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ABSTRACT
Apoptosis is the primary cause of degeneration in a number of neuronal, muscular, and
metabolic disorders. These diseases are subject to a great deal of phenotypic
heterogeneity in patient populations, primarily due to differences in genetic variation
between individuals. This creates a barrier to effective diagnosis and treatment.
Understanding how genetic variation influences apoptosis could lead to the
development of new therapeutics and better personalized treatment approaches. In this
study, we examine the impact of the natural genetic variation in the Drosophila Genetic
Reference Panel (DGRP) on two models of apoptosis-induced retinal degeneration:
overexpression of p53 or reaper (rpr). We identify a number of known apoptotic, neural,

and developmental genes as candidate modifiers of degeneration. We also use Gene
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Set Enrichment Analysis (GSEA) to identify pathways that harbor genetic variation that
impact these apoptosis models, including Wnt signaling, mitochondrial metabolism, and
redox homeostasis. Finally, we demonstrate that many of these candidates have a
functional effect on apoptosis and degeneration. These studies provide a number of

avenues for modifying genes and pathways of apoptosis-related disease.

INTRODUCTION
Phenotypic heterogeneity is the driving force behind the Precision Medicine Initiative
(Scriver and Waters 1999; Nadeau 2001; Queitsch et al. 2012; Gallati 2014). Patients
suffering from the same genetic disorders can carry identical causal mutations but often
display wildly variable phenotypes and symptom severity. A large part of this variation is
due to inter-individual differences in genetic background, including silent cryptic genetic
variation that is revealed upon disease or stress (Queitsch et al. 2012; Chow 2016).
Understanding the role of this variation and the genes or pathways which modify
disease will lead to improved personalized therapeutic predictions, strategies, and

diagnostics.

One process implicated in many genetic disorders is programmed cell death or
apoptosis (Elmore 2007; Sano and Reed 2013; Kurtishi et al. 2018). During normal
development and tissue turnover, cells can receive both internal and external signals
that trigger a programmed response which eventually results in the death of the cell
(Elmore 2007). Because cell death is essential to cellular, tissue, and organismal

homeostasis, disruption of apoptosis pathways can be catastrophic. Inhibition of
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apoptosis is an important step in transformation and cancer, while excess apoptosis,
often activated by chronic cellular stress, is a primary cause of degeneration in different
neuronal, retinal, muscular-skeletal, and metabolic diseases (Mattson 2000; Elmore
2007; Ouyang et al. 2012). As a result, an important area of therapeutic development is
focused on targeting apoptosis without disrupting normal tissue homeostasis (Elmore
2007). Our previous work demonstrated that variation in apoptotic genes is associated
with phenotypic variation in a model of retinal degeneration, suggesting that modifiers of

apoptosis could serve as drug targets in degenerative diseases (Chow et al. 2016).

Model organism tools, such as the Drosophila Genetic Reference Panel (DGRP),
enable the study of the impact of natural genetic variation on diseases and related
pathways. The DGRP is a collection of ~200 isogenic strains derived from a wild
population, such that each strain represents one wild-derived genome (Mackay et al.
2012). The variation in the DGRP is well tolerated under healthy, non-disease
conditions and allows for the identification of genetic polymorphisms that are associated
with phenotypic variation in models of human disease (Chow and Reiter 2017).
Importantly, the availability of full-genome sequence for these strains allows for
genome-wide association analyses that link quantitative phenotypes with genetic

variation and modifier genes.

In this study, we report the results of natural variation screens of reaper- (rpr) and p53-
induced apoptosis (Figure 1). Overexpression of either of these genes leads to massive

apoptotic activation (Hay et al. 1995; Jin et al. 2000). While there is a great deal of
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93  overlap between these pathways, they can each activate apoptosis independently. p53
94 is stabilized in response to DNA damage and initiates apoptosis by transcriptionally
95 activating the inhibitor of apoptosis (IAP) inhibitors rpr, grim, and hid (Mollereau and Ma
96 2014) (Figure 1). It also induces the expression of the Drosophila TNF eiger, which
97 subsequently increases apoptosis by activating JNK signaling and stabilizing the IAP
98 inhibitor Hid (Shklover et al. 2015). rpr is activated transcriptionally by either p53 or the
99 JNK signaling cascade, which is induced downstream of oxidative, ER, and other
100  cellular stresses (Kanda and Miura 2004; Shlevkov and Morata 2012) (Figure 1). We
101  designed this study to identify genetic modifiers of general apoptosis as well as
102  modifiers that are specific to stress-induced, p53-independent pathways.

103

104  We observed substantial phenotypic variation across the DGRP for both rpr- and p53-
105 induced apoptosis. Using genome-wide association analysis, we identified a number of
106  modifying pathways and genes, several of which have known roles in cell death
107  pathways, neuronal development, neuromuscular diseases, and cancer. Using systems
108  biology approaches, we also identified Wnt signaling, mitochondrial redox homeostasis,
109 and protein ubiquitination/degradation as possible modifiers of apoptosis. Finally, we
110 confirmed that loss of many of these candidate modifier genes significantly alters
111 degeneration. Our findings highlight several exciting new areas of study for apoptotic
112 modifiers, as well as a role for stress-induced cell death in the regulation of
113  degenerative disorders.

114

115 METHODS
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116  Fly stocks and maintenance

117  Flies were raised at room temperature on a diet based on the Bloomington Stock Center
118  standard medium with malt. The strains containing GMR-GAL4 and UAS-p53 or GMR-
119 rpr on the second chromosome (GMR>p53 and GMR-rpr) have been previously
120 described (Hay et al. 1995; Jin et al. 2000). These are referred to as the apoptotic
121 models throughout the manuscript. 204 strains from the DGRP were used for the
122 GMR>p53 study (Table S1) and 202 were used for the GMR-rpr study (Table S2). In
123 both cases virgin females carrying one of the apoptosis models were crossed to males
124  of the DGRP strains. F1 progeny carrying GMR>p53 or GMR-rpr were collected and
125 scored for eye size. The following RNAi and control strains are from the Bloomington
126  Stock Center: swim RNAIi (55961), CG3032 RNAi (57560), LysRS RNAi (32967),
127 aManla RNAi (64944), LIMK1 RNAi (62153), hay RNAi (53345), CG1907 RNAI
128 (38998), Semala RNAi (34320), MED16 RNAi (34012), brul RNAI (44483), CycE RNAI
129  (33645), shab RNAi (55682), CG31559 RNAi (64671), Cyt-c-P RNAi (64898), Ir40A
130 (57566), sif RNAI (61934), control attP40 (36304), and control attP2 (36303).

131

132  Eye size imaging

133  For eye images, adult females were collected under CO, anesthesia and aged to 2-7
134  days, then flash frozen on dry ice. Left eyes were imaged for all measurements. 10-15
135 eyes per strain were imaged at 3X magnification using a Leica EC3 camera. Eye area
136 was measured in ImageJ as previously described (Chow et al. 2016).

137

138  Phenotypic analysis and genome-wide association
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139  For each DGRP line, eyes from 10-15 individual females were imaged and measured.
140 The P-values for association of genetic background and eye size for each model were
141  calculated using one-way ANOVA on R software. Mean eye area was used for the
142  genome-wide association (GWA). GWA was performed as previously described (Chow
143 et al. 2016). DGRP genotypes were downloaded from the website,
144  http://dgrp.gnets.ncsu.edu/. Variants were filtered for minor allele frequency (= 0.05),
145 and non-biallelic sites were removed. A total of 1,967,719 variants for p53 and
146 1,962,205 variants for rpr were included in the analysis. Mean eye size for 2953 F1
147 DGRP/GMR>p53 or 2987 DGRP/GMR-rpr F1 progeny were regressed on each SNP.
148  To account for cryptic relatedness (He et al. 2014; Huang et al. 2014), GEMMA (v. 0.94)
149  (Zhou and Stephens 2012) was used to both estimate a centered genetic relatedness

150  matrix and perform association tests using the following linear mixed model (LMM):

151 y=a+xpB+u+[]
152 u~ MVN_n (0,AT(-1) K)
153 " ~MVN_n (0,™(-1) _n)

154  where, as described and adapted from Zhou and Stephens 2012, y is the n-vector of
155 mean eye sizes for the n lines, a is the intercept, x is the n-vector of marker genotypes,
156 B is the effect size of the marker. u is a n x n matrix of random effects with a multivariate
157  normal distribution (MVN_n) that depends on A, the ratio between the two variance
158  components, 17(-1), the variance of residuals errors, and where the covariance matrix is
159  informed by K, the calculated n x n marker-based relatedness matrix. K accounts for all
160  pairwise non-random sharing of genetic material among lines. [, is a n-vector of

161  residual errors, with a multivariate normal distribution that depends on 1™(-1) and I_n,
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162  the identity matrix. Genes were identified from SNP coordinates using the BDGP
163  R54/dm3 genome build. A SNP was assigned to a gene if it was +/- 1 kb from a gene
164  body.

165

166  Correlation Analysis

167  Correlation analyses were performed to compare mean eye size in DGRP strains
168  between GMR>p53, GMR-rpr, and GMR>Rh1®°® (Chow et al. 2016). Statistics were
169  calculated using a Pearson Correlation Test using R software.

170

171 RNAI Validation

172 Virgin females from the apoptotic models were crossed to males carrying RNAI
173  constructs targeting candidate modifiers of those models, and the eye size of F1
174  progeny expressing both the apoptotic model and the RNAI construct was measured as
175 described above. The eyes of 10-15 females were imaged and measured. Eye size
176  from RNAiI-carrying strains were compared directly to genetically matched attP40 or
177  attP2 controls using a Dunnett’s multiple comparisons test.

178

179  Bioinformatics Analysis

180  Genetic polymorphisms were associated with candidate genes within 1 kb of the
181  polymorphism. Information about candidate genes and their human orthologues was
182  gathered from a number of databases including Flymine, Flybase, OMIM, and NCBI.
183  Genetic interaction maps were generated using the GeneMANIA plugin on Cytoscape

184  (version 3.6.1) (Shannon et al. 2003; Montojo et al. 2010). GSEA was run to generate a


https://doi.org/10.1101/670075
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/670075; this version posted June 13, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

185  rank-list of genes based on their enrichment for significantly associated polymorphisms.
186 For GSEA analysis, polymorphisms within 1kb of more than 1 gene were assigned to
187 one gene based on a priority list of exon, UTR, intron, and upstream or downstream.
188 Genes were assigned to GO categories, and calculation of enrichment score was
189  performed as described (Subramanian et al. 2005). Categories with ES scores > 0
190 (enriched for associated genes with low p-values), gene number > 3, and p-values
191  <0.05 were included in the final output.

192

193 RESULTS AND DISCUSSION

194 rpr- and p53-induced apoptosis is dependent on genetic background

195 We used the Drosophila eye to model apoptosis. Expression of either p53 or rpr in the
196 ommatidial array of the developing eye imaginal disc results in massive cell death and
197  smaller, rough adult eyes (Hay et al. 1995; Jin et al. 2000). The rpr model is induced by
198 direct drive of the GMR promoter (GMR-rpr) on a second chromosome balancer. The
199 p53 model is induced using the GAL4/UAS system, where GMR-GAL4 drives
200 expression of UAS-p53 (GMR>p53). Importantly, in both of these models, adult eye size
201 is an easily scorable, quantitative proxy for levels of apoptosis. The lines described

SCo

202  serve as the donor strains (GMR>p53/CyO or GMR-rpr,CyO/sna’"") that we crossed to
203 each DGRP strain. Females from the donor strains were crossed with males of each of
204 204 or 202 DGRP strains to generate F1 progeny that overexpressed p53 or rpr,
205 respectively, in the eye disc. The progeny received 50% of their genome from the

206 maternal donor strain and 50% from the paternal DGRP strain. Therefore, we are

207 measuring the dominant effect of the DGRP background on the p53 or rpr retinal
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208  phenotype. This cross design is similar to a study of ER stress-induced degeneration
209 (Chow et al. 2016) and a model of Parkinson's Disease (Lavoy et al. 2018) we
210 previously reported. We examined eye size in the F1 progeny to determine the average
211 eye size in individual genetic backgrounds (Figure 2A-D).

212

213 We first tested the effect of sex on apoptosis in a pilot study. We measured eye area in
214  at least ten females and ten males from eight different DGRP strains crossed to either
215 the p53 or rpr model. Eye size is positively correlated between males and females
216  (Figure S1A,B). Because variation is greater in females (Figure S1A,B), we elected to
217  focus on female eye size for the remainder of our analysis.

218

219  We found a significant effect of genetic background on eye size in the GMR>p53 model
220 (P < 2.2 x 10™°) (Figure 2A,C, Table S1). Average eye size measured in pixels on
221 ImageJ ranged from 10542 pixels (RAL812) to 17835 pixels (RAL374) (Table S1).
222 Similarly, we found a significant effect of genetic background on eye size in the GMR-
223 rpr model (P < 2.2 x 10™*°), with median eye size ranging from 7957 pixels (RAL83) to
224 16884 pixels (RAL304) (Figure 2B,D, Table S2). For both the GMR>p53 and the GMR-
225 rpr models, the variation in eye size within individual DGRP strains is substantially
226  smaller than the variation observed between DGRP strains expressing the GMR-rpr
227  model (Figure 2A-B, Table S1-S2).

228

229 We noted that the range in average eye size for the GMR-rpr model (8927 pixels) is

230 greater than that seen in the GMR>p53 model (7293 pixels). This could be due to the

10
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231 greater involvement of rpr in a variety of stress-induced, p53-independent apoptotic
232 pathways (Shlevkov and Morata 2012). Alternatively, it is possible that variation in p53-
233 associated pathways is simply less well-tolerated than in rpr-associated pathways. It is
234  also possible that the DGRP simply carries more variation affecting the GMR-rpr model
235 than GMR>p53 model.

236

237  We observed qualitative differences between the apoptotic models, with flies expressing
238 the GMR>p53 model displaying a teardrop-shaped eye (Figure 2C) and flies expressing
239 the GMR-rpr model displaying a rounder eye (Figure 2D). These qualitative shapes
240 were not subject to effects of genetic variation. The differences in eye shape noted
241  between GMR>p53 and GMR-rpr, however, could be indicative of differences in the
242 mechanisms by which apoptosis and degeneration progress in these two models.
243  Alternatively, this could be evidence of the technical differences in the two models,
244  since p53 is driven by the GAL4/UAS system and rpr is driven directly by the GMR
245  promotor. We saw no accumulation of necrotic tissue in strains experiencing severe
246  degeneration, nor did we note obvious differences in pigmentation (Figure 2C,D). Eyes
247  from all strains maintained the rough-eye phenotype that is characteristic of p53 or rpr-
248 induced degeneration, indicating that while modifying variation may reduce the amount
249  of cell death in the eye imaginal disc, it cannot fully rescue the degenerative phenotype.
250

251  Apoptosis models correlate depending upon the pathway they activate

252 Because canonical p53 signaling activates the expression of rpr, we expected high

253  correlation in apoptosis levels and eye size between these models (Shlevkov and

11
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254  Morata 2012; Mollereau and Ma 2014). Indeed, there is a significant positive correlation
255 in eye size between DGRP strains expressing GMR>p53 and GMR-rpr (r = 0.19, p =
256  0.0071) (Figure 3A). In a previous study, we examined the impact of genetic variation
257 on a model of retinitis pigmentosa (RP) and ER stress-induced apoptosis (Chow et al.
258  2016). In this study, we found that the degeneration induced by overexpression of a
259  misfolded protein (Rh1°%°P) in the developing eye imaginal disc is modified by a number
260 of genes involved in apoptosis (Chow et al. 2016). This is to be expected, as the
261  primary cause of degeneration in this model is JNK-hid/grim/rpr-mediated cell death
262 (Figure 1) (Kang et al. 2012). Consistent with this mechanism of Rh1°°*°-induced

263  degeneration, we found a significant correlation in eye size between the Rh1%%%°

and rpr
264 models (r = 0.25, p = 0.001, Figure 3B). In contrast, we see no correlation between the
265 Rh1°%P and p53 models of apoptosis (r = 0.12, p = 0.13) (Figure 3C). These results

266  suggest that there is shared genetic architecture between Rh1%%°°

and rpr-mediated
267  apoptosis and degeneration that is independent from that shared between p53 and rpr.
268

269 rpr-induced degeneration is modified by apoptosis, Wnt signaling, and
270  mitochondrial metabolism

271 Genome-wide association analysis: To identify the genes driving this phenotypic
272  variability, we performed a genome-wide association analysis to identify genetic
273 polymorphisms that impact the severity of degeneration in the GMR>p53 and GMR-rpr
274  models of apoptosis. We used mean eye size as a quantitative phenotype to test for

275  association with polymorphisms in the DGRP. Using a p-value cutoff of <1x10%* we

276  identified 128 significantly associated polymorphisms for the GMR-rpr model (Table S3).

12
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277 We only considered polymorphisms that fall within +/- 1 kb of a gene. Sixteen
278  polymorphisms lie outside of these parameters and were not considered further. Of the
279  remaining 112 polymorphisms, ten are located in an intergenic region (+/- 1kb), 14 are
280 located in UTRs, 69 are located in introns, and 19 are located in protein-coding
281  sequences. All 19 polymorphisms in coding regions are synonymous variants. These
282 112 gene-associated polymorphisms lie in 82 candidate genes (Table S3, S4). Sixty-six
283  of the candidate genes have direct human orthologues (Table S4). A more stringent p-
284  value cutoff (<1x10°) yields only 20 polymorphisms, 16 of which lie in 14 candidate
285 genes (12 with human orthologs) (Table S3, S4). Because the more stringent cutoff
286 yielded few candidates, we focused the majority of our analysis on the 82 candidate
287  genes identified at p < 1x10.

288

289  For the GMR>p53 model, we identified 24 polymorphisms at a p-value cutoff of <1x10°*
290 (Table S5). Eight of these polymorphisms lie outside of genes and were not considered
291  further. Of the remaining 16 polymorphisms, one is located in a UTR, 15 are located in
292 introns, and eight are intergenic. The 16 gene-associated polymorphisms lie in 13
293 candidate genes (Table S5, S6). Thirteen of the associated polymorphisms have a p-
294 value of <1x10®. Five of these are intergenic, while the remaining six are in six
295 candidate genes. Interestingly, there is no overlap between the GMR>p53 candidate
296  polymorphisms or genes and those identified using the GMR-rpr model of apoptosis
297 (Table S3-S6). The only overlap in modifier genes is between GMR>Rh1°°® and
298 GMR>p53 (Table S6) (Chow et al. 2016). They share candidate modifier genes

299 CG31559, a disulfide oxidoreductase (FlyBase Curators et al. 2004), and dpr6, a cell

13
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300 surface immunoglobulin involved in synapse organization (Gaudet et al. 2011). It is
301 unclear what the significance of this overlap might be.

302

303 We conclude from our initial analysis that the top candidates for our models of
304 degeneration are highly specific to the method by which we induce that degeneration.
305 Because there are so few significant associations for the GMR>p53 model of apoptosis,
306 and even fewer that are in close proximity to a candidate gene, we elected to focus the
307 remaining analysis on the GMR-rpr model.

308

309 Modifier genes: Because the rpr model directly induces apoptosis, we expected to see
310 apoptotic functions for many of the candidate genes identified in our GWAS. The top hit
311 was the gene echinus (ec), a ubiquitin specific protease (USP) orthologous to human
312 USP53 and USP54 (Table S4). We identified nine intronic SNPs in ec through our
313  association analysis. Previous studies show that loss of ec in the developing eye results
314 in a mild rough eye phenotype, albeit a much less dramatic one than that seen upon
315  overexpression of rpr (Wolff and Ready 1991; Copeland et al. 2007). While this previous
316  study reported no genetic interaction between ec and rpr, this was assessed based on
317 qualitative changes as opposed to quantitative differences in eye size (Copeland et al.
318  2007). Our GWAS data suggests that such a genetic interaction may play an important
319  role in rpr-induced degeneration.

320

321  Ec is one of several apoptotic genes identified in this analysis. In fact, 16/82 (~20%) of

322 the candidate genes have known functions in apoptosis-related pathways, all of which

14
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323  have conserved human orthologues (Table S4). One of these is Diap2, a Drosophila
324 paralog of Diapl (human orthologs: BIRC2 and BIRC3) (Hay et al. 1995). The Diap
325 proteins normally inhibit caspase activation and prevent apoptosis. Expression of the
326  rpr/grim/hid proteins inhibits Diapl and Diap2, allowing apoptosis to proceed. Increased
327 expression or activity of Diap2 reduces the impact of rpr overexpression, thereby
328 reducing apoptosis (Hay et al. 1995). Conversely, reduced expression of Diap2 may not
329 have a strong impact on rpr-associated degeneration, as Diapl is the major functional
330 paralog in this pathway. The identification of a gene directly involved in the rpr pathway
331 demonstrates the efficacy of our GWAS.

332

333 Two candidates, hay and Xpd (ERCC3 and ERCC2) (Table S4), have human orthologs
334 mutated in Xeroderma pigmentosum, an inherited genetic condition where defects in
335 DNA excision repair result in melanomas and eventually death (Kraemer and
336 DiGiovanna 2016). These are subunits of the TFIIH helicase complex that are involved
337 in excision repair after UV damage (Koken et al. 1992; Mounkes et al. 1992; Reynaud et
338 al. 1999). Besides hay and Xpd, we identified 4 additional genes whose human
339 orthologs are directly involved in cancer: DIP-iota (OPCML), Fum4 (FH), CG8405
340 (TMEM259), and CG15529 (BLNK). Mutations in these genes have been associated
341  with ovarian cancer (OPCML) (Sellar et al. 2003), renal cancer (FH) (The Multiple
342  Leiomyoma Consortium 2002; Pollard et al. 2005), and various carcinomas (TMEM259)
343  (Chen et al. 2005). The roles of these genes in cancer are likely due to functions in
344  apoptotic initiation or cell cycle regulation. Other candidates are activated downstream

345  of p53, such as CG44153 (ADGRB3) and stac (BAIAP3) (Shiratsuchi et al. 1997, 1998).
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346  This suggests that feedback signaling through p53 can increase rpr-induced apoptosis
347 and degeneration.

348

349  24/82 candidate genes (~30%) are involved in neuronal function or implicated in
350 neurological disease. Twenty-three have conserved human orthologues (Table S4).
351  Human orthologs of Form3 (INF2) and LysRS (KARS) can both be mutated in different
352 forms of the degenerative peripheral neuropathy Charcot-Marie-Tooth disease
353  (McLaughlin et al. 2010; Boyer et al. 2011), while Shawl (KCNC3) and CG7741
354 (CWF19L1) are associated with spinocerebellar ataxia (Waters et al. 2006; Burns et al.
355  2014). Mutation in the Rab3-interacting scaffold protein encoded by Rim (RIMS1) can
356 cause a retinal degenerative disease that is similar to retinitis pigmentosa (Johnson et
357 al. 2003), which was the focus of the Rh1°%°® study (Chow et al. 2016). Identification of
358 genes with roles in different neuronal and muscular degenerative diseases suggests
359 that these modifiers could be important in a variety of apoptosis-associated diseases.
360

361  Network analysis: To understand if there are functional relationships between GMR-rpr
362  modifiers, we examined interactions among the 82 candidate genes. Genetic, physical,
363 and predicted interactions were compiled and visualized using Cytoscape software
364 (Shannon et al. 2003; Montojo et al. 2010). Fourteen of the 82 candidate genes were
365 found as nodes in these interaction networks, as was rpr itself (Figure 4A). We identified
366  several interesting clusters of candidate genes, including those with functions in
367 apoptosis, development, and protein ubiquitination.

368
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369 As expected, given the large number of candidates with apoptotic roles, we found an
370 apoptosis cluster of interactions between modifiers with functions associated with cell
371 cycle regulation and cell death (Figure 4A). A number of these genes, including Diap2
372 and cher (FLNA), have either direct or indirect interactions with rpr itself. As noted
373 above, Diap2 interacts both physically and genetically with rpr (Figure 1) (Hay et al.
374  1995). cher shows indirect genetic interactions with rpr through its physical association
375 with the presenillin (psn) protein (Guo et al. 2000) (Figure 4A). This interaction is
376  conserved in humans and is specifically associated with Alzheimer’s Disease (Lu et al.
377 2010).

378

379 We also observed a cluster composed of regulators of developmental apoptosis in our
380 network, including the ec protease (Copeland et al. 2007) and the neuronal cell
381 adhesion protein encoded by kirre (KIRREL3) (Bao et al. 2010) (Figure 4A). Indirect
382 genetic interactions were identified between these genes, which are commonly involved
383 in development of the Drosophila eye imaginal disc and accompanying regulated
384 apoptosis. The chromatin-binding HmgD/Z (HMGB2) proteins are expressed at high
385 levels in the larval CNS, suggesting that they are important for the developmental
386 regulation of neuronal gene expression (Churchill et al. 1995; Gaudet et al. 2011; Brown
387 et al. 2014). They indirectly interact with rpr through the closely related dspl, which
388 encodes another paralog of human HMGB2 (Figure 4A). Dspl recruits members of the
389  repressive polycomb complex to chromatin. It is possible that these genetic interactions
390 indicate a role for the HMGB2 proteins in regulating rpr expression and, as a result,

391 developmental regulation of cell death and tissue turnover. Our apoptotic model is
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392 expressed in a developmental tissue, suggesting that some of the variation in eye size
393 observed across the DGRP could be due to changes in the response of developmental
394 processes to the abnormal activation of apoptosis. Such regulators of developmental
395 apoptosis could be excellent candidates for therapeutic targeting in degenerative
396 diseases.

397

398 We also identified a number of predicted interactions in a cluster of modifier genes
399 involved in protein ubiquitination (Figure 4A). Among the top candidate genes are ec,
400 Diap2, Su(dx) (ITCH), and Roc2 (RNF7), all of which have important roles in protein
401  degradation through ubiquitination and the proteasome degradation pathway. Su(dx),
402 like Diap2, encodes a ubiquitin ligase (Gaudet et al. 2011). Our network analysis
403  highlights a predicted interaction between Su(dx) and the Rab GTPase-interacting
404  protein Evi5, another candidate gene (Laflamme et al. 2012) (Figure 4A). This regulator
405  of vesicular fusion is predicted to interact with a number of additional ubiquitin ligases
406 as well (Figure 4A). Degradation of proteins through the proteasome is an important
407 mechanism for maintaining cellular homeostasis under a variety of cellular stresses
408 (Sano and Reed 2013). Altered regulation of E3 ligases, which determine the identity
409  and specificity of proteins for degradation (Ester Morreale and Walden 2016), could tip
410 the balance of cells experiencing apoptotic stress toward or away from cell death.

411

412  Gene set enrichment analysis: Thus far, we have focused our analysis on rank-order
413  candidate modifiers identified in our GWAS. While this provides many new avenues for

414  future analysis, it ignores the majority of the association data. We therefore performed
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415  gene set enrichment analysis (GSEA), using all GWAS variant data and their associated
416 P-values. The gene nearest to each variant was assigned the variant’'s P-value and
417 used as GSEA input, using the method described (Subramanian et al. 2005). Given a
418 defined set of genes annotated with a certain GO function, GSEA determines whether
419 the members of that set are randomly distributed throughout the ranked list or if they are
420 found primarily at the top or bottom of that list. GO categories enriched at the top of the
421  list functionally describe the phenotype of the gene set. While traditional GO analysis
422 uses a set of genes based on a P-value cutoff, GSEA examines the entire gene set
423  (Dyer et al. 2008). GSEA identified 62 significantly associated gene sets (= 3 genes) at
424  a p-value of <0.05 (Table S7). The top gene set was synaptogenesis (GO:0007416, P =
425 3.7 x 10®) and includes Semala (SEMABA), a conserved semaphorin-binding protein
426  involved in axon guidance (Ayoob et al. 2006; Gaudet et al. 2011) and one of the top
427  modifier candidates based on individual polymorphism analysis (Figure 4B, Table S7).
428 Other genes in this category include those involved in synapse formation and
429  organization, suggesting that regulating neuronal connectivity and synapse choice could
430 play arole in the decision to apoptose or to survive.

431

432  The second most significantly enriched category was Wnt signaling (GO:0016055, P =
433 6.7 x 10, consisting of 51 enriched genes from our GMR-rpr analysis (Figure 4B,
434 Table S7). One of these, arr, is also a candidate modifier gene (Table S4,S7). arr is a
435  Drosophila orthologue of the genes encoding the co-receptors LRP5/6 in canonical Wnt
436  signaling (Rives et al. 2006). The second most significant single candidate gene in the

437 GWA is swim (TINAGL1/TINAG), a secreted cysteine protease capable of binding the
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438  wingless (wg) ligand and enhancing its spread and signaling capabilities (Mulligan et al.
439  2012). Also enriched for significant polymorphisms are four frizzled paralogs (Wnt
440  receptors) and six paralogs of the Wnt ligand (Table S7). Other integral components of
441 the canonical Wnt pathway, such as disheveled, axin, and CKla, are enriched for
442  associated polymorphisms, as are several peripheral and non-canonical regulators of
443  Wnt signaling (Table S7). This striking association is reinforced by previous studies that
444  have linked Wnt signaling with either the promotion or restraint of cell death (Peéina-
445  Slaus 2010). Non-canonical Wnt signaling can activate JNK or calcium release from the
446  ER, both of which can alter the decision to initiate apoptosis (Rasmussen et al. 2018). It
447  will be interesting to investigate Wnt signaling collectively as well as with individual
448 candidates to determine how different branches of the pathway impact degenerative
449  diseases.

450

451 GSEA also identified a number of genes and pathways involved in mitochondrial
452  homeostasis and metabolism (Figure 4B), including malate metabolic processes (seven
453 genes, GO:0006108, P = 0.011). These genes encode for malate dehydrogenase
454  enzymes, six of which are localized to the mitochondrion (Figure 4B, Table S7). Malate
455  dehydrogenase catalyzes the oxidation of malate to oxaloacetate in the last step of the
456  TCA cycle prior to the entrance of acetyl-CoA (Minarik et al. 2002). The presence of so
457  many paralogs of this enzyme suggests that mitochondrial metabolism, and in particular
458  the mitochondrial redox state, is a major regulator of apoptosis. Supporting this, one of
459 the top candidates, Fum4 (FH), is also an essential enzyme in the TCA cycle (Table

460 S4). The GSEA further supports this finding, as FAD binding is also enriched (48 genes,
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461  GO0O:0050660, P = 0.020) (Figure 4B). A primary function for these 48 enriched genes is
462 the maintenance of redox homeostasis, 16 of which localize to the mitochondria.
463  Another of these genes, the apoptosis-inducing factor AlF, is activated independently
464  from caspases by mitochondrial stress and is released into the cytoplasm, travels to the
465 nucleus, and initiates the chromatin condensation and DNA fragmentation that
466  immediately precedes cell death (Elmore 2007).

467

468  More generally, redox homeostasis in other cellular compartments is also implicated by
469 GSEA (Table S7, Figure 4B). Three paralogs of aldehyde oxidase (Aox) and the
470  NAD(P)H oxidoreductase Duox (DUOX1) are enriched for associated polymorphisms;
471  these oxidase enzymes are essential for maintaining an appropriate balance of reactive
472  oxygen species in the cytoplasm. We identified four paralogs of acyl-coA oxidase
473 (Acox), which is involved in the B-oxidation of very long chain fatty acids in the
474  peroxisome, and an additional 4 genes involved in mitochondrial B-oxidation: wal
475  (ETFA), Mcad (ACADM), CG4860 (ACADS), and CG7461 (ACADVL).

476

477  The involvement of enzymes regulating redox homeostasis, and more specifically redox
478  homeostasis in the mitochondria, is consistent with rpr-induced apoptosis. Both
479  caspase-dependent and caspase-independent apoptotic pathways can be activated
480 downstream of mitochondrial stress (Elmore 2007; Rasmussen et al. 2018). Increasing
481  the permeability of the mitochondrial membrane is sufficient to ensure activation of the
482  apoptosome through the release of cytochrome-C (Elmore 2007). This, along with

483  expression of the mitochondria-associated IAP inhibitors rpr/grim/hid, activates the
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484 caspase cascade (Sandu et al. 2010). Damage to the mitochondria that increases
485  permeability, such as through redox stress, is itself sufficient to activate apoptosis in a
486  caspase-independent manner through the release of AlF (ElImore 2007).

487

488  Other metabolic processes such as sterol transport (G0O:0015918, P = 0.013), leucine
489  import (GO:0060356, P = 8.9 x 10°), and fat body development (GO:0007503, P =
490 0.011) are enriched in the GSEA (Table S7, Figure 4B). Disruption of metabolic
491  processes has long been known to induce oxidative and ER stress, both of which are
492  capable of activating apoptosis through JNK/grm-rpr-hid signaling cascades or directly
493  through mitochondrial stress (Kanda and Miura 2004). It will be interesting to explore
494 how these metabolic processes alter apoptosis not only in this model of retinal
495 degeneration, but in physiologically relevant cell types and tissues, such as the midgut,
496 fat body, and insulin-producing cells.

497

498  The enrichment of multiple metabolic categories suggests that the impact of cellular and
499  mitochondrial metabolism on redox homeostasis could play a major role in rpr-induced
500 degeneration. We hypothesize that these regulators of mitochondrial redox state and
501 metabolism are directly and indirectly influencing the activation of mitochondrial proteins
502 involved in the final decision to undergo apoptosis. Our GSEA emphasizes the
503 importance of exploring not just individually associated genes but also their functional
504 pathways and partners when identifying genetic modifiers of disease.

505

506 Functional analysis of candidate modifiers of apoptosis
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507 To confirm the roles of our candidate genes in regulating apoptosis, we elected to test
508 the impact of loss of modifier expression for nine of the most significant rank-ordered
509 candidate genes. We crossed RNAI targeting each of these modifiers into the GMR-rpr
510 or GMR>p53 line, and then measured the eye area in offspring carrying both the RNAI
511  construct and the apoptosis model (Figure 5, Figure S2). Eye area was quantified and
512 compared to a genetically matched control expressing only the apoptosis model (Figure
513  S3A). Due to a lack of highly significant candidate modifiers of p53-induced apoptosis,
514 we focus our analysis here on the rpr modifiers. Knockdown of either LIMK1 (LIMK1)
515 (16183 £ 875 pixels, N = 15) or swim expression (15518 = 2418 pixels, N = 14) resulted
516  in enhancement of the apoptosis phenotype, showing a significant decrease in eye size
517 compared to controls expressing only GMR-rpr (17534 + 1098 pixels, N = 11) (Figure
518 5). Knockdown of semala (18990 + 746 pixels, N = 15), MED16 (MED16) (20323 + 622
519  pixels, N = 15), or hay (20240 + 617 pixels, N = 14) resulted in a partial rescue, with a
520 significant increase in eye size compared to controls expressing GMR-rpr (Figure 5). No
521  significant change in eye size was observed upon knockdown of CG3032 (GZF1)
522 (18525 + 449 pixels, N = 12), LysRS (KARS) (17879 + 1834 pixels, N = 12), aMan-1A
523  (MAN1A2) (17842 + 763 pixels, N = 15), or CG1907 (SLC25A11) (18755 + 787 pixels,
524 N = 13) (Figure 5). No phenotype was observed for knockdown of any of the modifiers
525 under non-apoptosis conditions (Figure S3B,C). These results demonstrate that many
526  of the top GWA candidate modifiers are capable of modifying the apoptotic phenotypes
527 associated with the GMR-rpr model of degeneration. In the future we will also examine

528 the impact of overexpression of candidate genes on the GMR-rpr model of apoptosis,
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529 as some candidate genes may exert a stronger influence under conditions of gain rather
530 than loss of function.

531

532 CONCLUSIONS

533  The primary goal of this study was to identify candidate genes and pathways that modify
534 apoptosis and degenerative processes. Apoptosis is a primary cause of disease in a
535 multitude of degenerative disorders (Mattson 2000). It is also a commonly targeted
536 pathway for cancer therapies (Ouyang et al. 2012). These and other diseases are
537 subject to a large degree of phenotypic heterogeneity due to inter-individual differences
538 in genetic background among patients (Queitsch et al. 2012; Chow 2016).
539  Understanding how genetic diversity in the population impacts apoptosis could therefore
540 lead to identification of prognostic predictors in the diagnosis of disease and of new
541 therapeutic targets. The modifiers identified here inform our understanding of cell death
542  regulation and could serve as therapeutic targets in a variety of apoptosis-related
543  disorders.

544

545  This study demonstrates the use of the DGRP to identify modifiers that are extremely
546  specific to the disease model being tested. Even though the end point of degeneration
547 s superficially the same for rpr and p53 models, candidate modifier genes are unique to
548 each model. Our methods clearly identify genetic variation associated with specific
549  disease mechanisms, and not simply genes involved in general cell health and survival.
550 We believe the modifying genes and pathways discovered and discussed here are

551  excellent candidates in the treatment and understanding of apoptosis-related disorders.
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With further analysis, we can characterize the roles these modifiers play in degeneration
and their specific functions across tissues and disease models. The genes and
pathways identified study have tremendous value as possible therapeutic targets or

prognostic markers of disease.
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FIGURE LEGENDS
Figure 1. Activation of apoptosis through p53 and rpr-associated pathways.
Apoptosis is primarily initiated through either p53 or Jun-induced (JNK) transcriptional
activation of the Inhibitor of Apoptosis (IAP, in Drosophila Diap) inhibitors hid, rpr and
grim. While p53 is primarily activated by DNA damage and disruption of the cell cycle,
JNK signaling is activated downstream of cellular stress, such as endoplasmic reticulum
(ER) stress, through Irel and Cdk5. ER stress occurs when misfolding proteins, like the

D
1669

rhodopsin mutant Rh , accumulate in the ER (Chow et al. 2016). Expression of rpr,

grim, and hid leads to inhibition of Diap1l, releasing the inhibition on initiator caspases
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759 and allows for the activation of effector caspases and downstream apoptosis. Models
760 used in this or previous studies of retinal degeneration in the DGRP are indicated in
761  white.

762

763  Figure 2. Apoptosis levels vary across genetic background in p53 and rpr models
764  of apoptosis-induced degeneration.

765  Apoptosis induced by overexpression of p53 (A) or rpr (B), as measured by adult eye
766  size, varies across different genetic backgrounds. DGRP strains are arranged along the
767  X-axis from smallest to largest (median eye size + standard deviation). Representative
768 images of GMR>p53 eyes (C) or GMR-rpr eyes (D) in different DGRP backgrounds
769  demonstrate the phenotypic variation quantified in panels A and B.

770

771  Figure 3. Eye size is correlated between GMR-rpr and both GMR>p53 and
772 GMR>Rh1°*® models of degeneration.

773  Correlation in mean eye size between the GMR-rpr, GMR>p53, and GMR>Rh1%%%P
774 models across the DGRP. A. Eye size is significantly correlated in the same DGRP
775  strains expressing GMR-rpr and GMR>p53 (r = 0.19, P = 0.0071). B. Eye size is
776 significantly correlated in the same DGRP strains expressing GMR-rpr and
777 GMR>Rh1°®P (r = 0.25, P = 0.001). C. Eye size is not correlated in same DGRP strains
778  expressing GMR>p53 and GMR>Rh1°®%" (r = 0.12, P = 0.13). * P < 0.05, ** P < 0.005.
779

780 Figure 4. rpr modifiers are enriched for neuronal function, Wnt signaling, and

781 metabolic pathways.
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782  A. rpr modifier network, as plotted by the GeneMANIA plugin in Cytoscape (Shannon et
783 al. 2003; Montojo et al. 2010). Significant candidate modifiers are indicated in red, with
784  physical interactions shown in green, genetic interactions shown in blue, and predicted
785 interactions shown in gray. Circles represent groups with a functional identifier. B. Top
786 20 significant ontological categories as identified by GSEA. Categories are arranged
787  from most significant on top to least significant along the y-axis. P-values are indicated
788 by red-to-blue gradient, with red the lowest p-values and blue the highest P-values.
789  Gene number identified in each category is indicated along the y-axis.

790

791  Figure 5. Knockdown of candidate rpr modifiers significantly alters apoptosis-
792 induced degeneration.

793  RNAI against candidate modifiers was expressed under the control of GMR-GAL4 in the
794  GMR-rpr model. The genetically matched attP2 line was crossed into the GMR-rpr line
795 as a control (blue). Eye size in pixels was quantified for N = 11-15 flies per strain and
796  plotted with the 25™-75" percentile of measurements in the central box. Measurements
797 lying outside of 1.5 x interquartile range are indicated as points. Representative images
798 of each line are found above the data for that line. Knockdown of LIMK1 or swim
799  significantly reduces eye size in the GMR-rpr model of degeneration compared to
800 controls. Loss of Semala, MED16, or hay results in a significant increase in eye size
801 compared to controls. Loss of CG1907 does not significantly alter eye size, but changes
802  in pigmentation are similar in the presence or absence of GMR-rpr (SUPP FIG). Loss of

803 aManAl, LysRS, or CG3032 do not produce a significant effect. RNAI lines with
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804  significant changes in eye size are indicated in red, while those that are not significantly

805 changed are indicated in white. * P < 0.05, *** P < 0.0005.

33


https://doi.org/10.1101/670075
http://creativecommons.org/licenses/by/4.0/

e



https://doi.org/10.1101/670075
http://creativecommons.org/licenses/by/4.0/

— 175
o
X
o
2%
&
©
o
@©
S 125
>
L

10

GMR>p53 B GMR-rpr

18

’ I.-' 15 | [t

e
|“'||| 12

small

median

Figure 2



https://doi.org/10.1101/670075
http://creativecommons.org/licenses/by/4.0/

A B C

Pearson Corr =0.19 o Pearson Corr = 0.25 Pearson Corr =0.12
*p=0.0071 o R **p=0.001 o e ., p=0.11.3 e s ® .
24 () ® o @ o.® ° .. * .o ...
g 24 Q .. .. : ... .:‘ .. ...
744 > e o0 L] L @ o °
(‘D\ 8 o‘ ° ® o } °® U I
< ~ ° o o - % ° .
< DG ) . o ®
z 9\:20 — ] T .
20 ° ® o ® : °
2 % . % . s ® °
(D (D ° R o. o~°
°® 0o © . . P R
16 16 ° °
12 14 16 18 10 12.5 15 12 14 16 18
GMR>p53 GMR>rpr GMR>p53

Figure 3



https://doi.org/10.1101/670075
http://creativecommons.org/licenses/by/4.0/

Muscle Development
and Function

Enriched Ontological Terms

Transcriptional Regulation

malate dehydrogenase (oxaloacetate—decarboxylating) (NADP+) activity

Apoptosis

robo2

Neuronal
function

Protein
Ubiquitination

Sema1i
hay @ betaTubss)

GSEA for GMR-rpr

synaptogenesis

Whnt receptor signaling pathway
leucine import

ER to Golgi vesicle-mediated transport
malate metabolic process

fat body development

sterol transport

heart formation

vesicle docking during exocytosis

nuclear chromatin p-value
0.020
TRAPP complex 0.015
cytoskeletal matrix organization at active zone 8:83 g

FAD binding

regulation of G2/M transition of mitotic cell cycle
eukaryotic translation initiation factor 2B complex
small nucleolar ribonucleoprotein complex

malate dehydrogenase (oxaloacetate—decarboxylating) activity
male meiosis |

gonad development

centrosome duplication

o O O O O O
- AN ™

< W

Gene Number Figure 4


https://doi.org/10.1101/670075
http://creativecommons.org/licenses/by/4.0/

-
N
[6)]

eye area (pixels x10%)

—
9

12.57
o N & A\ ) P A\ K \O K
P N o 2 ) I\ %
GMR-rpr

Figure 5


https://doi.org/10.1101/670075
http://creativecommons.org/licenses/by/4.0/

