with loss of the intervening region, in a process called single-strand annealing (SSA) (reviewed in [33]). Non-homologous end-joining (NHEJ) DSB repair rejoins the ends directly, without consulting homologous sequence external to the break. In the case of a simple break with chemically undamaged DNA ends, the outcome of NHEJ may be a reconstitution of the original sequence. However, sequence changes at the repair site are common (reviewed in [34]).



Repair pathway choice depends on a number of factors, including capacity to detect the break and cell cycle phase [35]. Evidence that the circadian clock machinery interacts with key proteins in both of these processes suggests the possibility that circadian rhythm disruption could influence DSB repair pathway choice, potentially leading to an increase in mutagenic repair. This would constitute a mechanistic link between circadian rhythm disruption and tumor initiation.



To test the hypothesis that circadian rhythm disruption can alter DNA DSB repair pathway choice, we used the Repair Reporter 3 (Rr3) system [36] to examine the relative use of SSA and NHEJ repair of a complementary ended chromosomal DSB in fruit flies kept on a conventional 12:12 light:dark (L:D) schedule, and flies kept on an 8:8 L:D schedule. The Rr3 system allows rapid visual identification of the DSB repair mechanism usage via expression of the fluorescent DsRed protein. The Rr3 construct contains a DsRed gene that is interrupted by a 147 bp repeat flanking a cut site for the I-SceI endonuclease. Repair of the endonuclease-induced break by SSA activates DsRed expression, and repair by NHEJ does not. Therefore, the repair mechanism can be identified by a simple visual screen. Flies containing both Rr3 and an I-SceI expression construct are generated by appropriate crosses. Breakage and repair events take place in the male pre-meiotic germline, and are recovered by appropriate crosses to be scored in the next generation.



We found that the 8:8 L:D schedule effectively abrogated normal activity rhythms. No difference was seen in the relative use of SSA and NHEJ between flies kept on the 12:12 and 8:8 schedules. We conclude that in the Rr3 system, the choice of NHEJ versus SSA repair is not affected by this method of circadian rhythm disruption.




2. Materials and Methods


Fly stocks and husbandry. w1118 flies were the kind gift of F. Rob Jackson (Tufts University). Rr3 and P{UIE} flies [36] were the kind gift of Osamu Suyari (University of Oxford). Flies were fed Bloomington formula cornmeal-agar medium (Genessee Scientific, San Diego, CA) prepared according to the manufacturer’s instructions with propionic acid. Flies were maintained on 12:12 or 8:8 light:dark (L:D) schedules at 25 °C in programmable incubators (Percival Scientific, Perry, IA) and handled under light carbon dioxide or ether anesthesia. Full genotypes of all flies are provided in Table 1.



Activity monitoring. Time courses of locomotor activity were recorded using the Drosophila Activity Monitor (DAM) system (Trikinetics, Waltham MA) [37]. DAM5M monitors were used in all experiments. Recently eclosed male flies were individually loaded into food-containing activity tubes under light anesthesia and allowed to recover for at least 24 h before recording data for analysis. Activity was recorded as total beam crossings per five-minute bin, using Trikinetics DAM System 3 software. Data files were validated using DAM File Scan software and exported as CSV files. Data were analyzed with the ShinyR-DAM v3.1 software package [38], using the publicly available web interface at https://karolcichewicz.shinyapps.io/shinyr-dam/ (accessed on 8 January 2022). Circadian period length was analyzed by the Chi-square periodogram [39] implementation of ShinyR-DAM. Significance threshold indicated by the diagonal line in periodograms should be interpreted with caution, as fewer than 10 days of data were analyzed in each case.



RT-qPCR. P{UIE} flies (2–3 per sample) were collected under light ether anesthesia, immediately ground in Trizol LS reagent (Thermo Fisher Scientific, Waltham, MA, USA) and stored at −80°. RNA was extracted with chloroform and further purified with the RNA Clean and Concentrator–5 kit (Zymo Research, Irvine, CA, USA) with on-column DNase I digestion carried out according to the manufacturer’s instructions. 100 ng of RNA was used for reverse transcription with the iScript Advanced cDNA kit (BioRad, Hercules, CA, USA). qPCR was carried out according to standard methods in a BioRad CFX96 Touch 1000 thermocycler using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad), according to the manufacturer’s instructions with 0.5 µL of cDNA per reaction. Primers used to amplify the period gene were Per-F (5′–CAGCTGCAGCAACAGCCAGTCG–3′) and Per-R (5′–GGCCTGCGTCGAGGGCTTGC–3′). The ribosomal gene RpL32 was used as a constant expression control, with the primers RpL32-F (5′–GCCCAAGATCGTGAAGAAGC–3′) and RpL32-R (5′–CGACGCACTCTGTTGTCG–3′). Relative expression was calculated using the double delta Cq method [40], using the average Cq of t = 0 samples as the untreated reference.



The Rr3 construct. The Rr3 DSB repair reporter construct [36] consists of a DsRed gene that has been rendered nonfunctional by insertion of the 13 bp recognition site for the I-SceI endonuclease, flanked by a 147 bp repeat. The Rr3 construct additionally contains a functional copy of the white gene, which allows the presence of the Rr3 construct to be identified in the white mutant background via examination of eye color. When the Rr3 construct is cut by I-SceI, the resulting complementary ended DSB can be repaired by SSA, NHEJ, or HRR. SSA repair using the 147 bp repeat restores DsRed gene expression. Accurate NHEJ restores the original sequence, which can be cut again. Inaccurate NHEJ that alters the sequence of the I-SceI site prevents further DSB induction without restoring DsRed expression. HRR from an intact sister chromatid reconstitutes the original sequence, which can be cut again, and HRR from the homolog results in gene conversion and complete loss of the Rr3 site. All experiments used an Rr3 construct integrated into chromosome 2 at 48C. Full details of the construction of Rr3 are given in [36].



Induction of double-strand breaks and quantitation of repair events. When male flies harboring an Rr3 construct are crossed to female flies expressing the I-SceI endonuclease under a constitutive ubiquitin promoter (Figure 1, P0 cross), F1 progeny undergo repeated cycles of DSB induction and repair in all cells. The timing of DSB induction depends on whether endonuclease is provided by maternal effect only, or by both maternal effect and zygotic expression of I-SceI. The chromosome containing the I-SceI expression construct contains a dominant mutant allele of the gene Stubble (Sb; Table 1), allowing flies harboring the I-SceI expression construct to be identified via examination of bristle length. In F1 progeny that inherit both the Rr3 and an I-SceI gene, DSB induction and repair cycles begin at the commencement of embryonic development, due to maternal effect nuclease, and continue until a repair event mutates or deletes the I-SceI site (Figure 1, F1 generation, genotype 4). In F1 progeny that inherit only the Rr3, DSB induction is due solely to maternal effect endonuclease in the egg, and continues until an inaccurate repair event takes place or maternal effect protein is exhausted (Figure 1, F1 generation, genotype 5). Relative usage of different DSB repair mechanisms in the F1 generation male pre-meiotic germline is quantitated by recovering individual repair events via appropriate crosses, and scoring F2 individuals for DsRed expression.



For F1 germlines that have been exposed to both maternal effect and zygotically expressed endonuclease (Figure 1, genotype 4), germline repair events are recovered and counted via crossing to virgin w1118 females. Germline SSA events are quantitated as the percentage of progeny that express DsRed out of those that did not inherit an I-SceI gene (Figure 1, genotype 6). DsRed-expressing F2 flies that inherited both Rr3 and an I-SceI gene (Figure 1, genotype 7) are not considered when calculating SSA, because they may express DsRed due either to germline SSA or somatic SSA during the development of a fly that inherited an intact Rr3 construct. Germline NHEJ is quantitated as the percentage of non DsRed-expressing F2 progeny out of those that inherited both an Rr3 and an I-SceI gene (Figure 1, genotype 7). Flies that inherited both will express DsRed, either from a germline SSA event or somatic SSA of an inherited intact construct, unless a germline inaccurate NHEJ event has prevented further DSB induction.



For F1 germlines that have been exposed to maternal effect endonuclease only (Figure 1, genotype 5), the logic underlying scoring repair events is the same, but SSA and NHEJ are scored using separate crosses to avoid exposing F1 events that resulted in accurate repair to an additional round of endonuclease-induced cutting during F2 embryonic development when scoring SSA repair. SSA events are recovered and identified in the F2 generation via crosses to w1118 females, as described above (Figure 1, genotype 6). NHEJ events are recovered in the F2 generation via crossing to I-SceI-expressing females, and scored as described above (Figure 1, genotype 8).



F2 offspring were scored for DsRed expression using a Nikon SMZ 1500 fluorescence microscope with a DsRed filter. Vials that produced fewer than 20 F2 progeny were excluded from analysis. Data were graphed and statistical analyses carried out in Excel and Prism software.




3. Results


3.1. A Non-24 H Light:Dark Schedule Disrupts Activity Rhythms


Under 12:12 L:D conditions, flies typically show 24-h rhythmicity in locomotor activity, with bimodal daily peaks at lights on and lights off (reviewed in [41]). To ensure that the simulated shift work schedule (8:8 L:D) disrupted the daily rhythms, we used the Trikinetics Drosophila Activity Monitor (DAM) system to compare locomotor rhythms of flies under 12:12 and 8:8 L:D (Figure 2). Under 12:12 L:D conditions, w1118 flies showed the expected bimodal activity peaks (Figure 2A). Chi-square periodogram analysis [39] of activity data from the 12:12 L:D days showed a major peak at 24 h, consistent with expected rhythmicity under 12:12 L:D conditions. (Figure 2B). When the lighting schedule was shifted to 8:8 L:D, the bimodal peak pattern was degraded (Figure 2A) and the periodogram showed no clear single peak (Figure 2C), consistent with a substantial reduction in rhythmicity under 8:8 L:D conditions. Similar results were obtained with p{UIE} flies (Figure S1).



To assess the function of the circadian clock on the molecular level under 12:12 and 8:8 L:D conditions, we carried out an RT-qPCR expression time course of the period gene, a key component of the negative feedback limb of the Drosophila circadian clock [42]. Results are shown in Figure S2. Under 12:12 conditions, period expression in P{UIE} flies showed the expected daily oscillations, albiet with a 4 h phase shift from the expected expression peak and nadir. In contrast, period expression in flies kept under 8:8 conditions did not show clear rhythmicity, and exhibited substantial inter-sample variability, suggesting that the 8:8 L:D schedule does disrupt the circadian clock at the molecular level.




3.2. 8:8 L:D Does Not Alter Relative Usage of NHEJ and SSA When Endonuclease Is Supplied by Maternal Effect Only


We wished to examine the effect of long-term circadian rhythm disruption on DNA double-strand break repair. However, in the Rr3 system with endonuclease expression controlled by a constitutive promoter, a substantial proportion of repair events occur early in the life cycle, before the effects of sustained circadian rhythm disruption can accumulate. To circumvent this technical limitation, we examined repair events mediated by maternal effect endonuclease in embryos produced by female flies that had been raised under either 12:12 or 8:8 conditions. We reasoned that before the onset of zygotic transcription, the repair capacity of the embryo would reflect that of the female parent.



DsRed-expressing and -non-expressing flies were readily distinguished (Figure 3). Results for percent NHEJ and SSA repair after maternal effect DSB induction are shown in Figure 4. NHEJ repair was relatively uncommon under both conditions, with a small number of germlines under both conditions showing “jackpot effects”, due to an NHEJ event early in embryogenesis. No significant difference in NHEJ repair was seen. Use of SSA repair showed a modest decrease under 8:8 conditions, but the difference did not reach statistical significance.




3.3. 8:8 L:D Does Not Alter Relative Usage of NHEJ and SSA When Endonuclease Is Supplied by Maternal Effect and Zygotic Expression


The Drosophila circadian clock begins to function during embryogenesis and can respond to light inputs during development [43]. Therefore, we reasoned that non-24 h light:dark cycles during development could, in principle, have an effect on DSB repair during this time. To examine this, we quantitated the relative use of SSA and NHEJ in flies exposed to a combination of maternal effect and zygotically expressed endonuclease. The results are shown in Figure 5. A modest decrease in use of SSA repair was seen in 8:8 relative to 12:12 L:D flies, but this difference did not reach statistical significance.





4. Discussion


Human studies have produced conflicting results regarding whether long-term shift work should be considered a carcinogen. Resolution of this uncertainty will require elucidation of any mechanistic links between long-term shift work and initiation or promotion of tumorigenesis. Although potential links between circadian rhythm disruption and tumor promotion have been investigated in some detail, little previous work has directly examined the possibility of a link between circadian rhythm disruption and tumor initiation via increased usage of mutagenic DNA double-strand break repair.



Previously published studies support the notion that susceptibility to DNA damage is time-of-day-dependent, and this dependence requires a functional circadian clock. For example, Plikus et al. [44] showed in mice that the genotoxic effect of ionizing radiation on hair matrix cells varies with time of day, and that this effect is abolished in mice homozygous for a loss of function mutation in a core circadian clock gene. This effect was further linked to an interplay between the circadian clock and the G2/M checkpoint. Conversely, it has been shown that loss of function mutations in circadian clock components can enhance hyperproliferative phenotypes, pointing to a dysregulation of cell cycle control (reviewed in [45]). Since DSB repair pathway choice depends heavily on the cell cycle phase [32], it therefore stands to reason that cell cycle phase disruption consequent to circadian rhythm disruption could impact DNA double-strand break repair pathway choice. However, to our knowledge, no previous studies have directly asked whether loss or disruption of circadian rhythms can affect DSB repair pathway choice.



To investigate the possibility that circadian rhythm disruption could affect DNA double-strand break repair pathway choice, we compared relative usage of SSA and NHEJ in repairing a complementary ended DNA double-strand break between flies maintained on a conventional 12:12 light:dark schedule and a schedule designed to simulate rotating 8-hour shifts. Surprisingly, we observed no difference in usage of NHEJ repair between these conditions.



Further investigation will be required to determine whether the results from this study can be generalized to other break and cell types. DSB repair pathway choice is strongly dependent on the sequence surrounding and structure of the break [32]. The location of the break in euchromatin versus heterochromatin also plays a role in repair pathway choice (reviewed in [46]) The Rr3 construct is designed to promote SSA repair, but not all breaks will have the necessary flanking repeats to carry out SSA. Additionally, it is possible that circadian rhythm disruption could increase NHEJ at the expense of a different pathway, such as HRR. Further studies with the Rr3 construct will investigate the effect of circadian rhythm disruption on HRR from the homologous chromosome. Ultimately, to definitively answer the question of whether circadian rhythm disruption impacts DSB repair pathway choice, it will be necessary to examine a variety of breaks in different sequence and chromatin contexts.



One additional consideration for interpreting results in the Rr3 system is a possible effect of the mutant alleles used as visible genetic markers. In particular, the P{UIE} flies are homozygous for a mutant allele of the ebony gene, which has been shown to be involved in circadian locomotor output [47]. We do not consider it likely that this will have an effect on DNA repair, as ebony mutant flies have been shown to have normal circadian clock function [47]. However, this consideration underscores the need for investigation of the interaction of the circadian clock with DNA damage repair in multiple different experimental systems.



It is also possible that the cells comprising the embryonic or mature male pre-meiotic germline are not vulnerable to the deleterious effects of circadian rhythm disruption. We do note that core circadian clock genes are expressed in the Drosophila testis, and mutations in core clock genes impair male fertility [48]. Similarly, the core clock gene Period is expressed in the female Drosophila ovary [49], although it has been argued to serve a function in developmental, rather than circadian, timekeeping [50]. Alternatively, even if the 8:8 L:D schedule does not disrupt core circadian clock protein function in the germline directly, circadian rhythm disruption could potentiate organism-level redox imbalance (reviewed in [51]), which could dysregulate signaling pathways mediated by ATM (reviewed in [52]). Thus, although this study does not support a role for circadian clock function in influencing DSB repair pathway choice, it also does not rule out the possibility of such a link. Further research will be necessary to extend these findings to other damage types, DSB repair pathways, and break structures.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/genes13010150/s1, Figure S1, Activity data for P{UIE} flies; Figure S2, RT-qPCR of the period gene; Table S1: Activity data for Figure 1, Table S2: Activity data for Figure S1; Table S3, RT-qPCR enrichment data; Table S4, Tabulation of repair type percentage by individual.





Author Contributions


Conceptualization, A.M.Y.; methodology, A.M.Y.; validation, L.B., C.F., H.M. and A.M.Y.; investigation, L.B., C.F., T.K., H.M. and A.M.Y.; resources, A.M.Y.; data curation, A.M.Y.; writing—original draft preparation, A.M.Y.; writing—review and editing, L.B., C.F., T.K., H.M. and A.M.Y.; visualization, A.M.Y.; supervision, A.M.Y.; project administration, A.M.Y.; funding acquisition, A.M.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding. The research was supported by startup funds from the University of Wisconsin-La Crosse College of Science and Health to A.M.Y. and a University of Wisconsin-La Crosse Faculty Research Grant to A.M.Y.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data files used to generate the figures in the main text are available as supplementary information.




Acknowledgments


The authors thank F. Rob Jackson and Osamu Suyari for the generous gift of fly stocks. We also thank four anonymous reviewers whose helpful feedback greatly strengthened the manuscript.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




Abbreviations




	DSB
	DNA double-strand break



	HRR
	homologous recombination repair



	NHEJ
	non-homologous end joining



	Rr3
	Repair Reporter 3



	SSA
	single strand annealing







References


	



Stevens, R.G.; Hansen, J.; Costa, G.; Haus, E.; Kauppinen, T.; Aronson, K.J.; Castano-Vinyals, G.; Davis, S.; Frings-Dresen, M.H.W.; Fritschi, L.; et al. Considerations of Circadian Impact for Defining “shift Work” in Cancer Studies: IARC Working Group Report. Occup. Environ. Med. 2011, 68, 154–162. [Google Scholar] [CrossRef] [PubMed]

	



Wegrzyn, L.R.; Tamimi, R.M.; Rosner, B.A.; Brown, S.B.; Stevens, R.G.; Eliassen, A.H.; Laden, F.; Willett, W.C.; Hankinson, S.E.; Schernhammer, E.S. Rotating Night-Shift Work and the Risk of Breast Cancer in the Nurses’ Health Studies. Am. J. Epidemiol. 2017, 186, 532–540. [Google Scholar] [CrossRef] [PubMed]

	



Hansen, J. Night Shift Work and Risk of Breast Cancer. Curr. Environ. Health Rep. 2017, 4, 325–339. [Google Scholar] [CrossRef]

	



Gehlert, S.; Clanton, M.; on behalf of the Shift Work and Breast Cancer Strategic Advisory. Group Shift Work and Breast Cancer. Int. J. Environ. Res. Public Health 2020, 17, 9544. [Google Scholar] [CrossRef]

	



Wendeu-Foyet, M.G.; Bayon, V.; Cénée, S.; Trétarre, B.; Rébillard, X.; Cancel-Tassin, G.; Cussenot, O.; Lamy, P.-J.; Faraut, B.; Ben Khedher, S.; et al. Night Work and Prostate Cancer Risk: Results from the EPICAP Study. Occup. Environ. Med. 2018, 75, 573–581. [Google Scholar] [CrossRef] [PubMed]

	



Papantoniou, K.; Castaño-Vinyals, G.; Espinosa, A.; Turner, M.C.; Alonso-Aguado, M.H.; Martin, V.; Aragonés, N.; Pérez-Gómez, B.; Pozo, B.M.; Gómez-Acebo, I.; et al. Shift Work and Colorectal Cancer Risk in the MCC-Spain Case–Control Study. Scand. J. Work Environ. Health 2017, 43, 250–259. [Google Scholar] [CrossRef]

	



Travis, R.C.; Balkwill, A.; Fensom, G.K.; Appleby, P.N.; Reeves, G.K.; Wang, X.-S.; Roddam, A.W.; Gathani, T.; Peto, R.; Green, J.; et al. Night Shift Work and Breast Cancer Incidence: Three Prospective Studies and Meta-Analysis of Published Studies. JNCI J. Natl. Cancer Inst. 2016, 108, djw169. [Google Scholar] [CrossRef]

	



Barul, C.; Richard, H.; Parent, M.-E. Night-Shift Work and Risk of Prostate Cancer: Results from a Canadian Case-Control Study, the Prostate Cancer and Environment Study. Am. J. Epidemiol. 2019, 188, 1801–1811. [Google Scholar] [CrossRef]

	



Boivin, D.B.; Boudreau, P. Impacts of Shift Work on Sleep and Circadian Rhythms. Pathol. Biol. 2014, 62, 292–301. [Google Scholar] [CrossRef]

	



Nea, F.M.; Kearney, J.; Livingstone, M.B.E.; Pourshahidi, L.K.; Corish, C.A. Dietary and Lifestyle Habits and the Associated Health Risks in Shift Workers. Nutr. Res. Rev. 2015, 28, 143–166. [Google Scholar] [CrossRef]

	



Reid, K.J.; Abbott, S.M. Jet Lag and Shift Work Disorder. Sleep Med. Clin. 2015, 10, 523–535. [Google Scholar] [CrossRef] [PubMed]

	



Papagiannakopoulos, T.; Bauer, M.R.; Davidson, S.M.; Heimann, M.; Subbaraj, L.; Bhutkar, A.; Bartlebaugh, J.; Vander Heiden, M.G.; Jacks, T. Circadian Rhythm Disruption Promotes Lung Tumorigenesis. Cell Metab. 2016, 24, 324–331. [Google Scholar] [CrossRef] [PubMed]

	



Wright, K.P.; Drake, A.L.; Frey, D.J.; Fleshner, M.; Desouza, C.A.; Gronfier, C.; Czeisler, C.A. Influence of Sleep Deprivation and Circadian Misalignment on Cortisol, Inflammatory Markers, and Cytokine Balance. Brain Behav. Immun. 2015, 47, 24–34. [Google Scholar] [CrossRef] [PubMed]

	



Leproult, R.; Holmbäck, U.; Van Cauter, E. Circadian Misalignment Augments Markers of Insulin Resistance and Inflammation, Independently of Sleep Loss. Diabetes 2014, 63, 1860–1869. [Google Scholar] [CrossRef]

	



Chaix, A.; Zarrinpar, A.; Panda, S. The Circadian Coordination of Cell Biology. J. Cell Biol. 2016, 215, 15–25. [Google Scholar] [CrossRef]

	



Uth, K.; Sleigh, R. Deregulation of the Circadian Clock Constitutes a Significant Factor in Tumorigenesis: A Clockwork Cancer. Part II. In Vivo Studies. Biotechnol. Biotechnol. Equip. 2014, 28, 379–386. [Google Scholar] [CrossRef]

	



Brum, M.C.B.; Filho, F.F.D.; Schnorr, C.C.; Bottega, G.B.; Rodrigues, T.C. Shift Work and Its Association with Metabolic Disorders. Diabetol. Metab. Syndr. 2015, 7, 45. [Google Scholar] [CrossRef]

	



Lee, G.-J.; Kim, K.; Kim, S.; Kim, J.-H.; Suh, C.; Son, B.-C.; Lee, C.-K.; Choi, J. Effects of Shift Work on Abdominal Obesity among 20–39-Year-Old Female Nurses: A 5-Year Retrospective Longitudinal Study. Ann. Occup. Environ. Med. 2016, 28, 69. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Q.; Shi, J.; Duan, P.; Liu, B.; Li, T.; Wang, C.; Li, H.; Yang, T.; Gan, Y.; Wang, X.; et al. Is Shift Work Associated with a Higher Risk of Overweight or Obesity? A Systematic Review of Observational Studies with Meta-Analysis. Int. J. Epidemiol. 2018, 47, dyy079. [Google Scholar] [CrossRef]

	



Sun, M.; Feng, W.; Wang, F.; Li, P.; Li, Z.; Li, M.; Tse, G.; Vlaanderen, J.; Vermeulen, R.; Tse, L.A. Meta-Analysis on Shift Work and Risks of Specific Obesity Types: Shift Work and Specific Obesity Types. Obes. Rev. 2018, 19, 28–40. [Google Scholar] [CrossRef]

	



Lu, Y.-C.; Wang, C.-P.; Yu, T.-H.; Tsai, I.-T.; Hung, W.-C.; Lu, I.-C.; Hsu, C.-C.; Tang, W.-H.; Houng, J.-Y.; Chung, F.-M.; et al. Shift Work Is Associated with Metabolic Syndrome in Male Steel Workers-the Role of Resistin and WBC Count-Related Metabolic Derangements. Diabetol. Metab. Syndr. 2017, 9, 83. [Google Scholar] [CrossRef]

	



Scheer, F.A.J.L.; Hilton, M.F.; Mantzoros, C.S.; Shea, S.A. Adverse Metabolic and Cardiovascular Consequences of Circadian Misalignment. Proc. Natl. Acad. Sci. USA 2009, 106, 4453–4458. [Google Scholar] [CrossRef]

	



Salgado-Delgado, R.C.; Saderi, N.; Basualdo, M.d.C.; Guerrero-Vargas, N.N.; Escobar, C.; Buijs, R.M. Shift Work or Food Intake during the Rest Phase Promotes Metabolic Disruption and Desynchrony of Liver Genes in Male Rats. PLoS ONE 2013, 8, e60052. [Google Scholar] [CrossRef]

	



Wefers, J.; van Moorsel, D.; Hansen, J.; Connell, N.J.; Havekes, B.; Hoeks, J.; van Marken Lichtenbelt, W.D.; Duez, H.; Phielix, E.; Kalsbeek, A.; et al. Circadian Misalignment Induces Fatty Acid Metabolism Gene Profiles and Compromises Insulin Sensitivity in Human Skeletal Muscle. Proc. Natl. Acad. Sci. USA 2018, 115, 7789–7794. [Google Scholar] [CrossRef] [PubMed]

	



Roskoden, F.C.; Krüger, J.; Vogt, L.J.; Gärtner, S.; Hannich, H.J.; Steveling, A.; Lerch, M.M.; Aghdassi, A.A. Physical Activity, Energy Expenditure, Nutritional Habits, Quality of Sleep and Stress Levels in Shift-Working Health Care Personnel. PLoS ONE 2017, 12, e0169983. [Google Scholar] [CrossRef] [PubMed]

	



Morikawa, Y.; Nakamura, K.; Sakurai, M.; Nagasawa, S.-Y.; Ishizaki, M.; Nakashima, M.; Kido, T.; Naruse, Y.; Nakagawa, H. The Effect of Age on the Relationships between Work-Related Factors and Heavy Drinking. J. Occup. Health 2014, 56, 141–149. [Google Scholar] [CrossRef] [PubMed]

	



Basu, A. DNA Damage, Mutagenesis and Cancer. Int. J. Mol. Sci. 2018, 19, 970. [Google Scholar] [CrossRef] [PubMed]

	



Bhatti, P.; Mirick, D.K.; Randolph, T.W.; Gong, J.; Buchanan, D.T.; Zhang, J.; Davis, S. Oxidative DNA Damage during Night Shift Work. Occup. Environ. Med. 2017, 74, 680–683. [Google Scholar] [CrossRef] [PubMed]

	



Gery, S.; Komatsu, N.; Baldjyan, L.; Yu, A.; Koo, D.; Koeffler, H.P. The Circadian Gene Per1 Plays an Important Role in Cell Growth and DNA Damage Control in Human Cancer Cells. Mol. Cell 2006, 22, 375–382. [Google Scholar] [CrossRef]

	



Ünsal-Kaçmaz, K.; Mullen, T.E.; Kaufmann, W.K.; Sancar, A. Coupling of Human Circadian and Cell Cycles by the Timeless Protein. Mol. Cell. Biol. 2005, 25, 3109–3116. [Google Scholar] [CrossRef]

	



Terabayashi, T.; Hanada, K. Genome Instability Syndromes Caused by Impaired DNA Repair and Aberrant DNA Damage Responses. Cell Biol. Toxicol. 2018, 34, 337–350. [Google Scholar] [CrossRef] [PubMed]

	



Scully, R.; Panday, A.; Elango, R.; Willis, N.A. DNA Double-Strand Break Repair-Pathway Choice in Somatic Mammalian Cells. Nat. Rev. Mol. Cell Biol. 2019, 20, 698–714. [Google Scholar] [CrossRef] [PubMed]

	



Blasiak, J. Single-Strand Annealing in Cancer. Int. J. Mol. Sci. 2021, 22, 2167. [Google Scholar] [CrossRef] [PubMed]

	



Chang, H.H.Y.; Pannunzio, N.R.; Adachi, N.; Lieber, M.R. Non-Homologous DNA End Joining and Alternative Pathways to Double-Strand Break Repair. Nat. Rev. Mol. Cell Biol. 2017, 18, 495–506. [Google Scholar] [CrossRef] [PubMed]

	



Aparicio, T.; Baer, R.; Gautier, J. DNA Double-Strand Break Repair Pathway Choice and Cancer. DNA Repair 2014, 19, 169–175. [Google Scholar] [CrossRef]

	



Preston, C.R. Differential Usage of Alternative Pathways of Double-Strand Break Repair in Drosophila. Genetics 2005, 172, 1055–1068. [Google Scholar] [CrossRef]

	



Rosato, E.; Kyriacou, C.P. Analysis of Locomotor Activity Rhythms in Drosophila. Nat. Protoc. 2006, 1, 559–568. [Google Scholar] [CrossRef]

	



Cichewicz, K.; Hirsh, J. ShinyR-DAM: A Program Analyzing Drosophila Activity, Sleep and Circadian Rhythms. Commun. Biol. 2018, 1, 65. [Google Scholar] [CrossRef]

	



Refinetti, R.; Cornélissen, G.; Halberg, F. Procedures for Numerical Analysis of Circadian Rhythms. Biol. Rhythm Res. 2007, 38, 275–325. [Google Scholar] [CrossRef]

	



Schmittgen, T.D.; Livak, K.J. Analyzing Real-Time PCR Data by the Comparative CT Method. Nat. Protoc. 2008, 3, 1101–1108. [Google Scholar] [CrossRef]

	



Allada, R.; Chung, B.Y. Circadian Organization of Behavior and Physiology in Drosophila. Annu. Rev. Physiol. 2010, 72, 605–624. [Google Scholar] [CrossRef]

	



Franco, D.L.; Frenkel, L.; Ceriani, M.F. The Underlying Genetics of Drosophila Circadian Behaviors. Physiology 2018, 33, 50–62. [Google Scholar] [CrossRef]

	



Zhao, J.; Warman, G.R.; Stanewsky, R.; Cheeseman, J.F. Development of the Molecular Circadian Clock and Its Light Sensitivity in Drosophila Melanogaster. J. Biol. Rhythm. 2019, 34, 272–282. [Google Scholar] [CrossRef]

	



Plikus, M.V.; Vollmers, C.; de la Cruz, D.; Chaix, A.; Ramos, R.; Panda, S.; Chuong, C.-M. Local Circadian Clock Gates Cell Cycle Progression of Transient Amplifying Cells during Regenerative Hair Cycling. Proc. Natl. Acad. Sci. USA 2013, 110, E2106–E2115. [Google Scholar] [CrossRef]

	



Shostak, A. Circadian Clock, Cell Division, and Cancer: From Molecules to Organism. Int. J. Mol. Sci. 2017, 18, 873. [Google Scholar] [CrossRef] [PubMed]

	



Caron, P.; Pobega, E.; Polo, S.E. DNA Double-Strand Break Repair: All Roads Lead to HeterochROMAtin Marks. Front. Genet. 2021, 12, 730696. [Google Scholar] [CrossRef] [PubMed]

	



Suh, J.; Jackson, F.R. Drosophila Ebony Activity Is Required in Glia for the Circadian Regulation of Locomotor Activity. Neuron 2007, 55, 435–447. [Google Scholar] [CrossRef] [PubMed]

	



Beaver, L.M.; Gvakharia, B.O.; Vollintine, T.S.; Hege, D.M.; Stanewsky, R.; Giebultowicz, J.M. Loss of Circadian Clock Function Decreases Reproductive Fitness in Males of Drosophila Melanogaster. Proc. Natl. Acad. Sci. USA 2002, 99, 2134–2139. [Google Scholar] [CrossRef]

	



Beaver, L.M.; Rush, B.L.; Gvakharia, B.O.; Giebultowicz, J.M. Noncircadian Regulation and Function of Clock Genes Period and Timeless in Oogenesis of Drosophila Melanogaster. J. Biol. Rhythm. 2003, 18, 463–472. [Google Scholar] [CrossRef] [PubMed]

	



Kotwica, J.; Larson, M.K.; Bebas, P.; Giebultowicz, J.M. Developmental Profiles of PERIOD and DOUBLETIME in Drosophila Melanogaster Ovary. J. Insect Physiol. 2009, 55, 419–425. [Google Scholar] [CrossRef]

	



Milev, N.B.; Reddy, A.B. Circadian Redox Oscillations and Metabolism. Trends Endocrinol. Metab. 2015, 26, 430–437. [Google Scholar] [CrossRef] [PubMed]

	



Ditch, S.; Paull, T.T. The ATM Protein Kinase and Cellular Redox Signaling: Beyond the DNA Damage Response. Trends Biochem. Sci. 2012, 37, 15–22. [Google Scholar] [CrossRef] [PubMed]








[image: Genes 13 00150 g001 550] 





Figure 1. Multi-generational cross scheme used to assess the effect of non-24 h L:D schedule on relative use of SSA and NHEJ repair in the male pre-meiotic germline. Asterisk indicates an Rr3 construct that has been exposed to I-SceI endonuclease. Full genotypes of numbered flies are indicated in Table 1 below. 
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Figure 2. Actimetric analysis of male w1118 flies (n = 32) under 12:12 L:D and 8:8 L:D conditions. Error bars in all panels indicate standard error. (A) Flies show the expected rhythmic bimodal activity pattern under 12:12 L:D, which is degraded when the lighting schedule is shifted to 8:8 L:D. White and black bars above panel indicate periods of light and darkness. Vertical bars in panel indicate 24 h elapsed time. Activity was averaged in five-minute bins. (B) Chi-square periodogram for 12:12 L:D shows a clear major probability peak at 24 h, consistent with a 24 h period in activity rhythms. (C) Chi-square periodogram for 8:8 L:D shows no clear peak, consistent with reduced rhythmicity. The diagonal line in panels (B,C) indicating statistical significance cutoff should be interpreted with caution, as fewer than 10 days of data were analyzed. Activity data file is available as Table S2. 
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Figure 3. Example of DsRed-expressing (right) and -non-expressing (left) flies. The photograph was cropped to remove the microscope objective edges visible at the border of the image. 
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Figure 4. Relative usage of NHEJ and SSA DSB repair pathways with maternal effect endonuclease only in flies maintained under 12:12 versus 8:8 L:D. Each symbol represents the offspring of one independent male germline. Red bars and whiskers represent median and interquartile range. Medians were compared via Mann–Whitney test. (A) Relative use of inaccurate NHEJ showed no difference between flies maintained under 12:12 L:D (n = 39) and 8:8 L:D (n = 35) (p > 0.75). (B) Relative use of SSA showed no difference between flies maintained under 12:12 L:D (n = 21) and flies maintained under 8:8 L:D (n = 20) (p > 0.58). Data used to construct this figure are available in Table S4. 
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Figure 5. Relative usage of NHEJ and SSA DSB repair pathways with maternal effect and zygotic endonuclease in flies maintained under 12:12 versus 8:8 L:D. Each symbol represents the offspring of one independent male germline. Red bars and whiskers represent median and interquartile range. Medians were compared via Mann–Whitney test. (A) Relative use of inaccurate NHEJ showed no difference between flies maintained under 12:12 L:D (n = 54) and 8:8 L:D (n = 46) (p > 0.91). (B) Relative use of SSA showed no difference between flies maintained under 12:12 L:D (n = 54) and flies maintained under 8:8 L:D (n = 46) (p > 0.13). Data used to construct this figure are available in Table S4. 
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Table 1. Full genotypes of flies described in Figure 1. P{UIE} is an abbreviation for P{Ubiq::I-SceI}. Details of the construction of the Rr3 and P{UIE} constructs are given in [36].
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	Genotype





	1
	w; TM3 Sb P{UIE}72C/TM6 Ubx



	2
	w/Y; al wgSp−1 P{Rr3}48C L sp/CyO



	3
	w1118



	4
	w/Y; al wgSp−1 P{Rr3}48C L sp/+; TM3 Sb P{UIE}72C/+



	5
	w/Y; al wgSp−1 P{Rr3}48C L sp/+



	6
	w1118/Y; al wgSp−1 P{Rr3}48C L sp/+



	7
	w1118/Y; al wgSp−1 P{Rr3}48C L sp/+; TM3 Sb P{UIE}72C/+



	8
	w/Y; al wgSp−1P{Rr3}48C L sp/+; TM3 Sb P{UIE}72C/+
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