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ABSTRACT

Age-related loss of cellular function and increased cell death are characteristic hallmarks of
aging. While defects in gene expression and RNA metabolism have been linked with age-
associated human neuropathies, it is not clear how the changes that occur during aging
contribute to loss of gene expression homeostasis. R-loops are DNA-RNA hybrids that typically
form co-transcriptionally via annealing of the nascent RNA to the template DNA strand,
displacing the non-template DNA strand. Dysregulation of R-loop homeostasis has been
associated with both transcriptional impairment and genome instability. Importantly, a growing
body of evidence links R-loop accumulation with cellular dysfunction, increased cell death and
chronic disease onset. Here, we characterized the R-loop landscape in aging Drosophila
melanogaster photoreceptor neurons. Our data shows that transcribed genes in Drosophila
photoreceptor neurons accumulate R-loops during aging. Further, our data reveals an
association between age-related R-loop accumulation and decreased expression of long and
highly expressed genes. Lastly, we show that photoreceptor-specific depletion of Top3p, a
DNA/RNA topoisomerase associated with R-loop resolution, leads to both downregulation of of
long genes with neuronal function and decreased visual response in flies. Together, our studies
present novel data showing increased levels of R-loop in aging photoreceptor neurons,
highlighting the link between dysregulation of R-loop homeostasis, gene expression and visual

function.

KEYWORDS: Drosophila, eye, aging, R-loop, transcription, visual, photoreceptors, neurons.
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1 INTRODUCTION

Aging is a process characterized by a time-dependent decline in physiological homeostasis that
eventually leads to a loss of organismal function and increased incidence of death (Partridge &
Mangel, 1999). Characteristic functional changes include loss of gene and protein expression,
mitochondrial dysfunction, cellular senescence, and stem cell exhaustion (Lépez-Otin et al.,
2013a). Aging is also a major contributor to development of many chronic diseases including
ocular disease (Bonnel et al., 2003; Curcio, 2001; Gao & Hollyfield, 1992; Weale, 1998). Age-
related vision loss and maculopathy have been associated with decreased density of retinal
cells, including photoreceptors (Panda-Jonas et al., 1995). Specifically, the age-related decline
in photoreceptors affects predominantly rods rather than cones (Jackson et al., 2002). In
addition, emerging evidence links age-related neurological diseases, including retinal
neuropathies, to defects in gene expression and RNA metabolism (Parapuram et al., 2010).
Nonetheless, the molecular mechanisms that contribute to the age-associated susceptibility of

the eye to disease development are poorly understood.

R-loops are three-stranded nucleic acid structures consisting of an RNA-DNA hybrid and a
misplaced single-strand of DNA(Aguilera & Garcia-Muse, 2012). They typically form during
transcription in organisms ranging from yeast to humans (Aguilera & Gomez-Gonzalez, 2017)
and play a significant role in normal cellular physiology, being required for the initiation of
mitochondrial replication and class switch recombination (Mackay et al., 2020). Moreover,
recent studies suggest that R-loops can dynamically regulate gene expression (Niehrs & Luke,
2020). Due to their enrichment at gene termini, R-loops also modulate gene expression by
preventing DNA methylation or limiting transcription factor access to promoters and facilitating
efficient transcription termination at 3’-ends (Boque-Sastre et al., 2015; Skourti-Stathaki et al.,
2011, 2014). Moreover, some genomic loci are more susceptible to R-loop formation: for

example, R-loops correlate positively with increased transcription, gene length, and GC content
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(Chan et al., 2014; Ginno et al., 2012; Gomez-Gonzalez et al., 2011). Besides DNA sequence,
R-loop formation is also determined by DNA topology. Topoisomerases are highly conserved
enzymes that resolve topological stress during transcription and replication (McKinnon, 2016).
Importantly, recent studies have shown that topoisomerases are critical for proper neuronal
function (McKinnon, 2016). Topoisomerase 3B (Top3p) is a member of the type IA superfamily
of topoisomerases, which unwind negatively supercoiled DNA formed during transcription and
replication, an activity that prevents R-loop formation (Drolet, 2006; Drolet et al., 1994, 1995).
Loss of Top3p is associated with neurological disorders (Mackay et al., 2020) and has been

shown to reduce lifespan in mice (Kwan & Wang, 2001).

Although R-loops are normal biological structures, their persistent formation is a major source of
spontaneous DNA damage that can lead to transcriptional dysregulation and genome instability
(Aguilera & Garcia-Muse, 2012), two early hallmarks of aging (Lopez-Otin et al., 2013a).
However, our understanding of the link between formation of R-loops and their impact on gene
expression and cellular function during aging are quite limited. Due to high levels of transcription
and alternative splicing, retinal cells and particularly photoreceptor neurons may be highly
sensitive to RNA metabolism dysregulation (Fernandopulle et al., 2021). Drosophila compound
eyes contain approximately 800 units called ommatidia with each consisting of 20 cells,
including eight photoreceptor (PR) neurons (Carthew, 2007). The six outer PRs (R1-R6)
expressing Rhodopsin 1 (Rh1) are mainly responsible for black and white vision and motion,
and are similar to human rods. The inner PRs (R7 and R8) express Rh3/4 and Rh5/6,
respectively, are responsible for color vision (Hardie, 1985) and resemble human cones. To
characterize how aging impacts the genomic R-loop landscape in Drosophila photoreceptors,
we isolated genetically labeled outer PRs using our recently improved nuclei immuno-
enrichment (NIE) method (Jauregui-Lozano et al., 2021a) and performed MapR coupled with

next generation sequencing (Yan & Sarma, 2020a) to map the genomic location of R-loops.
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99 Here, we show that R-loop levels in photoreceptor neurons increase with age and that age-
100 associated changes in the R-loop landscape are highly dynamic. Further, we show that genes
101  enriched for genomic characteristic associated with R-loops, such as transcript levels and GC
102  content, decrease expression with age. Finally, we show that depletion of DNA/RNA
103  topoisomerase Top3p results in increased R-loop levels, reduced expression of long genes with
104  neuronal function and reduced visual response. Together, our data show that aging is
105 associated with increased levels of R-loops that correlate with decreased gene expression and

106  visual function in photoreceptor neurons.

107 2 RESULTS

108 2.1 Aging photoreceptor neurons show increased global levels of R-loops that correlate

109  with loss of function and precede age-associated retinal degeneration

110  To examine the global levels of R-loops in photoreceptor neurons, we tagged the outer nuclear
111  membrane of R1-R6 with GFP fused to the KASH domain of Msp300 protein using the Rh1-
112 Gal4 driver, then isolated outer PR nuclei from the head homogenate with our tissue-specific
113 (NIE method (Jauregui-Lozano et al., 2021b). Next, we aged flies over the course of 50 days
114  post-eclosion (emergence from the pupae), extracted genomic DNA from isolated PR nuclei at
115  three time points (Figure 1A). We then assessed the global R-loop signal with a DNA slot blot
116  assay using the S9.6 antibody, which recognizes RNA:DNA hybrids (Boguslawski et al., 1986).
117  Specificity of S9.6 antibody towards RNA-DNA hybrids was shown by pre-treatment of DNA with
118 ribonuclease H1 (RNase H1) that resulted in significant decrease of S9.6 signal (Figure 1B).
119  Signal quantification showed over 20% increase in R-loop levels in PRs isolated from middle-
120 aged, 30-day old flies (Rauser et al., 2005)(Rauser et al., 2005) as compared to that in young,
121  10-day old flies. This trend continued with a significant increase of nearly 80% in global R-loop
122 levels at day 50 (Figure 1B-C). These observations suggest that R-loops start accumulating

123 early during photoreceptor aging, at a time point where flies show decreased visual function
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124  (Hall et al., 2017). Importantly, using optical neutralization, which measures photoreceptor

125  structural integrity with light microscopy, we observed no retinal degeneration by middle age,
126  with a stochastic loss of rhabdomeres occurring after day 40 (Figure 1, Suppl. 1). Thus, our data
127  shows that process of R-loop accumulation during aging precedes age-related retinal

128  degeneration.
129 2.2 Mapping genome-wide distribution of R-loops in aging PR neurons

130 To determine the genomic landscape of R-loops in aging PRs, we coupled our NIE approach
131  with MapR, a recently published R-loop mapping strategy based on the specificity of RNase H1
132 enzyme to RNA:DNA hybrids, combined with the micrococcal nuclease (MNase)-based

133  CUT&RUN technology (Yan et al., 2019a). MapR uses a recombinant mutant form of MNase-
134  fused RNase H1, which binds but does not degrade the RNA moiety within an RNA-DNA hybrid
135  (ARH). Upon binding of the RNA-DNA hybrid by ARH-MNase, MNase activation by addition
136  Ca?' addition results in cleavage of surrounding DNA and a subsequent release of R-loop

137  associated DNA, which is used for library preparation coupled with high-throughput sequencing
138  (Figure 2A). Surprisingly, we found that coupling NIE-purified photoreceptor nuclei with the

139  standard MapR protocol (Yan & Sarma, 2020a) yielded signal over genic regions resembling
140  MNase-seq rather than R-loop specific enrichment. Our data showed MapR signal depletion
141 around the Transcription Start Site (TSS) of genic regions (Suppl. Figure 2A), suggesting that
142  our samples were being over-digested by MNase. We therefore modified the standard MapR
143  protocol based on the recently published CUT&RUN protocol, which incorporates high calcium-
144  low salt washing steps and decreased digestion time; both conditions have been shown to

145  improve data quality for other applications (Meers, 2019). To validate the quality of our modified
146  protocol, we compared our MapR data in Drosophila PRs to the original MapR data obtained in
147  human HEK293T cells (Yan et al., 2019a) (Suppl. Figure 2B) and found that metagene profiles

148  over the gene bodies showed similar R-loop distribution, with signal enrichment around the TSS
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149  and the Transcription Termination Site (TTS) (Suppl. Figure 2A). Furthermore, the MapR signal
150 was not detectable in control samples pre-treated with RNase H1 enzyme as shown by

151  metagene plot and heatmap ranking genes based on MapR signal (Suppl. Figure 2C). These
152  results were corroborated by genome browser analysis showing a significant MapR signal

153  reduction across selected genomic regions (Suppl. Figure 2D), thus validating the specificity
154  and high quality of our modified MapR method. As expected, the R-loop signal was greatly

155  reduced in non-expressed genes compared to expressed genes (Suppl. Figure 2E).

156  We performed MapR in aging PRs at day 10, 30 and 50 post-eclosion using three independent
157  biological replicates which generated at least 3.5x10” uniquely mapped fragments per sample
158 (Table 1). Spearman's correlation analysis based on read distribution over a 1000-bp binned
159  genome, revealed a strong positive association amongst the biological replicates (Spearman’s p
160 = 0.96). In contrast, when we compared the samples between the age time points, we observed
161  lower positive association between day 10 and day 50 (p = 0.93), suggesting that the R-loop
162 landscape changed during aging (Figure 2B). This result was also observed by Principal

163  Component Analysis (PCA) of the normalized R-loop distribution, which revealed that 53.8%
164  variance amongst the samples for all biological replicates was attributed to age (Figure 2C).

165  Notably, while samples clustered by age, the similarity between biological replicates decreased

166  with age, suggesting that aging is associated with increased heterogeneity in R-loop distribution.

167  Next, we performed peak calling using the Model-based Analysis for ChIP-Seq (MACS2)

168  algorithm (Y. Zhang et al., 2008). To account for the differences in the number of called peaks
169  dependent on number of mapped fragments (Suppl. Figure 2F), we down-sampled each bam
170 file to the same number of mapped fragments (3.5x106) and called the peaks. We found that
171  peak distribution was stably maintained during aging, with approximately 60% of peaks being
172 annotated to promoters (TSS + 2kb) and approximately 25% of peaks annotated to introns

173 (Figure 2D); this is consistent with previous reports of genome-wide distribution of R-loops
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174  (Aguilera & Gomez-Gonzalez, 2017). Further, evaluation of the Fraction of Reads in Peaks
175  (FRIP) score, which measures the quality of signal enrichment as defined by modENCODE
176  (Landtet al., 2012), revealed consisted FRIP scores (<0.37) for all samples (Figure 2E). Taken
177  together, we successfully applied the MapR method to photoreceptors isolated from the whole
178  organism to producehigh quality R-loop mapping data, showing that the genome-wide R-loop

179  landscape of the PR undergoes age-associated changes.

180 2.3 Age-associated changes in R-loop levels in PR neurons are highly dynamic

181  Since R-loops typically form co-transcriptionally, we next examined global and locus-specific
182  distribution of age-associated changes in R-loops across actively transcribed genes, defined as
183  having more than seven transcripts per million (TPM). First, we analyzed global R-loop signal
184  over gene bodies for actively expressed genes and compared the average signal across the
185  gene, as counts per million (CPM). As expected, R-loop signal was enriched mainly over TSS
186  and towards the 3’ ends of genes across all age time points (Figure 3A). However, the

187 landscape of R-loop distribution changed with age; while R-loop levels decreased over TSS,

188  they increased over gene bodies and 3’ ends of genes in old PR when compared to young PRs.

189  We next characterized the direction and temporal pattern of the altered R-loop landscape in

190  more detail, thus, obtaining a ratio of the CPM-normalized counts between day 30 and day 10
191 samples (Early aging) and day 50 and day 30 samples (Late aging) across all expressed genes.
192  Fold change data was then log transformed to center “no-change” signal around 0 (Figure 3B-
193  bottom). Metaplot analysis of R-loop fold change over gene bodies showed that there was a

194  substantial gain in R-loops at TSS across the expressed genes early in aging (Figure 3B-left).
195 However, the dynamics of R-loop distribution changed dramatically late in aging when we

196  observed decreased R-loop signal over TSS with concomitant R-loop gain over promoters and

197  across gene bodies (Figure 3B-right). Thus, our data suggest that R-loop homeostasis is
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198 regulated in spatiotemporal manner during aging, rather than in steady and progressive age-

199 dependent changes across the genome.

200 To further evaluate how R-loop genomic coverage changed with age, we asked whether the
201  age-associated increase in R-loops could be a consequence of broadening of the peaks.

202  Supporting this hypothesis, metaplots of CPM-normalized MapR signal aligned to peak center
203  between time points showed that overall, peaks increased width with age (Figure 3C). Next, we
204  quantified global R-loop coverage, as defined by the sum of peak width for each time point.

205  Notably, R-loop peaks covered approximately 18.7 megabases (Mb) of the genome at day 50,
206 compared to 18.1 Mb at day 10, showing a modest but significant increase in coverage during
207  aging (t-test, p<0.022) (Figure 3D). Supporting this data, violin plots depicting the peak width for
208  all peaks revealed a slight but consistent increase in peak width at day 30 and day 50 as

209 compared to that at day 10 (Suppl. Figure 3B). Given the 180 Mb total size of the Drosophila
210 genome (Adams, 2000), our data showed that in Drosophila photoreceptor neurons, R-loops
211 covered approximately 10% of the genome, which is similar to the genomic R-loop coverage
212 obtained from other organisms, including mammals (Manzo et al., 2018; Sanz et al., 20163;

213 Villarreal et al., 2020).

214  To identify age-regulated R-loop peaks, we quantified MACS2-called peaks and obtained

215  differential R-loop signal (DRS) using a csaw and EdgeR pipeline (Lun & Smyth, 2016;

216  Robinson et al., 2010). DRS analysis revealed that either in early or late aging, the number of
217  peaks that increased or decreased signal, as measured by fold change in CPM, was stably
218  maintained (p-adj<0.05, |[FC|>1. 2), with 13% and 18% of peaks with DRS in early and late
219  aging, respectively (Supp. Figure 3B), suggesting that the landscape of age-regulated R-loops
220  was heterogeneous. To further evaluate the genomic distribution of age-regulated R-loops, we
221  analyzed MapR peak occupancy changes during aging based on their distribution over genic

222 loci, specifically at the Promoter-TSS, 5" untranslated regions (UTR), exons, introns, 3’'UTR and
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223  TSS regions (Figure 3E-top). Early in aging, there was a gain in the number of R-loop peaks at
224 5 UTR, exons and TTS of genic regions. While introns showed a loss in the number of R-loop
225  peaks, there was no difference in the peak number over promoter-TSS and 3’ UTR regions

226  early in aging. In contrast, promoter-TSS and 5’ UTR regions lost R-loop peaks late in aging
227  with no significant difference in the number of peaks at TTS. Both, exons and introns showed
228  similar trends of R-loop peak gains and losses, respectively. Collectively, R-loop distributions
229  exhibited highly dynamic changes during aging across different regions of actively transcribed
230  genes, suggesting differential regulation of R-loop homeostasis associated with different stages

231 of transcription.

232 2.4 Age-related R-loop accumulation is associated with specific genomic features and

233  decreased expression of long and highly expressed genes

234  R-loop formation is typically associated with specific genic characteristics such as gene

235  expression level, torsional stress, and GC content (Allison & Wang, 2019; Chedin & Benham,
236  2020). To determine whether any of these features were associated with increased changes in
237  R-loops in aging PR neurons, we compared the fold change in R-loop signal around TSS (3
238 kb)) and TTS (3 kb) at day 50 relative to day 10, as previously described (see section 2.3).
239  Heatmap plots of photoreceptor-expressed genes ranked based on their fold change in the R-
240 loop signal showed that majority of the TSS-associated R-loops increased with age, while only
241  approximately 50% genes had an increase in R-loop signal around TTS. (Figure 4A). Notably,
242  genes with R-loop gains around the TSS had higher GC content than genes with R-loop losses
243 (Wilcoxon-test, p<2.2x107®), with no statistically significant enrichment for long or highly

244  expressed genes (Figure 4B). However, the genes with age-related R-loop gains around the
245  TTS were enriched for GC rich, long and highly expressed genes (Kruskal-Wallis, p<4.5x107,
246  p<4.5x10*, and p<2.1x10®, respectively) (Figure 4C). Taken together, these data show that

247  age-related R-loop formation is associated with specific genomic features and enriched at long
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248  and highly expressed genes. Since the photoreceptor-specific genes that decrease expression
249  with age are enriched for long and highly expressed genes (Hall, 2017), we next investigated if
250 age-related transcriptome changes had significant enrichment for genomic features associated
251  with R-loop hotspots. Transcriptome profiling of PRs isolated from flies at day 10 and 50
252  revealed that 1512 genes were age-regulated (16%), with 351 genes (23%) decreasing

253  expression and 1161 genes (76%) increasing expression (p-adj<0.05, [FC|>1.5) (Figure 4D).

254  Since persistent formation of R-loops can inhibit transcription (Belotserkovskii et al., 2010; Sanz
255 etal., 2016b), we next asked whether genes that changed expression during aging were

256  enriched for genomic characteristics associated with increased R-loop formation, such as GC
257  skew, gene length, and transcription levels. To do this, we generated Receiver Operating

258  Characteristic (ROC) curves to assess the ability of each individual genomic feature to identify
259  whether a gene would change expression with age. Notably, we found that genes that

260 decreased expression with age were enriched for long and highly expressed genes as shown by
261  area under the curve analysis (AUC=0.62 and 0.80, respectively) (Figure 4E). In contrast, genes
262  thatincreased expression with age did not show any specific genomic characteristics. Taken
263  together, these observations suggest that R-loop accumulation correlated with decreased

264  transcription of long and highly expressed genes in aging PRs, while there was no correlation

265  between the genes that increased expression and R-loop formation.

266 2.5 Loss of Drosophila Top3p leads to increase in R-loop levels

267  The neuronal transcriptome is enriched for long and highly expressed genes, that undergo high
268 level of torsional stress during transcription (King et al., 2013; Liu & Wang, 1987). To solve DNA
269  and RNA topological problems, cells use conserved topoisomerase enzymes that play a critical
270  role in a wide range of fundamental metabolic processes in the genome (Pommier et al., 2016;
271  Wang, 2002). Top3 is a highly conserved, dual-activity topoisomerase in animals that can

272 change the topology of both DNA and RNA (Xu et al., 2013). Top3[3 can unwind negatively
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273  supercoiled DNA that forms during transcription, an activity that prevents formation of R-loops
274  (Chedin & Benham, 2020). Loss of Top3p function is associated with increased R-loop levels in
275 mammalian cells (X. Yang et al., 2000; T. Zhang et al., 2020) and has been shown to reduce
276  lifespan in mice (Kwan & Wang, 2001). In addition, mutations in Top3p are linked to

277  neurological disorders, thus highlighting the critical role of Top3 in neuronal function (Joo et al.,
278  2020). To determine the role of Drosophila Top3p in regulation of R-loop homeostasis, we first
279  depleted Top3B with ubiquitous RNAI in larvae (tubP-Gal4>UAS-RNAI). Using DNA slot blot and
280 RNA-DNA-specific antibody S9.6, we detected a 10% increase in R-loop levels in Top3[3-

281  depleted samples as compared to a control expressing non-specific RNAi (Figure 5A). Pre-

282  treatment of DNA samples with RNase H1 led to a complete loss of the signal (Figure 5A),

283  showing the specificity of the signal for RNA-DNA hybrids. gRT-PCR analysis of Top33

284  transcript levels showed approximately 80% reduction in Top3B-depleted samples as compared
285  to a control, thus validating the efficiency of the knockdown (Figure. 5C). Taken together, these

286  data show the conserved role of Top3p in R-loop homeostasis in Drosophila.

287  Since loss of Top3p in Drosophila and mice leads to several neuronal phenotypes, such as

288  disruption of synapse formation and behavioral impairments, we were next interested to see if
289  depletion of Top3p specifically in PR neurons had any impact on visual function. Like most flying
290 insects, Drosophila move towards light, thus exhibiting positive phototaxis (Choe & Clandinin,
291  2005). Importantly, we and others showed that positive phototaxis declines with age in flies

292  (Carbone et al., 2016; Grotewiel et al., 2005; Hall et al., 2017; Simon et al., 2006). To assess
293  visual behavior, we depleted Top3p specifically in photoreceptors using Rh1-Gal4>UAS-RNAI
294  and performed phototaxis assays at days 10 and 30 post-eclosion. As expected, there was

295  approximately 15% decrease in positive phototaxis in the control flies between day 10 and day
296 30 (Wilcoxon test, p-value<0.037) (Figure 5D). Notably, while flies with PR-specific depletion of

297  Top3p showed no difference in the phototactic response at day 10, they showed approximately
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298 60% decrease in visual behavior at day 30 as compared to a control (Wilcoxon test, p-

299  value<0.47, and <0.015, respectively) (Figure 5D). Importantly, this decrease in visual behavior
300 was not due to the loss of PR neurons, as optical neutralization showed no retinal degeneration
301 in Rh1>siTop3p flies at day 30 post-eclosion (Figure 5E). Taken together, these data suggest
302 that Top3p is required for maintenance of proper visual function in aging Drosophila

303  photoreceptor neurons.

304 2.6 Top3p regulates expression of a subset of long genes associated with neuronal

305 function in photoreceptors

306  Given the role of Top3p in the resolution of torsional stress during transcription, we next

307 hypothesized that Top3p might be required to regulate the expression of genes with neuronal
308 function. To test this hypothesis, we analyzed the transcriptome of PR neurons depleted for

309 Top3B in Rh1-Gal4>UAS-RNAi; UAS-GFP**S" flies at day 30 using our NIE protocol. Differential
310 expression analysis using DESeq2 (Love et al., 2014), between Top3B-RNAi and control,

311  revealed that 1% of genes were regulated by Top3f3 (66 out 6500, p-adj<0.05, |FC|>1.4) (Figure
312  6A). Additionally, quantitative analysis of gene length based on whether a gene was age-

313  regulated revealed that genes with decreased expression in Top3p-depleted PRs were highly
314  enriched for long genes relative to genes that increased or did not change expression (Wilcoxon
315 test, p<1.2e*and <2.4x10°, respectively) (Figure 6B). Gene Ontology (GO) enrichment analysis
316  of these Top3B-dependent genes revealed that genes with decreased expression were highly
317  enriched for genes with neuronal functions, as shown by the gene concept network analysis

318  (Cnetplot) (Figure 6C). These genes included Tenascin major (Ten-m; FBgn0004449) and

319  Tenascin accessory (Ten-a; FBgn0267001), which form a transmembrane heterodimer involved
320 in synapsis regulation (Mosca et al., 2012; Sun & Xie, 2012), Tripartite motif containing 9

321  (Trim9; FBgn0051721), a E3 ubiquitin ligase involved in neurogenesis, axon guidance, and eye

322  development (Akin & Zipursky, 2016; Morikawa et al., 2011), and knockout (ko; FBgn0020294),
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323  a storkhead-box protein involved in axon guidance (Hartmann et al., 1997). Importantly, GO
324  term analysis of up-regulated genes did not lead to any significant biological category

325 enrichment, highlighting the role of Top3 in maintaining transcript levels of long genes.

326  Lastly, we sought to evaluate if Top3B-dependent genes were also mis-regulated during natural
327 aging in PR neurons. Gene length analysis of age-regulated genes revealed that genes with

328 decreased expression were longer relative to genes that increased or did not change

329 expression, between day 50 and 10 (Wilcoxon test, p<2.2x107'%) (Figure 6D), consistent with our
330 ROC analysis. Strikingly, genes that increased expression during aging were also slightly longer
331 in average than the genes that did not change expression, suggesting that photoreceptor

332  neurons might possess additional mechanisms that positively regulate the expression of a

333  subset of long genes independent of Top3p (Figure 6D). To further assess if Top33-dependent
334  genes that decreased expression with age were associated with neuronal function, we

335 compared the aging transcriptome (day 50 vs day 10) to Top3B-dependent genes. We identified
336  a significant number of long Top3B-dependent genes (length < 80 kB) with decreased

337  expression in aging PRs that are linked with neuronal function (Figure 6E). These include genes
338 such as eyeless, a transcription factor involved in retinal determination gene network (ey;

339  FBgn0005558) (Graw, 2017), fruitless, a transcription factor involved in neuronal circuits (fru;
340 FBgn0004652) (Yamamoto et al., 1998), Anion exchanger 2, an anion:anion antiporter (Ae2;

341 FBgn0036043) (Bosman et al., 1996, 1998), and Tenascin major(Ten-M; FBgn0004449) (DePew

342 etal., 2019).

343  Further, analysis of MapR fold change signal over gene bodies during aging for Top3-

344  dependent genes revealed that a subset of genes that are transcriptionally regulated by Top33
345 accumulated R-loops with age (Fig. 6F). In addition, detailed analysis of our recent proteomic
346  studies in the aging Drosophila eye (Hall et al., 2021) revealed a statistically significant 20%

347  decrease in Top3p protein levels during aging (Fig. 6G).
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348  Collectively, our data show that Top3p is required to maintain expression of a specific subset of
349  genes with neuronal function that tend to be very long and thus are most likely sensitive to loss
350 of topoisomerase activity due to high levels of torsional stress. This suggests that during aging,
351  proper levels of Top3p are required to maintain R-loop homeostasis and expression of genes

352  important for visual function.

353 3 DISCUSSION

354  R-loops have been shown to form in wide range of organisms, including humans (Gomez-

355  Gonzalez & Aguilera, 2019). While R-loops were previously considered to be mere byproducts
356  of transcription, it has been demonstrated that R-loops play a significant physiological role in
357  cellular biology. Notably, there is a growing body of evidence that links R-loop accumulation to
358 transcriptional imbalance and genomic instability, two main hallmarks of aging (Lopez-Otin et
359 al., 2013b). Furthermore, dysregulation of R-loop homeostasis has been linked to human

360 pathologies, including neurodegeneration (Groh & Gromak, 2014). Since age is the main risk
361 factor for many neurodegenerative diseases, our current study focused on characterizing the
362  changes in R-loop landscape induced during aging and evaluating the impact of R-loops on the

363  gene expression, specifically in Drosophila photoreceptor neurons.

364  Characterization of global R-loop levels in aging PRs showed that there was a significant

365 increase in R-loops by middle age, with an additional increase late in aging. To further evaluate
366 the R-loop distribution genome-wide, we optimized a recently published R-loop mapping

367  strategy, called MapR, coupled with high-throughput sequencing. Since this method involves
368 incubation of isolated nuclei/cells with a recombinant mutant form of RNaseH1 tethered with
369 MNase and thus does not require modification of the organismal genome, it is suitable for

370  studies in whole animals. Our data demonstrated that R-loops covered approximately 10% of
371  the Drosophila PR genome, which is similar to the reported genomic distribution of R-loops in

372 other organisms (Sanz et al., 2016b; Wahba et al., 2016). Moreover, as expected, R-loops were
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373  enriched over known genomic hot-spots such gene promoters and terminators (Niehrs & Luke,
374  2020). Our data further revealed that age-associated changes in R-loop occupancy were highly
375 complex and regulated in a spatiotemporal manner, exemplified by differential R-loop

376  distribution across the genome during early and late aging. Specifically, we found that some

377  regions within gene bodies were more prone to changes in R-loop occupancy than others. Even
378 by middle age, we observed significant gains in R-loop levels mainly over TSS of expressed

379 genes. In contrast, the R-loop landscape changed substantially late in aging, when we observed
380 most R-loop gains over the gene bodies and towards the TTS. R-loops are known to play a key
381 physiological role in transcription regulation due to their presence at promoters and terminators,
382  where they regulate transcription initiation and termination, respectively (Niehrs & Luke, 2020).
383  However, if R-loops are not removed efficiently, they can negatively impact transcription

384  (Belotserkovskii et al., 2010; Sanz et al., 2016b). Indeed, our transcriptome profiling reveals that
385 by middle age, flies show decreased expression of genes with neuronal function, inversely

386  correlating with increased levels of R-loops during aging. Furthermore, we found that while

387 exons showed an overall increase in R-loops with age, introns showed the opposite trend.

388 Because aging is associated with altered regulation of splicing (Stegeman et al., 2018) and

389  genes with a role in RNA processing including splicing decrease expression during aging (Hall
390 etal., 2017), imbalance in splicing regulation may result in disproportional gains of R-loops over

391 the exons of transcribed genes.

392  Detailed analysis of genomic features for genes that accumulated R-loops around either the
393 TSS orthe TTS revealed a bias for GC% rich genes. Recent systematic analysis of the aging
394  transcriptome of multiple organisms and cell types showed a positive correlation between
395 transcriptional downregulation and specific genomic features, such as gene length and GC

396  content (Stoeger et al., 2019). Thus, R-loop accumulation over specific genomic regions and
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397 their contribution to the regulation of the aging transcriptome might be conserved in other

398 organisms.

399  One of the major driving forces of R-loop accumulation is topological stress that arises from
400 under- and over-winding of the double helix during transcription and replication (McKinnon,

401  2016). Notably, long genes accumulate high topological stress during transcription and loss of
402  topoisomerase activity has been shown to preferentially inhibit expression of long genes (Joshi
403 et al.,, 2012; Keszthelyi et al., 2016). Since age-associated R-loop gains were particularly

404 localized at long and highly expressed genes, we sought to further explore the impact of

405  decreased topoisomerase activity on the maintenance of photoreceptor neuron homeostasis.
406  We focused on the DNA/RNA topoisomerase Top3[ because loss of Top3 function is

407  associated with increased R-loop levels in mammalian cells (Y. Yang et al., 2014; T. Zhang et
408  al., 2020). In addition, mutations in Top3p are linked to neurological disorders, thus highlighting
409 the critical role of Top3p in neuronal function (Joo et al., 2020). Notably, we demonstrated that
410 normal Top3p levels were required for maintenance of neuronal function, as shown by an age-
411  associated decrease in visual behavior upon photoreceptor-specific downregulation of Top3p. In
412  addition, depletion of Top3p in PRs leads to decreased expression of a subset of long genes
413  with neuronal function, some of which also gained R-loop levels with age. Because proteomic
414  analysis of Drosophila eyes shows decreased protein levels of Top3p with age, our data

415  suggests that Top3p may function in maintenance of R-loop homeostasis and gene expression

416  required for proper neuronal function.

417  Aging is characterized by a progressive and time dependent deterioration of an organism that

418  eventually leads to loss of cellular function and increased cell death (Partridge & Mangel, 1999).
419  The hallmarks of aging include alteration in gene expression, changes to the epigenome, loss of
420  protein homeostasis, and increased cellular senescence (Lopez-Otin et al., 2013b). Our current

421  studies demonstrate a novel finding: Drosophila photoreceptor neurons accumulate R-loops
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422  during aging, and these age-associated changes in R-loop occupancy are highly dynamic and
423  regulated in a spatiotemporal manner. Specifically, gene bodies show significant gains in R-
424  loops late in aging, and long, highly-expressed genes are especially prone to R-loop

425  accumulation. Furthermore, the results of this study highlight the role of Top3f in maintenance
426  of R-loop homeostasis and proper expression of a specific subset of long genes with neuronal

427  function during aging.

428 4 EXPERIMENTAL PROCEDURES

429  Fly maintenance

430 Flies were raised in 12:12 h light:dark cycle at 25°C on standard fly food (Lewis, 1960). For
431  aging experiments, flies were collected over three days post-eclosion and maintained in

432  population cages with a density of ~1000 flies/cage with fresh fly food change every two days.
433  Male flies were aged to the specified age, collected and flash-frozen in liquid nitrogen at

434  Zeitgeber time 6 (-/+ 1 hour).

435  Nuclei Immuno-Enrichment (NIE) protocol

436  NIE was performed as described previously (Jauregui-Lozano, 2021). Detailed protocol can be
437  found at dx.doi.org/10.17504/protocols.io.buignudw

438  Slot blot

439 DNA was extracted using Quick DNA MiniPrep Plus Kit (Zymo Research, Catalog #D4068)
440  following the instructions for tissue homogenization. DNA concentration was measured using
441  Qubit dsDNA settings. 35-50 ng of DNA was loaded on a Hybod-N* membrane (GE Healthcare,
442  Catalog #RPN119B) using slot blot apparatus. After drying, the membrane was blocked using 5%
443  milk in PBST, then incubated with anti-S9.6 antibody in PBST (Millipore Sigma, Catalog #
444  MABE1095), followed by goat anti-mouse HRP antibody (BioRad, Catalog #7170-6516). For
445  loading control, membranes were denatured in 0.5 M NaOH, 1.5 M NaCl for 10 min at RT, followed

446 by 10 min-wash in PBST and neutralized in 1.5 M NaCl, 0.5 M TrisCl for 10 min at RT. The
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447 membrane was then washed with PBST for 10 min, blocked in 5% milk PBST for 30 min, and
448  incubated with mouse anti single-stranded DNA antibody (MilliporeSigma, Catalog #MAB3034),
449  followed by goat-anti-mouse HRP antibody (BioRad, Catalog#770-6516). To test the S9.6
450 antibody specificity, half of the DNA samples were treated with RNase H enzyme (10U) at 37°C

451  for at least 3 HR or over/night.

452  GST-ARh-MNase and GST-MNase protein purification

453  Protein overexpression and purification were performed as described previously (Yan & Sarma,
454  2020a). Protein overexpression: BL21 (DE3) competent E. coli cells (NEB, Ipswich, MA, Catalog
455  #C2527H) were transformed with 10 ng of either pGEX-6p-1-GST-MNase or pGEX-6p-1-GST-
456  ARNH-MNase plasmid (Addgene, Watertown, MA, Catalog #136291 and 136292, respectively).
457  Transformed bacteria were grown in 500 mL of standard LB media (LB (Luria-Bertani) Liquid
458  Medium, n.d.) supplemented with 100 uM Carbenicillin at 37°C. Once optical density reached
459 0.5 at 600 nm, protein expression was induced with 1 mM IPTG and cultures were grown at

460  37°C for additional 3 hours under constant rotation. Cells were pelleted using at 4°C, 8000 RPM
461  for 10 minutes. Protein purification: Bacterial pellets were resuspended in ice-cold 1X PBS

462  buffer (ThermoFisher, Waltham, MA, Catalog #70011-044) and sonicated using a Branson

463  Digital Sonifier in five 15sec-45sec ON/OFF cycles. Pierce™ Glutathione Magnetic Agarose
464  Beads (Thermo Fisher, Catalog #78601) were used to purify GST-tagged MNase and RNAseH-
465  MNase recombinant proteins according to manufacturer’s instructions.

466  Improved MapR

467  To profile genome-wide distribution of R-loops, we followed the MapR protocol (Yan et al.,

468  2019) with some modifications according to the improved CUT&RUN protocol to decrease

469  background MNase cleavage and digestion (Meers et al., 2019). Briefly, isolated nuclei were
470  washed with 1 mL of Digitonin-containing wash buffer (20 mM HEPES-NaOH, 150 mM NacCl,

471 0.5 mM Spermidine, 0.02% Digitonin) freshly supplemented with EDTA-free cOmplete protease
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472  inhibitors (Sigma-Aldrich, St. Louis, MO, Catalog #11873580001). Nuclei were resuspended in
473 150 pl of Digitonin-containing wash buffer and 1 yM GST-ARh-MNAse or GST-MNase was

474  added to a final concentration followed by one-hour incubation at 4°C with constant rotation.
475  Nuclei were washed three times with 500 uL Digitonin-containing wash buffer, then washed one
476  time with 1 mL of Low-Salt Rinse Buffer (20 mM HEPES, pH7.5, 0.5 mM spermidine, 0.05%
477  Digitonin) freshly supplemented with EDTA-free complete protease inhibitor. Nuclei were

478  resuspended in 200 pL of ice-cold calcium containing Incubation buffer (3.5 mM HEPES pH 7.5,
479 10 mM CaCl2, 0.05% Digitonin) and placed on wet ice for 60 seconds. Upon removal of

480  supernatant, nuclei were resuspended in 150 yL of EGTA-STOP buffer (170 mM NaCl, 20 mM
481 EGTA, 0.05% Digitonin, 20 ug/ml glycogen, 25 pg/ml RNase A), followed by 30-minute

482  incubation at 37°C. DNA was extracted using Quick-DNA Microprep Kit (Zymo Research, Irvine,
483  CA, Catalog #D4074). DNA was quantified with Qubit 1X HS DNA (ThermoScientific,

484  Catalog#Q33203) and 2 ng of purified DNA was used to make sequencing libraries with Tecan
485  Ovation Ultralow V2 DNA-Seq Library Preparation Kit-Unique Dual Indexes (Tecan,

486  Switzerland, Catalog #9149-A01). Up to 16 libraries were pooled in one lane for paired-end 150
487  bp lllumina HiSeq sequencing.

488 RNA-seq

489 Isolated nuclei were resuspended in 100 uL TRI reagent (Zymo Research, Irvine CA, Catalog
490 #R2050-1-200) and incubated at RT for 1 hour, followed by RNA extraction using the Direct-
491  zol™ RNA Microprep (Zymo Research, Catalog #R2061). Purified RNA was quantified with the
492  Qubit™ RNA HS Assay Kit (ThermoFisher, Catalog #Q32852) as per the manufacturers’

493 instructions. cDNA libraries were prepared with 10 ng of nuclear RNA using Ovation SoLo RNA-
494  seq System including Drosophila-specific anyDeplete technology for rRNA depletion (Tecan,
495  Redwood City, CA, Catalog #0502-32). Up to 16 libraries were pooled in one lane for paired-end
496 150 bp lllumina HiSeq sequencing.

497  Quantitative PCR (QRT-PCR)
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498  cDNA was synthesized using 300 ng of RNA using EpiScript RNase H- Reverse Transcriptase
499  (Lucigen, Middleton, WI, Catalog #ERT12910K). gRT-PCR was performed using Bullseye

500 EvaGreen qPCR 2X master mix-ROX (Midsci, Valley Park, MO, Catalog #BEQPCR-R) and
501 using the following primers for elF-1a forward 5'-GCTGGGCAACGGTCGTCTGGAGGC-3' and
502 reverse 5-CGTCTTCAGGTTCCTGGCCTCGTCCGG-3'; and for Top3B forward 5'-

503 GAATGGGCGCGCGGTCGGGTC-3' and reverse 5'-

504 CGCATCAGTTCGACGGTGTTCAGTGCC-3.

505  Optic Neutralization

506 Flies were anesthetized on a CO; pad and glued to a glass slide. Live rhabdomeres were

507 imaged using brightfield light microscopy in an Olympus BX51 microscope, as described

508  previously (Stegeman et al., 2018).

509 Bioinformatic analysis

510 Raw reads were trimmed using Trimmomatic version 0.39 (Bolger et al., 2014) to filter out low
511  quality reads (Q>30) and clean adapter reads. Cleaned reads were aligned to the Drosophila
512  melanogaster genome (BDGP Release 6 + ISO1 MT/dm6 from UCSC) using splicing-aware
513  aligner STAR version 1.3 (Dobin et al., 2013) for RNA-seq and Bowtie2 version 2.3.5.1

514  (Langmead & Salzberg, 2012) for MapR using —sensitive settings. Samtools version 1.8 (Li et
515  al., 2009) was used to obtain, sort and index BAM files. For genome browser inspection as well
516  as further analyses, bigwig files were generated by normalizing datasets to count-per-million
517  CPM coverage tracks with deepTools version 3.1.1 (Ramirez et al., 2014) using --

518 normalizeUsing CPM settings. Spearman’s correlation scores were calculated using

519  subpackages multiBigwigSummary and plotCorrelation as part of deepTools. Metaplots and
520 genomic distribution heatmaps were generated with computeMatrix, plotHeatmap and

521  plotProfile deepTool subpackages. MapR narrow and broad peaks were obtained using MACS2
522  version 2.1.2 (Y. Zhang et al., 2008) with standard settings. Peak overlap and genomic

523  distribution of peaks was determined using R package ChIPseeker (v1.26.2) (Yu et al., 2015)
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524  and Homer (v4.11) Quantitative peak analysis was performed using GenomicRanges (v1.42.0)
525  (Lawrence et al., 2013), csaw (v1.24.3) (Lun & Smyth, 2016) and edgeR (v3.13) (Robinson et
526  al., 2010). R analysis was run in RStudio (v1.4.1106). Differential gene expression (DGE)

527  analysis was performed using DESeq2 (Love et al., 2014). To increase the stringency of

528 analysis, we generated shrunk fold change estimates within DESeq2 using the IfcShrink

529  function (Zhu et al., 2019).

530 Phototaxis

531 Phototaxis assay was performed as previously described (Stegeman et al., 2018). Briefly, 30
532  male flies were placed in a vial, tapped down and placed into the opening of the Maze

533  apparatus. After letting them adjust to the darkness for 10 min, flies were given 30 seconds to
534  choose between light and dark vial. Light preference index was then calculated as proportion of
535 flies that chose light out of total number of flies.

536  Graph plots

537  Bar-plots were generated using the R package ggplot2 (v3.3.3), and scripts used for RNA-seq
538 analysis and plot generation are available upon request.

539

540 DATA AVAILABILITY

541 RNA-seq expression data and MapR mapping data are accessible through Gene Expression
542  Omnibus repository under series accession numbers GSE174488, GSE174491 and

543  GSE174515, respectively.
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854 5 FIGURE LEGENDS
855  Table 1. Summary of uniquely mapped fragments for Aging MapR samples to Drosophila
856  melanogaster dm6 genome.

857

858  Figure 1. Aging photoreceptor neurons show increased global levels of R-loops that correlate

859  with loss of function and precede age-associated retinal degeneration

860 (a) Experimental scheme to detect global levels of R-loops in aging photoreceptor neurons

861  (b) Top: Schematic diagram of the cellular localization of the GFPXASH protein. Dark blue lines
862  represent each lipid layer from the nuclear membrane. Bottom: Schematic diagram of the

863  ommatidia, or structural subunit in the Drosophila compound eye. Each ommatidia is composed
864  of 8 photoreceptor neurons, labeled R1 to R8. Outer photoreceptors express the ninak (Rh1)

865 gene.

866  (c) Slot blot analysis of R-loop levels from photoreceptor nuclei at day 10, day 30 and day 50
867  post-eclosion treated with (right) or without (left) RNAse H1. Slot blots were performed using

868  S9.6 antibody (top) and ssDNA for loading control (bottom).

869  (d) Quantification of S9.6 slot blot signal in aging PRs. S9.6 signal at day 30 and day 50 is
870 normalized to day 10 signal. Values above 1 represent increase signal relative to Day 10. Mean

871  + Standard Deviation (SD), (n=2).

872  Figqure 2. Mapping genome-wide distribution of R-loops in aging PR neurons

873 (a) Schematic diagram of R-loop mapping technique used in this study (MapR). Immuno-
874  enriched nuclei are incubated with ARNAseH-MNase (ARH-MNase), where ARH binds to R-
875 loops. Enzymatic activation of MNase results in cleavage of surrounding DNA and subsequent

876  R-loop enriched DNA release, which is purified and used for sequencing library preparation.
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877  (b) Spearman correlation heatmap of MapR read distribution over 1000-bp binned genome.

878  Scores between 0 and 1 shown in each box correspond to Spearman’s rank score.

879  (c) Principal component analysis (PCA) of Aging MapR samples based on read distribution over

880  1000-bp binned genome.

881  (d) Genomic distribution of MapR peaks during aging. Promoter is defined as the region -2/+2

882 kb around TSS defined by RefSeq.

883  (e) Fraction of Reads in Peaks (FRIiP) scores for Aging MapR samples. Scores above 0.3 are
884  commonly associated with high quality ChlP-seq datasets as defined my modENCODE

885 standards.

886  Figure 3. Age-associated changes in R-loop levels in PR neurons are highly dynamic

887  (a) Metaplot of CPM-normalized MapR signal over gene bodies for all genes across timepoints.
888  Signal is an average obtained from three independent biological replicates per timepoint. TSS

889 indicates Transcription Start Site and TES indicates Transcription Termination Site.

890 (b) MapR fold change metaplot (top) and heatmap (bottom) for early aging (left) and late aging

891  (right).

892  (c) Genomic browser inspection of six genes that have either gain (left) or loss (right) of R-loops

893  during aging.

894  (d) Metaplot of MapR signal around called peaks during aging.

895  (e) Boxplot of genomic coverage as defined by the total sum of peak width obtained at each
896 time point. Peaks that mapped to scaffold or non-defined chromosomes were excluded from
897  analysis. We used Wilcoxon Rank-Sum test to compare pair-wise differences in the distribution

898  of genomic coverage amongst ages, (n=3).
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899 (f) R-loop signal fold change of quantified peaks in early and late aging as defined by differential
900 occupancy quantified by CPM using csaw and DESeq2. Peaks were annotated to genomic

901 features using Homer and divided based on annotation.

902 Fiqure 4. Age-related R-loop accumulation is associated with specific genomic features and

903 decreased expression of long and highly expressed genes

904 (a) Heatmap showing log: ratios of MapR signal around the TSS (left) or TTS (right), comparing
905 day 50 to day 10. Genes are ranked based on their fold change value and divided in four groups

906  based on their position on the heatmap.

907 (b) Boxplot analysis of GC content, gene length and expression levels for each group of genes
908  divided in four groups based on the MapR fold changes around TSS. P-value is obtained using

909  Wilcoxon test.

910 (c)asin (b) but for MapR fold changes around the TTS. P-value is obtained using Wilcoxon test.

911  (d) Volcano plot representing Differentially expressed genes between Day 50 and D10.

912  Differentially expressed genes are obtained using DESeq2 (adjusted p-value < 0.05, |[FC|>1.5).

913  (e) Receiver operating characteristic (ROC) curves for genomic features (GC content, Gene
914  Length and Expression levels) that identify age-regulated genes. AUC stands for Area Under
915 the Curve. Red and blue lines correspond to genes that are up- and down-regulated with age,

916  respectively

917 Figure 5. Loss of Drosophila Top38 leads to increase in R-loop levels

918  (a) Slot blot analysis of R-loop levels from 3" instar larvae ubiquitously expressing a siRNA
919 against mCherry (siControl) or against Top3p (siTop33). Samples are treated with (right) or
920 without (left) RNAse H1. Slot blots were performed using S9.6 antibody (top) and ssDNA for

921  loading control (bottom).
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922  (b) Quantification of S9.6 slot blot of siTop3B and siControl 3" instar larvae. S9.6 signal is

923  normalized to ssDNA slot blot signal, (n=2).

924  (c) Bar plots of quantitative PCR validating the downregulation of Top3p upon ubiquitous

925  expression of an siRNA (BDSC#31480). P-value is obtained using T-test, (n=3).

926  (d) Box plots showing the light preference indices (positive phototaxis) for
927  Rh1>GFP*ASH mCherry-RNAI (referred as siControl) or Rh1>GFPKASH Top3B-RNAI (siTop3p) at
928 day 10 and 30 (6 biological replicates for each time point or RNAI, total 24 experiments; 27 - 33

929  male flies/experiment). P value obtained using Wilcoxon test.

930 (e) Optic neutralization of siControl and siTop3 at day 10 and 30 post eclosion. Retinal
931 degeneration (RD) scores were obtained by blindly quantifying 5 biological replicates. Score of

932 0% means there was no observable loss of rhabdomere or ommatidia.

933 Figure 6. Top3B regulates expression of a subset of long genes associated with neuronal

934  function in photoreceptor neurons

935 (a) Volcano plot representing differentially expressed genes (DEGs) between siTop33 and
936 siControl-expressing photoreceptors at day 30 post eclosion. DEGs obtained using DESeq2
937 (adjusted p-value < 0.05, [FC|>1.5). Size of each point reflect the gene length of the whole gene

938 as defined as most upstream TSS and most downstream TTS.

939 (b) Box plots showing the gene length (as logz-transformed bp) for genes identified as down-,
940  up- or not regulated using DESeq2 in siTop33 photoreceptors relative to siControl (adjusted p-

941  value < 0.05, [FC|>1.5). P value obtained using Wilcoxon test.

942  (c) Gene concept network analysis (Cnetplot) of genes downregulated in siTop3f3

943  photoreceptors relative to siControl. Gene length in kilobases is shown next to each gene.
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944  (d) Box plots showing the gene length (as logz-transformed bp) for genes identified as down-,
945  up- or not regulated using DESeq2 in day 50 photoreceptors relative to day 10. P value is

946  obtained using Wilcoxon test.

947  (e) Scatter plot comparison of genes that change expression with age and genes that change
948  upon downregulation of Top3[3. Red and blue represent genes that are up- or down-regulated
949  with age, respectively. Light blue box represents genes that are downregulated in siTop3f3

950 photoreceptors relative to siControl.

951 (f) Heatmap showing log; ratios of aging MapR fold change signal over the gene body for genes
952 that were transcriptionally dysregulated upon downregulation of Top3p, or “Top3B-dependent

953 genes’. Genes are ranked based on their fold change value.

954  (g) Comparison of Top3p protein levels in aging eyes from Rh1>GFP*ASH flies, as measured by
955  normalized mass spectrometry abundance. Proteomic samples were prepared from 10- and 40-

956 day old flies, (n=4). Raw data taken from (Hall et al., 2021).
957 SUPPLEMENTAL FIGURES
958  Supplemental Figure 1

959  (a) Aging optic neutralization time course of Rh1>GFP**SH and Rh1>mCherry-RNAI,
960 Rh1>GFP*ASH male flies at day 10, 20, 30, 40 and 50 post eclosion. Retinal degeneration (RD)

961  scores were obtained by blindly quantifying 5 biological replicates.
962 Supplemental Figure 2

963 (a) Metaplot of CPM-normalized MapR signal over gene bodies for all genes comparing the
964 standard and modified MapR protocol when protocol is performed using Drosophila

965  photoreceptor nuclei.
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966  (b) Metaplot of CPM-normalized MapR signal over gene bodies in HEK293T cells (Data from

967  original MapR paper (Yan & Sarma, 2020b)).

968  (c) Metaplot (top) and heatmap (bottom) of CPM-normalized MapR signal over gene bodies for
969 samples that were treated with (right) or without (left) RNAseH1. For heatmap, genes are

970 ranked based on their MapR signal.

971  (d) Genome browser inspection (IGV) of a selected genomic region of samples used for
972  metaplots and heatmaps in Figure S2C. Signal is normalized to CPM and both lanes are shown

973 in the same scale.

974  (e) Metaplot of CPM-normalized MapR signal over gene bodies of genes with higher (dark blue)

975  or lower (green) transcript-per-million (TPM) values of 7, obtained with RNA-seq.

976  (f) Number of MapR peaks called using MACS2 based on sequencing depth. Bam file is down-

977 sampled to 1, 5, 10, 20, 40 and 50 million mapped fragments and peaks are called.

978  Supplemental Figure 3.

979  (a) Violin plots showing the peak width distribution for each timepoint. Black line is placed at the

980 calculated mean for peak width at day 10.

981 (c) Brand-Altman (MA) plot showing the correlation between logztransformed R-loop signal fold
982 change and peak occupancy, as defined by counts per million (CPM) for early (top) and late
983  (bottom) aging. Differential peaks are defined as having a False Discovery Rate (FDR) lower

984  than 5%, and fold change greater than 1.2.

985
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