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26 Abstract

27 Retinitis pigmentosa (RP) is a clinically heterogeneous disease affecting 1.6 million people
28 worldwide. The second-largest group of genes causing autosomal dominant RP in human
29 encodes regulators of the splicing machinery, but the molecular consequences that link
30 defects in splicing factor genes to the aetiology of the disease remain to be elucidated.
31 Mutations in PRPF31, one of the splicing factors, are linked to RP11. To get insight into the
32 mechanisms by which mutations in this gene lead to retinal degeneration, we induced
33 mutations in the Drosophila orthologue Prp31. Flies heterozygous mutant for Prp3l are
34 viable and develop normal eyes and retina. However, photoreceptors degenerate under light
35  stress, thus resembling the human disease phenotype. Prp31 mutant flies show a high degree
36 of phenotypic variability, similar as reported for human RP11 patients. Degeneration is
37  associated with increased accumulation of rhodopsin 1, both in the rhabdomere and in the cell
38 body. In fact, reducing rhodopsin levels by raising animals in a carotenoid-free medium not
39  only suppressed rhodopsin accumulation, but also retinal degeneration. In addition, our results
40 underscore the relevance of eye color mutations on phenotypic traits, in particular whilst

41  studying acomplex process such as retinal degeneration.

42
43 Article Summary

44  Retinitis pigmentosa (RP) is a human disease affecting 1.6 million people worldwide. So far
45  >50 genes have been identified that are causally related to RP. Mutations in the splicing factor
46  PRPF31 are linked to RP11. We induced mutations in the Drosophila orthologue Prp31 and
47 show that flies heterozygous for Prp3l undergo light-dependent retinal degeneration.
48 Degeneration is associated with increased accumulation of the light-sensitive molecule,
49  rhodopsin 1. In fact, reducing rhodopsin levels by dietary intervention suppressed retinal
50 degeneration. We believe that this model will help to better understand the aetiology of the human
51 disease.
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53 Introduction

54  Retinitis pigmentosa (RP; OMIM 268000) is a clinicaly heterogeneous set of retinal
55  dystrophies, which affects about 1.6 million people worldwide. It often starts with night
56  blindness in early childhood due to the degeneration of rod photoreceptor cells (PRCs),
57  continues with the loss of the peripheral visual field caused by degeneration of rods (tunnel
58 vision), and progresses to complete blindness in later life. RP is a genetically heterogeneous
59  disease and can be inherited as autosomal dominant (adRP), autosomal recessive (arRP) or X-
60 linked (XIRP) disease. So far >50 genes have been identified that are causally related to non-
61 syndromic RP (see RetNet: http://www.sph.uth.tmc.edu/RetNet/disease.htm). Affected genes
62 arefunctionaly diverse. Some of them are expressed specifically in PRCs and encode, among
63 others, transcription factors (e. g. CRX, an otx-like photoreceptor homeobox gene),
64  components of the light-induced signalling cascade, including the visual pigment rhodopsin
65 (Rho/RHO in Drosophila/human), or genes controlling vitamin A metabolism (e.g. RLBP-1,
66 encoding Retinaldehyde-binding protein). Other genes are associated with the control of
67 celular homeostasis, for example CRBL1, a gene required for the maintenance of polarity
68 (DAIGER et al. 2013; DAIGER et al. 2014). Interestingly, the second-largest group of genes
69 causing adRP, comprising 7 of 23 genes known, encodes regulators of the splicing machinery.
70 So far, mutations in five PRPF (pree-mRNA processing factor) genes, PRPF31, PRPF4,
71 PRPF6, PRPF8 and PRPF31, have been linked to adRP, namely RP18, RP70, RP60, RP13
72 and RP11, respectively. PAP1 (Piml-associated protein) and SNRNP200 (small nuclear
73  ribonuclearprotein-200), two genes also involved in splicing, have been suggested to be
74  associated with RPO and RP33, respectively (MAITA et al. 2004; ZHAO et al. 2009) [reviewed
75 in (MORDES et al. 2006; PouLos et al. 2011; Liu AND ZACK 2013; RUZICKOVA AND STANEK
76  2016)]. The five PRPF genes encode components regulating the assembly of the U4/U6.U5
77  tri-snRNP, a mgjor module of the pre-mRNA spliceosome machinery (WiLL AND LUHRMANN
78 2011). Several hypotheses have been put forward to explain why mutations in ubiquitously
79  expressed components of the general splicing machinery show a dominant phenotype only in
80 PRCs. One hypothesis suggests that PRCs with only half the copy number of a gene encoding
81 a general splicing component cannot cope with the elevated demand of RNA-/protein
82 synthesis required to maintain the exceptionally high metabolic rate of PRCs in comparison to
83  other tissues. Hence, halving their gene dose eventually results in apoptosis. Although this
84 model is currently favoured, other mechanisms, such as impaired splicing of PRC-specific
85 mRNASs or toxic effects caused by accumulation of mutant proteins have been discussed and
86  may contribute to the disease phenotype [discussed in (MORDES et al. 2006; TANACKOVIC et
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87 al. 2011; ScoTTI AND SWANSON 2016)].

88 The observation that all adRP-associated genes involved in splicing are highly conserved
89  from yeast to human alows to use model organisms to unravel the genetic and cell biological
90 functions of these genes in order to obtain mechanistic insight into the origin of the diseases.
91 In the case of RP11, the disease caused by mutations in PRPF31, three mouse models have
92  been generated by knock-in and knock-out approaches. Unexpectedly, mice heterozygous
93  mutant for anull allele or a point mutation that recapitulates a mutation in the corresponding
94  human gene did not show any sign of retinal degeneration in 12 and 18-month-old mice,
95  respectively (BusakowskA et al. 2009). Further analyses revealed that the retinal pigment
96 epithelium, rather than the PRCs, is the primary tissue affected in Prpf31 heterozygous mice
97 (GRAzIOTTO et al. 2011; FARKAS et al. 2014). Morpholino-induced knock-down of zebrafish
98 Prpf31 results in strong defects in PRC morphogenesis and survival (LINDER et al. 2011).
99 Defects induced by retina-specific expression of zebrafish Prpf31 constructs that encode
100 proteins with the same mutations as those mapped in RP11 patients (called AD5 and SP117,
101  respectively) were explained to occur by either haplo-insufficiency or by a dominant-negative
102  effect of the mutant protein (YIN et al. 2011). In Drosophila, no mutations in the orthologue
103  Prp31 have been identified so far. RNAi-mediated knock-down of Prp31 in the Drosophila
104  eye results in abnormal eye development, ranging from smaller eyes to complete absence of
105 theeye, including loss of PRCs and pigment cells (RAY et al. 2010).

106 We aimed to establish a meaningful Drosophila model for RP11-associated retinal
107  degeneration in order to get better insights into the mechanisms by which Prp31 prevents
108 retinal degeneration. Therefore, we isolated two mutant alleles of Prp31, Prp31™’ and
109 Prp31™8, which carry missense mutations affecting conserved amino acids. Flies
110  heterozygous for either of these mutations are viable and develop normally. Strikingly, when
111 exposed to constant light, these mutant flies undergo retinal degeneration, thus mimicking the
112  disease phenotype of RP11 patients. Degeneration of mutant PRCs is associated with
113  accumulation and abnormal distribution of the visual pigment rhodopsin, Rhl, in PRCs.
114 Reduction of dietary vitamin A, a precursor of the chromophore 11-cis-3-hydroxyretinal,
115 which is bound to opsin to generate the functional visual pigment rhodopsin, prevents
116  accumulation of rhodopsin and retinal degeneration. From this we conclude that Rhl
117  accumulation/misdistribution is a major cause of retinal degeneration in Prp31 heterozygous
118 flies. We provide additional evidence for the strong influence of the genetic background on

119 the expressivity of the mutant phenotype, a feature that has also been described for the human
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120 disease.
121 Materialsand Methods
122

123  Fly strainsand genetics

124 All phenotypic analyses were performed in age-matched males unless otherwise specified.
125  Genotypes and genders are summarized in Supplemental Table 1. Flies were maintained at
126  25°C on standard yeast-cornmeal-agar food. To rule out differences in light sensitivity in the
127  light-degeneration paradigm, we utilized white-eyed flies, bearing mutations in the white
128 gene, either as general controls or in the mutant background. We tested two white alleles (w*
129  and w''*®). Molecular testing of these two alleles by PCR revealed that both w* and w'''®
130 carry adeletion of the transcriptional and translation start site of the white gene (Fig. S1A).
131  However, whilst both lines respond to constant light exposure, w2 exhibits a drastic loss of
132  photoreceptor cells, in that 75% of all ommatidia are damaged in w'*® eyes following
133 constant light exposure (Fig. S1B-E). In contrast, w* only exhibits modest changes in
134  morphology, consistent with expected effects of constant light exposure. It has been recently
135 reported that w™*® is the most severely affected w allele in degeneration paradigms as
136 compared to other alleles of white (FERREIRO et al. 2018). Furthermore, different strains of
137 w'*®have been reported to exhibit varying phenotypes in terms of adult behaviour (SuN et al.
138 2009). Based on these data, we utilized w* as our general control, given its stereotypic
139  response to constant light. The RNAI line (ID: 35131) for the Prp31 gene was obtained from
140 the Vienna Drosophila Resource Centre (VDRC, www.vdrc.at) (DIETZL et al. 2007). RNAI
141 was induced either using Rh1-Gal4 in combination with Dicer-2 expression, or with a
142 transgene (GMR-W'F) (LEE AND CARTHEW 2003) to assay degeneration in a non-pigmented
143 background. Df(3L)Exel6262 with deleted segment 71B3;71C1 (PARKS et al. 2004),
144  Df(3L)ED217 with deleted segment 70F4;71E1 and Df(3L)ED218 with deleted segment 71B1
145 - 71E1 (RYDER et al. 2007) were obtained from the Bloomington Stock Centre. Since the
146  deficiency lines carry a mini-white transgene due the way they were generated (RYDER et al.
147  2007), cn bw was recombined into these lines and all phenotypes were compared with cn bw.
148  gstD-GFP (SYKIOTIS AND BOHMANN 2008) (gift from D. Bohman), recombined into Prp31*,

149  deficiency lines or genetic controls were used as an indicator of oxidative stress signalling.

150 Isolation of Prp3l allelesby TILLING
151 Toisolate point mutations in the Prp31 locus (FyBase ID: FBgn0036487) a library, of 2.400
152  fly lines with isogenized third chromosomes, which potentially carry point mutations caused

153 by EMS treatment, was screened. Our approach targeted exon 1-3 of the Prp31 locus
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154  containing two thirds (67%) of the coding sequence and including several predicted functional
155 domains (the NOSIC (IPRO012976), the Nop (IPRO002687) and parts of the Prp31 C
156 terminal (IPRO019175) domain), making use of two different PCR amplicons. A nested PCR
157  approach was used, where the inner primers contain universal M 13 tails that serve as primer

158 binding sites of the Sanger sequencing reaction:

159 e ampliconl (covers exon 1 and 2), outer primer, forward: TTCAATGAACCGCATGG,
160 reverse. GTCGATCTTTGCCTTCTCC, inner / nested primer, forward:
161 TGTAAAACGA CGGCCAGT-AGCAACGGTCACTTCAATTC, reverse:
162 AGGAAACAGCTATGACCAT-GAAAGGGAATGGGATTCAG);

163 e amplicon 2 (covers exon 3), outer primer, forward: ATCGTGGGTGAAATCGAG,
164 reverse:.  TGGTCTTCTCATCCACCTG, inner / nested primer, forward:
165 TGTAAAACGA CGGCCAGT-AAGCTGCAGGCTATTCTCAC, reverse:
166 AGGAAACAGCTATGACCAT-TAGGCATCCTCTTCGATCTG.

167 PCR-reactions were performed in 10 pl volume and with an annealing temperature of 57 °C,
168 in 384 well format, making use of automated liquid handling tools. PCR fragments were
169 sequenced by Sanger sequencing optimized for amplicon re-sequencing in a large-scale
170 format (WINKLER et al. 2005; WINKLER et al. 2011). Primary hits, resembling sequence
171 variants, which upon translation result in potential nonsense and missense mutations or affect
172 a predicted splice site, were verified in independent PCR amplification and Sanger
173 sequencing reactions. Two of the four lines, named Prp31™" and Prp31™2, were recovered
174  fromthe living fly library and crossed for three generations to control, white-eyed (w) flies to
175  reduce the number of accompanying sequence variations. The removal of the markers of the
176  original, mutagenized chromosome (ru st e ca) by the above outcrossing was verified as
177  follows: the isolated alleles (males) were crossed to the original line (ru st e ca) and checked
178  for the phenotypes associated with homozygous conditions of roughoid (ru; eye appearance),

179  scarlet (st; eye colour), ebony (e; body colour), claret (ca; eye color).
180 Experimental light conditions

181 Flies were reared in regular light conditions defined as 12 hours of light (approx. 900-1300
182  lux)/12 hours of darkness. For the light-induced degeneration setting, flies (2 days of age)
183  were placed at 25°C for 7 days in an incubator dedicated for continuous, high intensity light
184  exposure (JOHNSON €t al. 2002). High intensity light was defined by intensity of 1200-1300
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185 lux measured using an Extech 403125 Light ProbeMeter (Extech Insturments, USA) with the
186  detector placed immediately adjacent to the vial and facing the nearest light source. To reduce
187  blue-green light in this setting, a customized box bounded by filters, which block blue-green
188 light (shown in Fig. 3A) and face the light source in the incubator, was used. Light intensity
189 was determined by measuring light counts using a USB spectrometer (Ocean Optics, USA).
190 At the end of 7 days, fly heads were processed for sectioning. For immunostaining and
191 western blotting, flies (1 day) reared under regular light were processed as described below.

192  Vitamin A depletion

193  For vitamin A depletion experiments, animals were raised and maintained from embryonic
194  stages onward on carotenoid free food (10% dry yeast, 10% sucrose, 0.02% cholesterol, and
195 2% agar) asdescribed (PocHA et al. 2011).

196 Transmission electr on microscopy

197  Fixation of adult eyes, semi-thin sections and ultra-thin sections for transmission electron
198 microscopy was performed as described (MISHRA AND KNuST 2013). 1-2 pm semi-thin
199  sections were stained with toluidine blue (1% / sodium tetraborate). 70nm ultrathin sections
200  were imaged using a Morgagni 268 TEM (100kV) electron microscope (FEI Company), and
201  images were taken using a Side-entry Morada CCD Camera (11 Megapixels, Olympus).

202  Quantification of Degeneration

203  Toluidine blue stained semi-thin sections were imaged with a 63x Plan Apo oil objective
204  (N.A. =1.4) on Axiolmager.Z1 (Zeiss, Germany), fitted with AxioCamMRm camera, and
205 analysed using the AxioVision software (Release 4.7). Quantification of degeneration was
206 performed as described (BuLGakovA et al. 2010). Briefly, the number of detectable
207  rhabdomeres in each ommatidium was recorded from approximately 60-80 ommatidia per
208 section and at least three eyes from different individuals were analysed. In case of

209  degeneration, fewer ommatidia were counted since most of the tissue had degenerated.

210  Immunostaining of adult retina and confocal imaging

211  Adult eyes were dissected and fixed in 4% formaldehyde. They were then processed either
212  directly for immunostaining of the whole eye after removal of the lens, or for cryosectioning.
213  For sectioning, sucrose treatment and embedding of the tissues in Richard-Allan Scientific
214  NEG-50™ (Thermo Fisher Scientific, UK) tissue embedding medium was done (MISHRA AND
215  KNusT 2013). Eyes were cryosectioned at 12um thickness at -21°C. Sections were air-dried

216  and then subjected to immunostaining, which was done as described previously (SPANNL et
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217  al. 2017). Antibodies used were rabbit anti-GFP (1:500; A-11122; Thermo Fisher Scientific,
218 UK), mouse anti-Rh 1 (1:50; 4C5) and mouse anti-Na'-K*-ATPase (1:100; a5), both from
219 Developmenta Studies Hybridoma Bank (DSHB), University of lowa, USA. 4C5
220  [http://dshb.biology.uiowa.edu/4C5] and a5 [http://dshb.biology.uiowa.eduw/as] were
221 deposited to the DSHB by de Coet, H.G./Tanimura, T., and by Fambrough, D.M.,
222  respectively. Alexa-Flour conjugated secondary antibodies (1:200, Thermo Fisher Scientific,
223  UK) were used. DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride; Thermo Fisher
224  Scientific, UK) was used to label nuclei in tissue sections and Alexa-Huor-555—phalloidin
225 (Thermo Fisher Scientific, UK) was used to visualise F-actin enriched rhabdomeres. Sections
226  and whole mounts were imaged with an Olympus Fluoview 1000 confocal microscope using
227 an Olympus UPlanSApochromat 60x Oil objective (N.A. =1.35). They were subsequently
228  visualized in Fiji (SCHINDELIN et al. 2012) and corrected for brightness and contrast only.

229  Western blotting

230 Five fly heads from each genotype were homogenized in 10 uL of 4x SDS-PAGE sample
231  buffer (200 mM Tris-HCI pH 6.8, 20% Glycerol, 8% SDS, 0.04% Bromophenol blue, 400
232 mM DTT). After dilution with RIPA buffer (150 mM sodium chloride, 1% Triton X-100,
233  0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 8), lysates were heated at 37°C for 30
234  min. Lysates equivalent to 2.5 heads were loaded and run on a 15% acrylamide gel, and the
235 proteins transferred onto a membrane (Nitrocellulose Blotting Membrane 10600002; GE
236  Hedthcare Life Sciences; PA; US). Primary antibodies were incubated overnight at 4°C and
237 included anti-Rh1 (4C5; 1:500) and anti-3-Tubulin (E7; 1:5,000), both from Developmental
238 Studies Hybridoma Bank (DSHB), University of lowa, USA. 4C5
239  [http://dshb.biology.uiowa.edu/4C5] and E7 [http://dshb.biology.uiowa.edu/tubulin-beta- 2]
240  were deposited to the DSHB by de Coet, H.G./Tanimura, T., and by M. McCutcheon/ S.
241  Carroll respectively. As secondary antibody IRDye 800CW goat anti-Mouse 1gG (1:15,000;
242  LI-COR Biotechnology; NE; US) was used for an 1 h incubation. The fluorescent signal from
243  the dry membrane was measured using a LI-COR Odyssey Sa Infrared Imaging System 9260-
244  11P (LI-COR Biotechnology). The intensity of the bands was analysed using the Image
245  Studio Ver 4.0 software. The reported value in Fig. 7 is obtained following normalization of
246  theintensity values for Rhl with the corresponding Tubulin intensity values and the number
247  of heads loaded onto the gel.

248  Figurepane preparation
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All figure panels were assembled using Adobe Photoshop CS5.1 and Adobe Illustrator CS3
(Adobe Systems, USA). Statistical analyses and graphs were generated using GraphPad Prism
(GraphPad Software, Inc, USA) and Microsoft Excel. For protein sequence visualization,
[llustrator of Biological Sequences (IBS; (LIU et al. 2015)) software package was used.
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254  Results
255 Two Prp3l allelesdiscovered by TILLING

256 It was recently shown that RNAi-mediated knockdown of Drosophila Prp31 in the eye using
257 eye-specific Gal4-lines (eyeless (ey)-Gal4 or GMR-Gal4) results in abnorma eye
258 development, ranging from smaller eyes to complete absence of the eye, including loss of
259  photoreceptor cells (PRCs) and pigment cells (RAY et al. 2010). Since both Gal4 lines are
260  expressed throughout eye development, some of the defects observed could be the result of
261 impaired development, for example as a consegquence of defective cell fate specification or

262  eye morphogenesis.

263 We aimed to establish a more meaningful Drosophila model for RP11-associated retinal
264  degeneration, a human disease associated with mutations in the human orthologue Prpf31,
265 which would alow a deeper insight into the role of this splicing factor in the origin and
266  progression of the disease. Therefore, we set out to isolate specific mutations in Drosophila
267 Prp31 by TILLING (Targeting Induced Loca Lesions IN Genomes), following a protocol
268  described recently (SPANNL et al. 2017). In total, 2400 genomes of EMS (ethyl
269  methanesulfonate)-mutagenized flies were screened for sequence variants in two different
270  amplicons of Prp31. Four sequence variants were identified, which were predicted to result in

1P17 and

271  potentialy deleterious missense mutations. Two of the four lines, named Prp3
272 Prp31™ were recovered from the living fly library and crossed for three generations to
273  control, white-eyed (W) flies to reduce the number of accompanying sequence variations. We
274  outcrossed the mutants with white-eyes flies rather than with wild-type, red-eyed flies to
275 generate a sensitised background for light-dependent degeneration experiments, since
276  presence of the pigment granules surrounding each ommatidium contributes towards lower
277  sensitivity to light (STARK AND CARLSON 1984). Prp31™® was viable as homozygotes and in
278 trans over any of three deficiencies, which remove, among others, the Prp31 locus (Fig. 1A).
279  In contrast, no homozygous Prp31™ flies were obtained. However, Prp31™’ was viable in
280 trans over Prp31™® and over Df(3L)ED217. This suggests that the lethality was due to a
281  second site mutation, which was not removed despite extensive out-crossing. We noticed that
282  out-crossing Prp31™’ and Prp31™® did not remove scarlet (st), one of the markers of the
283  origina, mutagenized chromosome (ru st e ca). Therefore, the correct genotypes of the two
284  mutant lines are w*; Prp317, st' and w*; Prp31™8, st*. For simplicity, we will refer to them
285  asPrp31™ and Prp31™® throughout the text.

286  The molecular lesions in the two Prp31 alleles were mapped in the protein coding region.
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287  Drosophila PRP31 is a protein of 501 amino acids, which contains a NOSIC domain (named
288  after the central domain of Nop56/SIK1-like protein), a Nop (Nucleolar protein) domain
289 required for RNA binding, a PRP31_C-specific domain and a nuclear localization signal,
290 NLS. Prp31™ contained a point mutation that resulted in a non-conservative glutamine to
291  arginine exchange (G90R) N-termina to the NOSIC domain. Prp31™® contained a non-
292  conservative exchange of a proline to aleucine residue in the Nop domain (P277L) (Fig. 1B).
293 Both mutations affect amino acids that are conserved between the fly and the human protein
294 (Suppl. Fig. S2).

295

296  Flieshetero- or hemizygousfor Prp31 undergo light-dependent retinal degeneration

1P18 1P17

297 Homo- and heterozygous Prp3 and heterozygous Prp31 " animals raised and kept under
298 regular light/dark cycles (12h light/12h dark) have eyes of normal size. Histological sections
299 reveded norma numbers of PRCs per ommatidium (distinguished by the number of
300 rhabdomeres) and a normal stereotypic arrangement of PRCs (Fig. 1C-F and Suppl. Fig.
301 S2B). This indicates that the development of the retina was not affected by these mutations.
302 However, PRCs of Prp31™//+, Prp317™%/+ and Prp31™%/Prp31™ flies showed clear signs of
303 retina degeneration when exposed to constant light for several days, manifested by a
304 complete or partial loss of rhabdomeric integrity (Fig. 2A-D and Suppl. Fig. S2B’). We used
305 the number of surviving rhabdomeres as an indicator of the severity of degeneration (Fig. 2E).
306 When exposed for 7 days to constant light, w* mutant control flies exhibited some retina
307  degeneration, with 82% of all ommatidia still displaying the full complement of rhabbdomeres.
308 Thisphenotype is less severe than that reported for w2 flies (CHEN et al. 2017; FERREIRO et
309 al. 2018) (Fig. S1). Prp31 mutant flies showed more severe PRC degeneration, with only
310  about 48% of ommatidia having the full complement of seven PRCs (Fig. 2E). The degree of
311 degeneration observed in Prp31l alleles is less severe and more variable than that observed in
312 the well-established RP12 disease model induced by mutations in the gene crumbs (crb)
313  (JoHNSON et al. 2002; CHARTIER et al. 2012; SPANNL et al. 2017). In the two crb alleles
314  crb™% and crb”*® only 5 to 11% of all ommatidia displayed 7 rhabdomeres upon exposure

315 to constant light, respectively (Fig. 2E).

316  Surprisingly, while about 18% of al ommatia in w* mutant control flies had less than seven
317  rhabdomeres, this number was increased to 50% in the second genetic control, w*;;st'/+ (Fig.
318 2E), suggesting that st* is a dominant enhancer of w*, at least with respect to retinal
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319 degeneration. This raised the question whether the degeneration observed in the two Prp31
320 lines used is due to the mutation in Prp31, rather than to the mutations in w and st. To address
321 this question, we reduced the intensity of blue/green light during light exposure (Fig. 3A),
322 thereby minimising detrimental effects induced as a result of photolysis of rhodopsin, a
323  known trigger of apoptosis (STARK AND CARLSON 1984; STARK et al. 1985). When exposed to
324 filtered light with reduced blue/green intensity, neither w* nor w*;; st'/+ ommatia displayed
325 any sign of degeneration (Fig. 3B) and amost 100% of ommatidia showed the full
326  complement of seven rhabdomeres. This is in stark contrast to results obtained under higher
327 light intensity exposure, under which w*;; and w*;;st'/+ displayed only 82% and 50% intact
328 ommatidia, respectively (Fig. 3B). From this we concluded that the damage observed in eyes
329  lacking pigments (w*;; and w*;;st'/+) is caused by high intensity light. This conclusion was
330 corroborated by virtually no loss of rhabdomeres in wild-type (pigmented) eyes exposed to
331 light (Suppl. Fig. S3). In contrast, in Prp31™# heterozygous mutant flies exposed to lower
332 blue/green light intensities still about 20% of al ommatidia displayed less than seven
333  rhabdomeres, compared to 52% observed upon high intensity light exposure (Fig. 3B)
334  Similarly, retinal degeneration is only slightly lowered in crb mutants at reduced blue green
335 light, from 95% defective ommatidia to 80% (Fig. 3B). Another characteristic sign of light-
336 induced tissue damage in white-eyed flies is the formation of holes or lacunae (FERREIRO et
337 al. 2018). In fact, fewer holes were observed upon exposure to lower intensity light in the
338 tissue (see Suppl. Fig. S3). Taken together, these results suggest i) that in flies lacking
339  screening pigments high-intensity light induces tissue damage, i. e. PRC degeneration and
340 formation of lacunae, which can be prevented by filtering-out high-energy wavelengths; and
341 i) that light-dependent retinal degeneration in Prp31 mutants is due to the mutations in
342  Prp31, and that the genetic background (w*;:st'/+) only marginally contributes to the degree
343  of degeneration observed.

344  To further confirm that the degeneration phenotype observed in Prp31™® and Prp31™’
345  heterozygous flies is due to mutations in Prp31 rather than to a mutation in st, we applied
346  additional strategies to perturb Prp31. These included the use of RNAi-mediated knockdown
347  of Prp3l and of three deficiencies that remove Prp31 but leave the st locus intact (Fig. 1A).
348  First, we knocked down Prp31 by overexpressing Prp31 RNAI, mediated by Rh1l-Gal4,
349  which drives expression late in development, from 70% pupal development into adulthood
350 (KuMAR AND READY 1995). Thereby, we can rule out any effects on PRC specification or
351 morphogenesis induced by loss of Prp31. To remove screening pigments, a second transgene
352  wasintroduced into this background, called GMR-w'R, which expresses white RNAi under the

12


https://doi.org/10.1101/386433

bioRxiv preprint doi: https://doi.org/10.1101/386433; this version posted August 13, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

353 control for the GMR-promoter. When exposed to light, the retina of corresponding control
354 flies showed only minor morphological changes (Fig. 4A). However, the induction of Prp31
355 RNAI by Rhl-Gal4 resulted in clear signs of degeneration upon light exposure, such as loss of
356 rhabdomeres and accumulation of intensely stained structures reminiscent to apoptotic
357 features (Fig. 4B). In fact, while 71% of control ommatidia revealed 7 identifiable
358 rhabdomeres, this number decreased to 48% upon induction of Prp31 RNAI (Fig. 4C). As a
359 second alternative strategy to study the role of Prp3Ll in retinal degeneration we analysed the
360 phenotype of three deficiency lines that cover the Prp31 locus (see Fig. 1A). Since these
361 deficiencies carry a w'-minigene, their retinal phenotype (and that of the respective control)
362 was studied in a w*; cn bw mutant background in order to remove all screening pigments.
363 Df(3L)Exel6262/+, Df(3L)ED217/+, and Df(3L)ED218/+ flies exhibited the same degree of
364 retinal degeneration as Prp31™ or Prp31™*® heterozygous flies (Fig. 5), with only about 20%
365  of their ommatidia showing seven rhabdomeres. Similar to the Prp31 alleles, these deficiency
366 lines had no obvious effects on retinal development (Suppl. Fig. S4A-D). Degeneration was
367 also observed in hemizygous Prp31l flies (Prp317™*4/Df (3L)217 and Prp31™/Df (3L)217)
368  (Suppl. Fig. S4E, F).

369 Transmission electron microscopy (TEM) was used to further describe the ultrastructural
370 features of degenerative phenotypes (Fig. 6). Halmarks of degeneration include loss of
371  rhabdomeral integrity, the complete loss of rhabdomeres in some PRCs, and the accumulation
372  of electron dense aggregates. These features were mostly absent in eyes of w* flies and occur
373 only to some extent in w*;;st'/+ retina (Fig. 6A, B). In contrast, these attributes of
374  degeneration were clearly identifiable and more pronounced in the retina of heterozygous and
375 hemizygous Prp3L1 flies (Fig. 6C-E). As mentioned above, degeneration in crb mutant eyes
376  kept under the same conditions was more severe, as revealed from the complete loss of
377  rhabdomeric integrity in al ommatidia and the accumulation of electron dense aggregates
378 (Fig. 6F).

379 To summarise, data presented here support the conclusion that loss of one copy of the Prp31

380 locus causes light-induced retinal degeneration.
381
382  Prp31 mutant photoreceptor cellsshow increased rhodopsin accumulation

383 A common cause of retinal degeneration, both in flies and in mammals, is abnormal
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384 localization/levels of the visual pigment rhodopsinl (Rhl) (HOLLINGSWORTH AND GROSS
385 2012; XIONG AND BELLEN 2013). Therefore, we asked if the degeneration observed in Prp31
386 mutant retinas is associated with altered Rhl localization/levels. Rhl, encoded by ninaE, is
387 the most abundant rhodopsin expressed in the outer PRCs R1-R6 (OsTROY et al. 1974;
388 HARRIs et al. 1976). In control flies raised under regular light conditions (12h light/12h dark),
389 Rhl was concentrated in the rhabdomeres. As reported previously, Rh1l either fills the entire
390 rhabdomere, forms a crescent-shaped pattern, or is restricted to the base or the lateral edges of
391 the rhabdomere (OREM et al. 2006; CHINCHORE €t al. 2009; MITRA et al. 2011; XIONG et al.
392  2012; WANG et al. 2014; CHEN et al. 2017). Differences in localization have been attributed
393 to inconsistency in antibody penetration due to the membrane-dense rhabdomeric structure
394 (XIONG et al. 2012). The staining was more consistent when analysed in whole mount
395 preparations. Here, Rhl is more uniformly distributed, outlining the rhabdomeric structure
396 along its length (Fig 7A’). Besides the rhabdomeric localization, Rh1l could be detected in
397  cytoplasmic punctae (blue arrowsin Fig. 7 and Suppl. Fig. S5,). Thisintracelular pool of Rh1l
398  represents presumably internalized Rh1l following light exposure (SATOH AND READY 2005),
399 since these flies were raised with 12 hours light and 12 hours darkness. PRCs of adult flies
400 heterozygous for Prp3l exhibited increased accumulation of Rhl in the rhabdomeres in
401  comparison to genetic controls (Fig. 7C, C'). Increased Rh1 immunostaining was observed in
402  mutants independent of light conditions (Fig. S6).

403  All three deficiencies that remove the Prp31 locus also exhibited increased Rhl staining (Fig.
404 7E, E and Suppl. Fig. S5C, D) in comparison to the genetic control (Fig. 7D, D). Finadly,
405 RNAi-mediated knockdown of Prp31 also resulted in accumulation of Rh1l immunoreactivity
406 (Fig. 7 F, G). Increased intensity of Rh1 immunostaining is due to increased levels of Rhl as
407 reveadled by western blots of protein extracts isolated from adult heads (Fig. 7H, 1). On
408 average, Rh1 levels are increased by about four times in Prp31™# heterozygous tissue as

409  compared to tissue from genetic controls, w*;;st'/+.

410 To determine whether rhodopsin accumulation contributes to light-dependent degeneration in
411  Prp3l mutant flies, we experimentaly reduced rhodopsin levels by raising animals in
412  carotenoid-free diet from embryonic stages onward. Carotenoids are precursors of the
413  chromophore 11-cis-3-hydroxyretinal, which binds to opsin to generate the functional visual
414  pigment rhodopsin in flies (vON LINTIG et al. 2010). In control genotypes, reduction of the
415 chromophore halts maturation and ER to Golgi transport of rhodopsin, and an intermediate

416  form accumulates in the perinuclear endoplasmic reticulum (COLLEY et al. 1991; OzAKI et al.
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417  1993). Lack of dietary carotenoids strongly reduced Rhl levels in the rhabdomere in controls
418 and Prp31 mutants and caused Rh1 accumulation in a peri-nuclear location (Fig. 8 A-D’).

419 Raising Prp31 mutant animals in vitamin A depleted diet aso suppressed light-dependent
420 PRC degeneration. Under this dietary condition, more than 50% of ommatidia displayed 7
421  rhabdomeres, both in the control (w*;;) and in heterozygous Prp3l flies (Fig. 8E-I).
422  Interestingly, this dietary intervention did not suppress the degeneration observed in w*;;st/+
423  eyes: only 25% ommatidia displayed the full complement of rhabdomeres. In agreement with
424 previous reports (SATOH et al. 1998 ) , the retinae of both genetic controls were more
425  damaged when raised on carotenoid depleted diet as opposed to a standard diet (compare Fig.
426 2and Fig. 8).

427  To conclude, these results point to Rh1 accumulation as a major cause of retinal degeneration

428  in Prp31 heterozygous flies.

429

430
431 Mutationsin Prp31°™*8 do not elicit increased oxidative stress signalling in photor eceptor
432  cells

433  Although PRCs are specialised for light reception to initiate phototransduction, light at the
434  same time is a stress factor and induces increased production of reactive oxygen species
435 (ROS) (GERMAN et al. 2015). Increased levels of cellular ROS, in turn, induce antioxidant
436  responses, which include expression of proteins against oxidative stress, e.g. superoxide
437 dismutase (SOD) or glutathione S-transferase. Their activity can prevent cells from the
438 detrimental consequences of oxidative stress, such as increased lipid oxidation or damage of
439 proteins and DNA (ToMANEK 2015). In photoreceptor cells, a failure of the antioxidant
440 machinery to neutralise increased levels of ROS can lead to light-dependent retinal
441  degeneration, for example in fly PRCs mutant for crb (CHARTIER €t al. 2012).

442  This raised the question whether flies mutant for Prp31 are subject to increased oxidative
443  stress. Therefore, we analysed heterozygous Prp31™2 flies that carried the gstD-GFP reporter
444 transgene. This reporter expresses GFP under the control of upstream regulatory sequences of
445  glutathione Stransferase (gstD1), one of the genes involved in detoxification, whose
446  expression is activated by oxidative stress (SykioTiS AND BOHMANN 2008). As shown
447  previously, expression of this reporter correlates with the level of reactive oxygen species
448 (ROS). This was revealed by comparing its activity with the signal induced upon application
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449  of a ROS-sensitive dye, Hydro-Cy3, in the midgut of adult flies stressed by feeding bacteria
450 (JoNEs et al. 2013). Here, we examined GFP expression in-situ by immunostaining of adult
451  mutant and control eye tissues, isolated form flies raised in regular light conditions. In control
452  eyes (gstD-GFP/+), GFP expression was high in pigment and cone cells. Interestingly, barely
453  any gstD-GFP expression was detected in PRCs (Fig. 9A). In eyes of Prp31™8/+ flies gstD-
454  GFP expression was strongly increased in cone and pigment cells (Fig. 9B). Increased
455  oxidative stress signaling in the retina of Prp31™%+ flies was corroborated by using
456  Dihydroethidium (DHE), a dye to detect ROS directly (Owusu-ANsAH et al. 2008) (Fig. 9D,
457  E). Strikingly, the eyes of Df(3L)217/+ flies (lacking one copy of the Prp31 locus), did not
458  show any increase in gstD-GFP expression nor in DHE staining (Fig. 9G-J), suggesting no
459  atered ROS levels. Since Prp31/+ flies are also heterozygous for st, we tested ROS levels in
460 eyes of control flies with only one functional copy of st. Surprisingly, enhanced oxidative
461  stress signalling and mild increase in ROS levels were observed in w*;;st'/+ as compared to
462 w* (Fig. 9C, F).

463  From these results we conclude that loss of one copy of Prp31l does not cause detectable
464  increase in oxidative stress in PRCs, suggesting that increased accumulation of Rh1 in mutant

465 PRCsisthe major cause for retinal degeneration in this mutant.
466

467

468  Discussion

469 Here we present a fly model for RP11, an autosomal-dominant human disease leading to
470  blindness, caused by mutations in the splicing regulator PRPF31. Our results revea that
471  mutations in the Drosophila orthologue Prp31 lead to PRC degeneration under light stress,
472 thus mimicking features of RP11-associated symptoms. Similar as in human, mutations in
473  Drosophila Prp3l are haplo-insufficient and lead to retinal degeneration when hetero- or
474  hemizygous. This is in stark contrast to mice heterozygous for Prpf31, which did not show
475 any signs of PRC degeneration (BuiakowskA et al. 2009), but rather late-onset defects in the
476  retinal pigment epithelium (GRAzIOTTO et al. 2011; FARKAS et al. 2014).

477 By using three different genetic approaches we provide convincing evidence that the knock-
478  down of Prp3l is the cause for the retinal degeneration observed. i) The two Prp31 alleles

479  induced by Tilling (Prp31™ and Prp31™®) carry missense mutations in conserved amino
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480 acids of the coding region. ii) Flies heterozygous for any of three deletions, which remove the
481  Prp31l locus, exhibit the same phenotype. iii) RNAi-mediated knock-down of Prp31 resultsin
482  light-induced degeneration. From the results obtained we conclude that the two missense
483  mutations mapped in Prp31™Y and Prp31™2 are strong hypomorphic alleles. First, the two
484  Drosophila aleles characterized here are hemizygous and homozygous (in the case of
485  Prp31™®) viable and fertile. Second, mutations in the two established Prp31 fly lines are
486  missense mutations, one located N-terminal to the NOSIC domain in Prp31™’ (G9OR) and
487  the other in the Nop domain in Prp31™® (P277L) (see Fig. 1A), which most likely result in a
488 reduced function of the respective protein. Whether protein levels are also decreased cannot
489 be answered due to the lack of specific antibodies. In yeast, Prp31 is a component of the
490 spliceosomal U4/U6 di-SNP, which contains, beside the base-paired U4 and U6 snRNAS,
491 more than 10 other proteins, including Prp3 and Prp4. In this complex, Prp31 is required to
492  stabilize a U4/U6 snRNA junction, which in turn is required for binding of Prp3/4 (HARDIN et
493 al. 2015). The Nop domain in human PRPF31 isinvolved in an essential step in the formation
494  of the U4/U6-U5 tri-snRNP by building a complex of the U4 snRNA and a 15.5K protein.
495 Consistent with this, many point mutations in human PRPF31, which are linked to RP11,
496  have been mapped to the Nop domain. Mutations in amino acid H270 in the Nop domain of
497  human PRPF31, for example, result in its reduced affinity to the complex formed by a stem-
498  loop structure of the U4 snRNA and the 15.5K protein (SCHULTZ et al. 2006; Liu et al. 2007).
499 Interestingly, the mutated amino acid residue in Drosophila Prp31™® (P277L) lies next to a
500 histidine (H278), which corresponds to amino acid H270 in the human protein (see Suppl.
501 Fig. S1). Therefore, it is tempting to speculate that the Drosophila P277L mutation could
502 similarly weaken, but not abolish the corresponding interaction of the mutant Prp31 protein
503 with the U4/U6 complex. Further experiments are required to determine the functional

504  consequences of the molecular lesions.

505 We noticed that the retinal phenotype observed upon reduction of Prp31 is more variable than
506 that observed upon loss of crb (see, for example, Fig. 2E) (JOHNSON et al. 2002; SPANNL €t al.
507 2017). This could be due to the fact that all Prp31 conditions analyzed represent hypomorphic
508 conditions with some residual function of the protein maintained. However, the expressivity
509 of the mutant phenotype is not increased in Prp31 hemizygous flies in comparison to that of
510 Prp31 heterozygous flies. This rather argues that the genetic background plays an important
511 role. Background effects are often the result of the activity of so-called “modifier genes’,
512  which modify the degree of the mutant phenotype due to their effects on the activity of the

513 gene under discussion. This can be due either to a direct effect of the modifier on the

17


https://doi.org/10.1101/386433

bioRxiv preprint doi: https://doi.org/10.1101/386433; this version posted August 13, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

514  functionality of the mutant allele (or the respective wild-type allele in a heterozygous
515 condition), or to an indirect effect, e.g. as aresult of avariation in a gene that acts in the same
516 pathway as the gene under investigation. The availability of the so-caled Drosophila
517 melanogaster Genetic Reference Panel (DGRP) lines now allows to systematically screen for
518 modifiers of a given mutation in about 200 inbred lines (HUANG et al. 2014)[reviewed in
519 (MACKAY AND HUANG 2018)]. Using this library, modifiers of the locomotor defect in flies
520 mutant for LRRK2 (leucine-rich kinase 2), amodel for Parkinson’s disease, and for a Retinitis
521  pigmentosa model based on defective rhodopsin (CHow et al. 2016; LAvOY et al. 2018), have
522  been identified. Some of the candidates that affect the expressivity of the mutation studied are
523 likely candidates to act in the same functional pathway as the respective disease gene.
524  Interestingly, humans carrying the same molecular lesion in the Prpf31 gene show an
525  unusually high degree of phenotypic non-penetrance and can even be asymptomatic. Various
526  causes have been uncovered to explain this feature, including a highly variable expression
527 leve of the wild-type Prpf31 alele and changes in expression levels of trans-acting regulators
528 (RIOFRIO et al. 2008) [reviewed in (ROSE AND BHATTACHARYA 2016)].

529  PRCs of flies lacking one functional copy of Prp31 showed increased levels of Rhl both in
530 therhabdomeres and in cytoplasmic punctae, as revealed by immunostaining and western blot
531 analysis. Increased rhabdomeric Rh1, which, to our knowledge, has not been described for
532 any other mutant, did not affect rhabdomere size or structure. This is different from
533  observations in the mouse retina, in which transgenic overexpression of wild-type bovine or
534  human rhodopsin induced an increase in outer segment volume of rod PRCs (WEN et al.
535 2009; PrICE et al. 2012). Increased Rh1 levels were also correlated to enhanced degeneration
536 in highroad mutants. When analyzed in the presence of the folding-defective Rhl allele,
537 ninaE®®® to sensitize the background, PRC degeneration of highroad mutants was
538 accelerated (HUANG et al. 2018). Here, it has been hypothesized that highroad, encoding a
539 carboxypeptidase, is required for Rhl degradation. In several other Drosophila mutants,
540 accumulation of Rhl in endocytic compartments has been suggested to cause retina
541  degeneration due to its toxicity. For example, dominant mutations in Drosophila ninak result
542 in ER accumulation of misfolded Rh1l due to impared protein maturation. This, in turn,
543  causes an overproduction of ER cisternae and induces the unfolded protein response (UPR),
544  which eventually leads to apoptosis of PRCs, both in flies and in mammals (CoLLEY et al.
545  1995; ZHANG et al. 2014; KROEGER et al. 2018). In the absence of carotenoids, rhodopsin
546  maturation is impaired and opsin accumulates in perinuclear ER (COLLEY et al. 1991; OzAKI
547  etal. 1993; SATOH et al. 1997).
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548  Alternatively, as suggested for mutants in norpA, arr2, rdgB and rdgC, retinal degeneration
549 can be induced by an abnormally stable, light-induced metarhodopsin-arrestin complex,
550 which accumulates in the cytoplasm after endocytosis and is toxic (ALLOWAY et al. 2000;
551 KiseLEv e al. 2000). Interestingly, mis-localisation of rhodopsin in human PRCs to sites
552 other than the outer segment is a common characteristic of various forms of RP and is
553 considered to contribute to the pathological severity (HOLLINGSWORTH AND GROSS 2012).
554  Our data suggest that increased accumulation of rhodopsin causes degeneration in Prp3l
555  mutant retinas, since reduction of Rh1 by depletion of dietary carotenoid obliterated increased
556  Rhl immunoreactivity in Prp31 mutant, caused opsin retention in perinuclear compartments
557 and suppressed PRC degeneration. Currently, we cannot distinguish whether Rhl
558 accumulation in the rhabdomere or in the cytoplasm is responsible for light-dependent PRC
559  degeneration. Our data further suggest that Prp31 regulates, directly or indirectly, Rhl levels
560 at a posttranscriptional level, since no increase at the RNA level was detected in
561 transcriptome anayses (own unpublished data). This is different from results obtained in
562 primary retinal cell cultures, where expression of a mutant Prpf31 gene reduced rhodopsin
563  expression as aresult of impaired splicing of the rhodopsin pre-mRNA (Y UAN et al. 2005). It
564  may be appealing to explore whether upregulation of Rhl in Drosophila Prp31 mutantsis due
565 to effects on the opsin protein, e. g. its stability, and/or the formation/stability of the
566  chromophore. Additional defects could contribute to the mutant phenotype, such as impaired
567  overall transcription or splicing defects, as described for Prpf31 zebrafish models (LINDER et
568 al.2011; YIN et al. 2011).

569 In severa cases increased oxidative stress contributes to PRC degeneration, e. g. in PRCs
570 mutant for crb (CHARTIER et al. 2012) or for SdhA, which encodes the succinate
571 dehydrogenase flavoprotein subunit of mitochondrial complex 1l (MAsT et al. 2008).
572  Surprisingly, increase in ROS levels and ROS responses in the retina of w*; Prp31™® st! /+
573  flies could be traced back to the mutation in st, since the control w*;;st'/+ showed higher
574  levels of ROS as compared with w*, which correlates with enhanced retinal damage (Fig. 2,
575  Suppl. Fig. S3). This defines st* as a dominant enhancer of w*, at least with respect to retinal
576  degeneration. We would like to stress that al our anaysis have been performed with w*,
577  rather than with w8, which is often used in comparable studies. Both alleles carry a big
578  deletion, which includes the transcriptional and translational start site (Suppl. Fig. S1 and
579  Suppl. Table 2). However, since retinal degeneration of w™*® flies was much stronger under
580 thelight regime used here, all experiments and controls used the w* allele.
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581 The enhancement of the w phenotype by st* seems surprising since both genotypes have
582  unpigmented eyes. w and st encode members of the ATP binding cassette (ABC) transporters,
583 and the White-Scarlet dimer is required for the transport of tryptophan, the precursor of
584  xanthommatins (the brown pigments) into the granules of the eye's pigment cells (NOLTE
585  1950; SULLIVAN AND SULLIVAN 1975; TEARLE et al. 1989; EWART AND HOWELLS 1998;
586 MACKENZIE et al. 1999; MACKENZIE et al. 2000). In addition, w and st mutant flies have
587  reduced numbers of capitate projections (Borycz et al. 2008), important specializations at the
588 synapse of PRCs. Capitate projections are formed by finger-like invaginations of epithelial
589 (glia cells into the terminals of R1-R6 (STARK AND CARLSON 1986) and are sites of vesicle
590 endocytosis and neurotransmitter recycling (MELzZIG et al. 1998; FABIAN-FINE et al. 2003;
591 RAHMAN et al. 2012). Reduced number of capitate projections were linked to retina
592  degeneration of Drosophila carrying mutations in lin-7, cask or dlgS97. Proteins encoded by
593 these genes form a protein complex required in the postsynaptic lamina neurons to prevent
594  retinal degeneration (SOUKUP et al. 2013). Whether st' also enhances the defects at the
595 synapse of w remains to be elucidated. These results highlight the importance of carefully
596 controlling the genetic background when studying retinal degeneration, including the choice
597 of aspecific dlele.

598
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847 FigureLegends
848

849 Figure1: Prp31 mutant flies have no gr oss mor phological abnormalities at eclosion.

850 (A) Schematic of chromosome arm 3L. Prp31 and scarlet (st) are situated 2 cM apart (3-42
851 and 3-44, respectively; cytological positions 71B6 and 73A3, respectively; www.flybase.org).
852  In both Prp31 mutant alleles the marker st* from the original mutagenized chromosome (ru st
853 eca)isretained. The three deficiencies used cover the Prp31 locus, but not the st locus.

854 (B) Schematic overview of the Prpf31 protein. The figure is drawn to scale using IBS (L1u
855 et al. 2015). Domains described here are indicated. The two Prp31l alleles used here carry
856  non-conservative missense mutations, G9OR in Prp31™’ and P277L in Prp317,

857 (C-F) Representative bright-field images of Toluidine-blue stained semi-thin sections of
858 eyes of w* (C), w*;; st'/+(D), w*;;Prp31™8, st'/+ (E), and w*;;Prp31™’, st'/+ (F). Upon
859 eclosion, flies were kept for two days under regular light conditions. Note that the number and
860  stereotypic arrangement of photoreceptor cells within the mutant ommatidia are not affected.
861 Scalebar = 10pum.

862

863 Figure 2: PRCs of heterozygous Prp31™’ or Prp31™* flies undergo light-dependent
864  degeneration.

865 (A-D) Representative bright-field images of Toluidine-blue stained semi-thin sections of eyes
866 of w* (A), w*;: stt/+(B), wr;:Prp31™8 st'/+ (C), and wr;;Prp31™Y, st'/+ (D). Upon
867 eclosion, flies were kept for two days under regular light conditions and then subjected to a
868  degeneration paradigm of 7 days of continuous, high intensity light exposure. Whereas in w*
869  (A) most ommatidia (red outline) display 7 rhabdomeres indicative of the 7 PRCs, w*;; st'/+
870 and mutant ommatidia (B-D, red outlines) display fewer rhabdomeres per ommatidium
871 indicative of degeneration. Scale bar = 10um.

872 (E) Quantification of retinal degeneration as indicated by the number of surviving
873  rhabdomeres observed upon high intensity, continuous light exposure. Bars represent mean +
874 s.em. (a minimum of n=60 ommatidia from eyes of 3 biological replicates) of the percent
875  frequency of ommatidia displaying 1-7 rhabdomeres (Y -axis). Genotypes are indicated below.
876 Numbers on the graphs indicate the mean number of ommatidia displaying the full

877  complement of 7 rhabdomeres.
878

879 Figure 3: Reduced blue-green light intensitiy strongly reduces damage in w*;;st/+ eyes.
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880 (A) Intensity profile (in counts as measured by a spectrometer) of light for the wavelength
881 range (in nanometres) on the X-axis (the corresponding colour indicated above). The solid
882 linerepresents the profile for the routine light degeneration paradigm, whereas the dashed line
883  represents the intensity profile obtained when using a filter. Note that especially the intensity
884  of the blue-green light is strongly reduced when using of afilter.

885 (B) Quantification of retinal degeneration as indicated by the number of surviving
886 rhabdomeres observed upon exposure to continuous, high-intensity light. Bars represent mean
887 + s.em. (a minimum of n=60 ommatidia from eyes of 3 biological replicates) of the percent
888 frequency of ommatidia displaying 1-7 rhabdomeres (Y -axis). Genotypes are indicated below.
889 For each genotype, the solid bar indicates surviving rhabdomeres under routine light-
890 degeneration paradigm (corresponding to the solid line intensity profile in A), whereas the
891 striped bar indicates surviving rhabdomeres upon reduced light intensity exposure (dashed
892 lineintensity profilein A).

893

894 Figure 4: RNAi-mediated knock-down of Prp3l results in light-dependent retinal
895  degeneration.

896 (A-B) Representative bright-field images of Toluidine-blue stained semi-thin sections of eyes
897 of GMRW":Rh1-Gal4>UAS dicer (A; control) and GMR-w™; Rh1-Gal4>UAS dicer + UAS
898 Prp31RNAI (B; Prp31 RNAI). Upon eclosion, flies were kept for two days under regular light
899 conditions and then subjected to a degeneration paradigm of 7 days of continuous, high-
900 intensity light exposure. In case of Prp31 RNAI, fewer ommatidia with 7 rhabdomeres are
901  seen. Scale bar=10um

902 (C) Quantification of retinal degeneration as indicated by the number of surviving
903 rhabdomeres observed upon high intensity, continuous light exposure. Bars represent mean +
904 s.em. (a minimum of n=60 ommatidia from eyes of 3 biological replicates) of the percent
905 frequency of ommatidia displaying 1-7 rhabdomeres (X-axis). Genotypes are indicated below.
906  Whilst 71% of control ommatidia have 7 rhabdomeres, this number is reduced to 48% in the
907  knockdown of Prp31 by RNAI.

908
909 Figure 5: Flies heterozygous for deficiencies that cover Prp31, but not the scarlet locus,

910 undergo light-dependent degener ation.

911 (A-D) Representative bright-field images of Toluidine-blue stained semi-thin sections of eyes
912 of maes of ;cn, bw; (A), ;cn, bw; Df (3L) Exel 6262/+ (B), ;cn, bw; Df (3L) ED217/+ (C),
913 and ;cn, bw; Df (3L) ED218/+ (D). Upon eclosion, flies were kept for two days under regular
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914 light conditions and then subjected to a degeneration paradigm of 7 days of continuous, high
915 intensity light exposure. Scale bar= 10um.

916 (E) Quantification of retinal degeneration as indicated by the number of surviving
917 rhabdomeres observed upon high intensity, continuous light exposure. Bars represent mean +
918 s.em. (a minimum of n=60 ommatidia from eyes of 3 biological replicates) of the percent

919 frequency of ommatidia displaying 1-7 rhabdomeres (X-axis). Genotypes are indicated below.
920

921 Figure 6: Hallmarks of degeneration in heter ozygous Prp31 mutants alleles revealed by
922 TEM

923  (A-F) are representative transmission electron microscopy images of 70 nm sections of eyes
924  of w* (A), w*;; st/+(B), w*::Prp3178 stl/+ (C), and wr;;Prp317Y, st'/+ (D) ;cn, bw; Df
925 (3L) ED217/+ (E), and w*;; crb®* (F) males. Upon eclosion, flies were kept for two days
926  under regular light conditions and then subjected to a degeneration paradigm of 7 days of
927  continuous, high intensity light exposure.

928  Seven rhabdomeres are visible in the 3 ommatidia of the genetic controls (A-B). However,
929  some rhabdomeres appear smaller or have lost their stereotypic appearance due to the loss of
930 the microvillar structure (red asterisk). In heterozygous Prp31 mutants (C-D) and in Df (3L)
931 ED217/+ (E), some ommatidia (red outline) with PRCs lacking some rhabdomeres are
932  obvious. All other ommatidia have PRCs with smaller or disintegrating rhabdomeres (red
933  asterisk). The presence of large aggregates of electron dense material, another hallmark of
934  degeneration, is more pronounced in perturbations of the Prp31 gene (C-E, blue arrowheads).
935 Incrb™* (F) all the above aspects of degeneration are visible, but. degeneration appears to be
936 more severethan in the Prp31 mutants. Scale bar = 2um.

937

938 Figure7: Increased Rhodopsin accumulation is associated upon perturbation of Prp31
939  Representative confocal images of 1um optical sections from 12um cross-sections (A-G), or
940  whole mounts (A’- E’) of eyes of adult males with the genotypes indicated, stained with anti-
941 Rhl. Red arrowheads indicate the rhabdomere, depicted in cross-sections (A-G) and along its
942 length (A’-G’), with the distal end directed towards the top and the proximal end directed
943 towards the bottom. Rhl staining is more intense in the rhabdomeric membrane of
944  w*;;Prp31™8, st/+ (C) as compared to controls, w* (A), w*;; st'/+ (B). Increased intensity of
945 Rhl staining along the rhabdomeres and in sub-rhabdomeric regions is also observed in whole

946  mount preparations of the adult eye in the mutants (C’) as compared to genetic controls (A’,
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947 B’). Rhl staining is also more intense in Df(3L) 218/+ (E-E’) as compared to its genetic
948  contral cn, bw (D-D’).

949 (G, F) Increased Rh1 immunostaining intensity observed upon knockdown of Prp31 by RNAI
950 (G) ascompared to its genetic background (F). Scale bars = 10um.

951 (H) Representative western blots for [3-Tubulin and Rhodopsin-1 from head lysates of
952  w*::Prp31™8 st'/+ and its genetic background w*;;stY/+.

953  (I) Quantification from biological replicates (n=4) from western blotting. Bars represent the
954  Rhl levels calculated from intensity measurements of blots after normalization compared to
955 that of loading control (Tubulin). On average, Rhl levels are increased by 340% in
956  w*;:Prp31™8 st!/+ as compared to control, w*:;st'/+. This increase is evident despite the
957  variability in the magnitude of increase.

958

959 Figure 8: A carotenoid-depleted diet limits the extent of light-induced degeneration in
960  hemizygous Prp31 mutants.

961 Representative images of 1um confocal optical sections from 12um cryosections of male
962 eyes, of the genotypes indicated. Tissues are immunostained for Rhl (white) and labelled
963 with phalloidin (magenta) and DAPI (green), to stain the rhabdomeres and nucle,
964  respectively.

965 (A-D) Overlay of al three channels, A’-D’ are images showing the extracted channel (Rh1).
966 Insets show digital magnification of individual ommatidia. Reduction in Rhl levels and
967 change in its localization from the rhabdomeres to a peri-nuclear localization is observed
968 when flies are fed a carotenoid-depleted diet (B-D’) as opposed to normal food (A-A’).
969 Arrowheads indicate Rhl localization in the rhabdomere (inset A-A’) as opposed to peri-
970  nuclear localization (insets B-D’). Scale bar = 10um. Inset scale bar = 5um.

971 (E-H) Representative bright-field images of Toluidine-blue stained semi-thin sections of eyes
972  of w* (E), w*;; st'/+(F), w*;;Prp31™8, st'/+ (G), and, w*;;crb™#?? (H) adult males. Animals
973  were raised on a carotenoid-depleted diet. Upon eclosion, they were aged for two days under
974  regular light conditions and then subjected to a degeneration paradigm of exposure for 7 days
975  to continuous, high-intensity light. Scale bar = 10um.

976 (I) Quantification of retinal degeneration as indicated by the number of surviving
977  rhabdomeres observed upon high intensity, continuous light exposure. Bars represent mean +
978 s.em. (a minimum of n=60 ommatidia from eyes of 3 biological replicates) of the percent

979  frequency of ommatidiadisplaying 1-7 rhabdomeres (Y -axis). Genotypes are indicated below.
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980

981 Figure 9: Increased oxidative stress signalling in eyes of Prp31 heterozygous flies is due
982 tostin thegenetic background.

983 (A-J) are images of 1um confocal optical sections from 12um cryosections (A-C, G-H) or
984  whole tissue preparations (D-F, 1-J) of eyes of adult flies raised in regular light conditions.
985  Sections (A-C, G-H) are immunostained for anti-GFP (green) and phalloidin (magenta) for
986 labelling gstD activity (oxidative stress signalling) and rhabdomeres, respectively. Whole
987  tissue preparations (D-F, 1-J) are labelled with Dihydroethidium (DHE), an indicator for the
988 levels of reactive oxygen species (ROS). Individual ommatidia are outlined in white. Basal
989 levelsof oxidative stress signalling are observed in the pigment cells (surrounding ommeatidia)
990 in controls (A). This is enhanced in Prp31™8, st/+(B) and st'/+ (C). Similarly, DHE levels
991  are consistently increased in w*;;Prp3178, st/+ (E) and w*;;st'/+ (F). No obvious increase
992  in gstD-GFP staining and in DHE staining was observed in Df/+ (H and J) as compared to the
993  control (Gandl).

994
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