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ABSTRACT

Endoplasmic reticulum (ER) stress is an important modifier of human disease. Genetic variation
in genes involved in the ER stress response has been linked to inter-individual differences in
this response. However, the mechanisms and pathways by which genetic modifiers are acting
on the ER stress response remain unclear. In this study, we characterize the role of the long
chain fatty acid elongase Baldspot (ELOVL6) in modifying the ER stress response and disease.
We demonstrate that loss of Baldspot rescues degeneration and reduces IRE1 and PERK
signaling and cell death in a Drosophila model of retinitis pigmentosa and ER stress (Rh1°%P).
Dietary supplementation of stearate bypasses the need for Baldspot activity. Finally, we
demonstrate that Baldspot regulates the ER stress response across different tissues and
induction methods. Our findings suggest that ELOVLG6 is a promising target in the treatment of

not only retinitis pigmentosa, but a number of different ER stress-related disorders.

AUTHOR SUMMARY

Differences in genetic background drives disease variability, even among individuals with
identical, causative mutations. Identifying and understanding how genetic variation impacts
disease expression could improve diagnosis and treatment of patients. Previous work has linked
the endoplasmic reticulum (ER) stress response pathway to disease variability. When misfolded
proteins accumulate in the ER, the ER stress response returns the cell to its normal state.
Chronic ER stress leads to massive amounts of cell death and tissue degeneration. Limiting
tissue loss by regulating the ER stress response has been a major focus of therapeutic
development. In this study, we characterize a novel regulator of the ER stress response, the
long chain fatty acid elongase Baldspot/ELOVL6. In the absence of this enzyme, cells
undergoing ER stress display reduced cell death, and degeneration in a Drosophila disease
model. Feeding of excess fatty acids increases degeneration to original disease levels, linking
the regulatory activity of Baldspot to its enzymatic activity. Finally, we demonstrate that Baldspot
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can alter the ER stress response under a variety of other ER stress conditions. Our studies
demonstrate that Baldspot/ELOVLEG is a ubiquitous regulator of the ER stress response and is a

good candidate therapeutic target.

INTRODUCTION

Phenotypic heterogeneity is common in simple and complex diseases and is the driving force
behind the Precision Medicine Initiative [1-4]. Genetic variation among individuals accounts for
much of this heterogeneity, but the identity and nature of modifying genes or variants is largely
unknown [4, 5]. These modifying variants are often cryptic and may not influence the physiology
or visible phenotypes of healthy individuals, but can alter the expression of disease phenotypes.
Understanding the role of modifiers and the pathways in which they function will enable the

development of patient-specific therapeutic approaches.

One such process is the response to endoplasmic reticulum (ER) stress, which occurs when
misfolded proteins accumulate in the lumen of the ER. This activates the Unfolded Protein
Response (UPR) in an attempt to return the cell to homeostasis. Failure to do so will eventually
result in apoptosis [6]. The UPR is controlled by the activation of three sensors located in the
ER membrane: IRE1, PERK, and ATF6 [7]. IRE1 is the most highly conserved of these sensors
and contains an endonuclease domain responsible for the non-canonical splicing of Xbpl. The
spliced Xbpl transcript is translated and the protein translocates to the nucleus, where it
activates the expression of chaperones and other genes involved in resolving ER stress [8, 9].
IRE1 also cleaves a number of additional mMRNA targets, which reduces the quantity of newly
translated proteins into the ER. This process is known as Regulated IRE1 Dependent mRNA
Decay (RIDD) and is commonly linked with increased cell death [7, 10, 11]. When PERK is
activated, it phosphorylates the translation initiation factor elF2a, which decreases the
translation of most mMRNA transcripts with canonical translation initiation mechanisms [7]. This
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79  reduces the protein-folding load of the ER and allows for the upregulation of select transcripts
80 involved specifically in the UPR such as ATF4 [7]. ATF6, the third transmembrane activator of
81 the UPR, is transported to the Golgi upon the sensing of misfolded proteins and cleaved,
82  whereupon the cytosolic portion of ATF6 travels to the nucleus to act as a transcription factor,
83  binding ER stress response elements to further upregulate key players in the UPR [7].

84

85 Chronic ER stress leads to apoptosis, tissue degeneration, and dysfunction. In rare cases,
86  primary mutations of key ER stress pathway components cause Mendelian syndromes [12-16].
87  More commonly, ER stress can exacerbate disease, including obesity [17], neurological disease
88 [18], retinal degeneration [7], and some cancers [19]. Experimental genetic or pharmacological
89  manipulation of ER stress levels can alter disease phenotypes, suggesting that inter-individual
90 differences in ER stress responses may influence disease severity. Indeed, human [20], mouse
91 [21], and Drosophila [22, 23] show extensive genetic variation in their response to ER stress.
92  Understanding the role of genetic variation in modulating ER stress pathways may provide more
93 therapeutic targets and improve the accurate identification of high risk patients.

94

95 In a previous study, we crossed the Rh1%%%°

model of retinitis pigmentosa (RP) into the
96 Drosophila Genetic Reference Panel (DGRP) to identify genetic modifiers of this disease [23]. In
97  this model, retinal degeneration is induced by overexpression of misfolded rhodopsin in the
98 developing larval eye disc [24], resulting in chronic ER stress and apoptosis. The DGRP is used
99  to study the genetic architecture underlying complex traits. There are approximately 200 inbred
100 DGRP strains, each strain representing a single, wild-derived genome. Thus, the DGRP
101  captures genetic variation that is present in a natural, wild population. Importantly, we have the

102  whole genome sequence of each strain, allowing phenotype-genotype studies [25]. The degree

103  of degeneration induced by this model varied substantially across the strains of the DGRP.
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104 Using an association analysis, we identified a number of promising candidates that modify this
105 RP phenotype and have putative roles in the ER stress response [23].

106

107 In this study, we demonstrate that Drosophila Baldspot, one of the candidate RP modifiers
108 identified in our genetic variation screen, is both a disease modifier of ER stress-induced retinal
109  degeneration and a more general modifier of the ER stress response across different
110  physiological contexts. Baldspot, which is orthologous to mammalian ELOVL6, is an ER-
111 associated long chain fatty acid elongase which catalyzes the extension of palmitate to stearate
112 [26, 27]. We show that loss of Baldspot rescues retinal degeneration by reducing ER stress
113  signaling. Loss of Baldspot elongase activity reduces IRE1 and PERK activity and downstream
114  apoptosis, without affecting the misfolded protein load. Strikingly, in the absence of Baldspot
115  activity, dietary supplementation of stearate bypasses the need for Baldspot to increase UPR
116  activation. Finally, we show that Baldspot regulates the ER stress response in a number of
117  different genetic and chemically-induced ER stress models across multiple tissue types, making
118 Baldspot a potentially wide-reaching modifier of ER stress-associated diseases. Understanding
119 how modifier genes alter disease outcomes is the first step to developing personalized
120  therapies.

121

122 RESULTS

123 A SNPin Baldspot is associated with Rh1%**®-induced retinal degeneration

124  In previous work, we overexpressed a misfolded rhodopsin protein in the developing eye disc
125 (GMR-GAL4>UAS-Rh1°°P)  the larval precursor to the Drosophila retina and eye, in the 200
126  strains from the DGRP [23]. Using a genome-wide association approach, we identified SNPs
127 that are associated with degree of retinal degeneration. One of these candidate SNPs,
128  Chr3L:16644000 (BDGP R5/dm3), is located in intron four of Baldspot. Baldspot is the only
129  Drosophila orthologue of mammalian ELOVL6, a member of the very long chain fatty acid
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130 elongase family of enzymes (Fig 1A) [28]. Strains carrying the minor allele (C, 18880 + 3010
131  pixels) exhibit more severe Rh1°**°—induced retinal degeneration as compared to strains
132 carrying the major allele (T, 21822 + 2294 pixels; P < 0.005) (Fig 1B). This is also apparent
133  when examining the qualitative range of degeneration in strains containing each of these alleles
134  (Fig 1C). Based on the position of this SNP in an intron, we predict that it will affect the timing or
135 levels of Baldspot expression. We also predict that it is exerting its effect in the small subset of
136 cells that are GMR-expressing. This is very difficult to assess, as these cells make up a very
137  small proportion of the eye disc. It is also difficult to know when, during development, this SNP
138 is affecting expression. Nevertheless, we examined the effect of this SNP on Baldspot
139  expression in adult fies and in the larval eye/brain-imaginal disc complex. Expression of
140  Baldspot is unaffected by variation at this SNP in whole adult flies (not containing the Rh1°°%°
141  transgene) (Fig S1A). In larval brain-imaginal disc complexes, there is not a significant increase
142  in Baldspot expression from strains carrying the C allele and expressing the Rh1%°°° transgene
143 (C, 1.15 + 0.03 as compared to T, 1.01 + 0.09;) (Fig S1B). While there is not a substantial
144  difference in expression between the alleles, the possibility remains that altering the expression
145  or activity of Baldspot may impact degeneration and the causative pathways.

146

147  Loss of Baldspot rescues Rh1%**®-induced retinal degeneration.

1¢%%P_induced retinal

148 To test whether eliminating Baldspot expression can modify Rh
149  degeneration, we expressed an RNAI construct targeted against Baldspot in the GMR-
150  GAL4>UAS-Rh1°%" background. Expression of this construct results in a strong, significant
151  reduction in Baldspot mRNA (~7% of controls; P = 3.5 x 10®) (Fig S2A). We found that loss of

152  Baldspot expression results in partial rescue of Rh1%%%°

-induced retinal degeneration
153  (Rh1®*P/Baldspoti) as compared to controls expressing only the Rh1%%°° misfolded protein and
154  no RNAI (Rh1%%*® controls) (Fig 2A). Quantification of eye size demonstrates a significantly

155 larger, less degenerate eye in Rh1%%°°/Baldspoti flies (13742 + 913 pixels, n = 20) as compared
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156  to Rh1°%*® controls (11432 + 688 pixels, n = 20) (P = 5.3 x 10™*"). We found a similar effect using
157  another, independent RNAI strain (Fig S2B). Loss of Baldspot on a wild-type background
158 (26478 £ 1191 pixels, n = 20) resulted in no significant change in eye size or phenotype as
159 compared to genetically matched controls (26582 + 1110 pixels n = 20) (Fig 2B). We conclude
160 that loss of Baldspot expression provides significant rescue of Rh1°®**°-induced retinal
161  degeneration.

162

163  Loss of Baldspot in the Rh1°°*® eye disc reduces ER stress and apoptosis

164 Rescue of eye size in the Rh1%%%°

model is often accompanied by reduction in apoptosis [29,
165  30]. Based on this and the rescue effect we observed, we hypothesized that apoptosis in the
166  Rh1°%P eye discs would also be reduced upon loss of Baldspot expression. Indeed, we found
167 that apoptosis, as measured by terminal deoxynucleotidyl transferase dUTP nick end labeling
168 (TUNEL) staining, is significantly reduced in Rh1°*°°/Baldspoti eye discs as compared to
169  Rh1®*P controls (101 + 95 TUNEL-positive cells in Rh1*°°/Baldspoti and 226 + 69 TUNEL-
170  positive cells in controls; P = 1.8 x 10®) (Fig 2C-D).

171

172  Excessive ER stress in the Rh1°*" eye discs leads to apoptosis and degeneration and
173  abnormal, degenerate adult eyes. To determine if the decrease in apoptosis we observed was
174  due to changes in the ER stress response, we measured the activity of IRE1 and PERK, two of
175 the transmembrane sensors of misfolded proteins in the ER. Under conditions that induce ER
176  stress, Xbp1l transcript is spliced by IRE1. The in-frame Xbp1 transcript is translated and acts as
177  a transcription factor, inducing genes involved in the UPR [8, 9]. The level of spliced Xbpl
178  transcript is directly proportional to the degree of activation of the ER stress response. To
179  measure IREL1 signaling and Xbp1l splicing in the absence of Baldspot expression, we used a
180  previously characterized transgenic Xbpl-EGFP marker [24, 31-33]. In this transgene, the 5’
181 end of the Xbpl mRNA is expressed under the control of the UAS promoter. The 3’ end of the
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182  gene, downstream of the IRE1 splice site, has been replaced with sequence encoding EGFP.
183  As with the endogenous Xbpl transcript, the in-frame, spliced Xbp1l-EGFP transcript, and
184  subsequently the Xbpl-EGFP fusion protein, increases as ER stress signaling increases. Thus,
185 EGFP signal increases as ER stress signaling increases. As previously reported, expression of
186  UAS-Xbpl-EGFP in Rh1%%" controls results in increased EGFP, indicating high levels of ER
187  stress (Fig 2E) [24, 31-33]. When UAS-Xbp1-EGFP is expressed in Rh1°**®/Baldspoti larvae
188 eye discs, we see a significant reduction in EGFP signal (0.59 + 0.13 in Rh1%°°°/Baldspoti
189 relative to controls, 1.00 + 0.18; P = 9.6 x 10™), indicating reduced ER stress signaling (Fig 2E-
190  F). However, Rh1°**®/Baldspoti eye discs display no significant change in rhodopsin protein
191 levels (0.78 + 0.33 in Rh1°%°/Baldspoti relative to controls, 1.00 + 0.44 in controls; P = 0.286)
192  (Fig 2E-F), suggesting that loss of Baldspot expression reduces IRE1/Xbpl signaling without
193  affecting the accumulation or degradation of misfolded Rh1 protein.

194

195 IRE1-dependent cell death is primarily triggered by the Jun Kinase (INK) signaling cascade
196 when IRE1 has been chronically and strongly activated [7]. To measure activation of JNK
197  signaling, we monitored expression of puckered (puc), a well characterized JNK target, using a
198  LacZ-tagged allele (puc-LacZ). While puc-LacZ is induced in Rh1%%°® controls (1.00 + 0.41), it is
199  significantly reduced in Rh1°*°®/Baldspoti (0.50 + 0.60 relative to controls; P = 9.5 x 10®) (Fig
200  2G-H), suggesting that the observed reduction in cell death in the absence of Baldspot could be
201  due to reduced signaling through the IRE1-JNK signaling axis, although JNK activation could
202  additionally be achieved through a number of alternative pathways and influence other
203  downstream processes besides apoptosis [34, 35].

204

205  We also examined the effect of Baldspot loss on the PERK branch of the UPR. When PERK is
206 activated, it phosphorylates the translation initiation factor elF2a, which decreases the
207  translation of most mRNA transcripts with canonical translation initiation sequences [7]. We
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208 monitored P-eif2a levels by western blot in eye/brain-imaginal disc complexes isolated from
209  Rh1%%*® control and Rh1%*®/Baldspoti larvae. P-eif2a levels were substantially reduced in
210  samples isolated from Rh1°%°°/Baldspoti compared with Rh1%°°° controls, indicating that PERK
211  activity is reduced in the absence of Baldspot (Fig 2I). Because the ATF6 branch of the UPR
212  has not been extensively studied in Drosophila, we are unable to draw any conclusions about
213  the activity of this branch of the UPR.

214

215  Our data demonstrate that loss of Baldspot expression reduces IRE1 and PERK signaling
216  misfolded protein levels. This is consistent with previous reports demonstrating that the cellular
217  concentration of stearate is associated with increased activation of the ER stress response
218  through direct activation of IRE1 and PERK, independently from misfolded proteins [36-38].
219 IRE1 and PERK both contain a conserved domain that is embedded in the ER membrane and
220 can detect and respond to changes in membrane lipid composition, leading to increased
221 activation of these sensors [39]. Together, this suggests that the modifying effect of Baldspot is
222  linked to its fatty acid elongation activity.

223

224  Stearate supplementation bypasses the requirement for Baldspot

225  Baldspot converts palmitate to stearate [26, 27] and the absence of Baldspot function should
226  result in lower levels of stearate. We hypothesized that lower levels of stearate underlies the
227  rescuing effect, reduced ER stress response, and retinal degeneration we observed, and that
228  this signaling could be restored if stearate were supplemented during development. To test this,
229  we raised Rh1°%®/Baldspoti and Rh1%® control flies on media with or without 10% stearate
230 and measured eye size in adults. This diet has no effect on eye size in wild-type individuals (Fig
231 3A). Stearate supplementation resulted in increased degeneration and reduced eye size in
232 Rh1°*°"/Baldspoti flies (14033 + 1553 pixels) as compared to those raised on standard media
233 with no stearate (16846 + 1699 pixels; P = 1 x 10”) (Fig 3B). This increase in degeneration in
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234 Rh1°**®/Baldspoti flies was accompanied by an increase in IRE1 activity and spliced Xbp1, as
235 evidenced by an increase in Xbpl-EGFP expression in eye discs (1.26 + 0.08 on stearate
236 relative to standard media, 1.00 + 0.10; P = 3.4 x 10®) (Fig 3C-D). Stearate supplementation
237  had no effect on eye size, retinal degeneration, or Xbp1-EGFP signal in Rh1°%® control flies
238 (13478 + 1197 pixels on stearate and 12873 + 1006 pixels on standard media; P = 0.502; 0.83 +
239  0.15 on stearate relative to standard media, 1.00 + 0.21; P = 0.171) (Fig 3 B-D), likely because
240  of the high level of ER stress signaling already present. High stearate levels are sufficient to
241 induce ER stress signaling and bypasses the need for Baldspot activity.

242

243 Baldspotis a general modifier of ER stress signaling

244  Because Baldspot is ubiquitously expressed (www.flyatlas2.org/), it is possible that Baldspot's

245  modifying role in the ER stress response is generalizable across different contexts and tissues.
246  We first tested whether Baldspot modifies ER stress in another tissue. Because wing size is a

1% in the

247  visible and easily scorable trait, we used the MS1096-GAL4 driver to express Rh
248  developing larval wing disc (wing-Rh1°°°®). The Rh1°*® protein acts as a misfolded protein,
249 inducing ER stress only in that tissue. The wing disc gives rise to the adult wing, and
250  perturbations in cellular homeostasis in this tissue result in small, misshapen wings [40].
251  Expression of wing-Rh1°%°° produces a phenotype similar to a vestigial wing (Fig 4A). When the
252 RNAI construct targeted against Baldspot was concurrently expressed in the wing disc (wing-
253  Rh1®**®/Baldspoti), this vestigial phenotype was partially rescued. The adult wings showed an
254 increase in size and an increase in unfolding upon eclosion (Fig 4A). While this phenotype is
255 variable in the degree of degeneration and unfolding of the wing, we do see a significant
256 increase in 2D wing area and wing length in the absence of Baldspot (area: 100769 + 9903
257  pixels in wing-Rh1%%®/Baldspoti and 57681 + 30912 pixels in controls; P = 0.043; length: 633 *
258 44 pixels in wing-Rh1°%°®/Baldspoti and 378 + 183 pixels in controls; P = 0.039) (Fig S3A-B).

259  Similar to what we observed in the eye discs, this partial rescue was associated with a decrease
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260 in the level of Xbp1-EGFP in the wing disc (0.76 + 0.17 in wing-Rh1°*°/Baldspoti relative to
261  controls, 1.00 + 0.14; P = 6.0 x 10®) (Fig 4B-C). We also measured JNK activation in these wing
262  discs by monitoring the puc-LacZ transgene. Again, as we saw in eye discs, LacZ expression is
263  significantly reduced in wing discs lacking Baldspot (0.64 + 0.12 in wing-Rh1°°°/Baldspoti
264  relative to controls, 1.00 + 0.12; P = 4.7 x 10°) (Fig 4D-E). It appears that loss of Baldspot
265 modifies UPR signaling and degeneration through the same mechanisms across different
266 tissues and is not eye disc-specific.

267

268  To test whether Baldspot modifies ER stress signaling by pharmacological induction, we used
269  tunicamycin to induce ER stress. Tunicamycin inhibits N-linked glycosylation in the ER and
270  results in massive misfolding, ER stress, and a robust UPR [41]. Treatment with tunicamycin in
271  Drosophila larvae results in a robust activation of the ER stress response [33, 42]. We acutely
272 exposed 2" instar control larvae (Tub-GAL4, no RNAI) and larvae with ubiquitous knockdown of
273  Baldspot (Tub-GAL4>Baldspot RNAI) to tunicamycin or control DMSO and scored survival to
274  pupation as a proxy for the physiological ability to recover from ER stress. To account for any
275 larval lethality due to loss of Baldspot, we normalized the survival of larvae on tunicamycin to
276  the DMSO treatment. Strikingly, larvae lacking Baldspot were less susceptible to tunicmycin-
277  induced lethality than control larvae (Fig 4F, Table S1), as evidenced by increased survival to
278  pupation (P = 9.2 x 10™). This was accompanied by reduced Xbpl splicing (Fig S4A). We
279  conclude that the modifying effect of Baldspot expression on the ER stress response is
280  generalizable across different tissues and methods of ER stress induction.

281

282  Baldspot alters RIDD activity of IRE1

283 Because our data indicates that Baldspot regulates Irel/Xbpl signaling and IRE1-dependent
284  JNK signaling, we next tested whether Baldspot regulates another key IRE1 function: Regulated
285 IRE1 Dependent Degradation of mRNAs (RIDD) [10, 11, 43]. In addition to Xbp1 splicing, the
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286 RNase activity of activated IRE1 is also important for the degradation of a number of ER-
287  associated transcripts through RIDD. To test if RIDD activity is affected by loss of Baldspot
288  expression, we measured levels of known RIDD target mRNAs, under ER stress, in control cells
289  and tissues with or without Baldspot expression. We employed S2 cell culture and treated S2
290 cells with dsRNA targeting either Baldspot or EGFP as a control. This treatment resulted in a
291 near complete reduction in Baldspot transcript levels (~7.8% of control; P = 1.3 x 10°®) (Fig 5A).
292

293  We used Dithiothreitol (DTT) to induce ER stress in S2 cells. DTT is a reducing agent that
294  breaks disulfide bonds in proteins, resulting in misfolded proteins and a strong ER stress
295 response [44]. As expected, treatment of cells with DTT increased Xbpl splicing ~3-fold,
296 indicative of ER stress. In agreement with our in vivo studies in the Rh1°%® fly, this splicing was
297  significantly reduced in the absence of Baldspot, with only ~2-fold increase (P = 0.023),
298 indicating that IRE1 signaling is disrupted (Fig 5B). We also monitored PERK activity by
299  measuring levels of P-eif2a, which increase in control cells upon treatment with DTT (Fig 5C),
300 as expected (P = 0.021; N = 3). In cells treated with Baldspot DSRNA, there was no increase in
301  P-eif2a levels upon DTT exposure (P = 0.954; N = 3) (Fig 5C). Due to a lack of antibody, we
302  could not monitor ATF6 activity in S2 cell culture. It appears that loss of Baldspot expression in
303  S2cells has a similar effect on ER stress response as observed in our in vivo model.

304

305 We next measured IRE1 RIDD activity in the absence of Baldspot in S2 cells. When RIDD is
306 activated, ER-localized mRNAs are cleaved by the RNase domain of IRE1, leading to a
307  reduction in protein translation into the ER [10, 43]. A number of these targets have been well-
308 characterized in Drosophila, including the transcripts sparc and hydr2. Both of these mRNAs are
309  degraded upon the initiation of ER stress [43, 45]. We tested the effect of Baldspot knockdown

310 on these targets after treatment with DTT. Hydr2 expression is significantly reduced in control

311 cells treated with DTT (0.71 + 0.07; P = 2.0 x 10°®), but not in those treated with DsRNA against
12
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312  Baldspot (0.91 + 0.16; P = 0.41; P = 0.021) (Fig 5D). However, we found that sparc is equally
313  degraded upon DTT treatment in cells treated with DSRNA against either Baldspot (0.74 + 0.09;
314 P =2.0x 10®) or EGFP (0.71 = 0.06; P = 1.9 x 10®) (Fig 5D). Non-RIDD targets, such as
315  Actin5C, were unaffected (Fig 5D). The fact that only some RIDD targets are affected is in
316 agreement with our other results: loss of Baldspot activity partially reduces IRE1 functions,
317  including RIDD.

318

319 DISCUSSION

320 The ER stress response has the potential to be an important modifier of human disease. ER
321  stress is activated in a wide variety of diseases ranging from Mendelian degenerative diseases
322  to complex metabolic disorders [7]. The role of the ER stress response is complex and in some
323 cases, a stronger response is beneficial and in other cases, a strong response underlies the
324 disease. In some forms of retinitis pigmentosa, like the focus of this study, loss of vision is a
325 direct result of the ER stress-induced cell death [46]. Neurodegenerative diseases such as
326  Parkinson’s, Alzheimer's, Amyotrophic Lateral Sclerosis (ALS), and prion disease are all
327 associated with the accumulation of cytoplasmic misfolded proteins that can activate a
328 secondary ER stress response and subsequent cell death [19]. In diabetes and obesity,
329  misfolded proteins and the ER stress response are at least partially responsible for the cellular
330 dysfunction that is a hallmark of the disease state [47]. In some cancers, however, cells
331  selectively upregulate ER stress pathways associated with survival, while inhibiting those
332  associated with cell death [48]. Genetic variation that alters the activation of the ER stress
333  response may modify disease in the population.

334

335  We and others have shown that genetic variation can influence how and to what extent the ER
336  stress response is activated. Genetic variation in Drosophila [22, 23], mouse [21], and human
337  cells [20] can impact the expression of genes involved in ER stress pathways. Furthermore, this
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338 variation in expression has been linked to differences in the UPR and the downstream activation
339  of cell death [21-23]. It is apparent that cryptic genetic variation drives these extensive inter-
340 individual differences in the ER stress response [21]. Stress or disease conditions reveal the
341  effect of this otherwise silent genetic variation. The same variation that drives differences in this
342  important stress response might also influence disease heterogeneity. Indeed, modulating the
343 ER stress response is an effective way of modulating disease outcome in models of human
344  disease. [49-54].

345

346 In this study we show that loss of Baldspot/ELOVL6 activity can affect the outcome of retinal
347 degeneration and has the potential to be a broader regulator of ER stress-associated diseases.
348 As a 16-to-18 carbon fatty acid elongase in the ER membrane, this enzyme is responsible for
349 increasing the concentration of C18 stearate, a saturated long chain fatty acid [28, 37].
350 Increases in stearate concentrations in the ER membrane can induce and enhance ER stress,
351 and is associated with disease outcomes in mammalian systems [36-38]. Here, we show that
352  reducing the activity of Baldspot/ELOVL6 reduces the degree to which the UPR and apoptosis
353 are induced in models of ER stress. Our study shows that Baldspot/ELOVL6 has a modifying
354 effect on the IRE1 and PERK branches of the ER stress response. This is consistent with
355  observations that increased long chain fatty acids in the ER membrane impacts IRE1 and PERK
356 signaling [38, 39]. Future research will explore the Baldspot/ELOVL6 interaction with ER
357 membrane composition and how this alters IRE1 and PERK oligomerization and function. It is
358 particularly interesting to note that RIDD is only partially affected in the absence of Baldspot. In
359  Drosophila, the RIDD activity of IRE1 targets most ER-localized mRNAs [43]. In contrast,
360 mammalian RIDD is much more selective, and only mRNAs with specific signal sequences and
361 RNA secondary structures are degraded by IRE1 [55]. More studies on how these processes

362  are regulated in Drosophila and mammals is necessary to understand the differences in RIDD
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363  between species as well as the conservation of Baldspot/ELOVL6 function. These studies will
364 enhance our understanding of how these pathways are regulated in different disease contexts.
365

366  Therapeutics that reduce ELOVL6 activity could conceivably be used to treat or delay
367  progression in a variety of ER stress-associated diseases. In RP patients with mutations that
368 cause the accumulation of misfolded rhodopsin, similar to our Drosophila model, reduction of
369 ELOVLS6 expression might reduce cell death, delaying vision loss. We present evidence that the
370  modulation of the ER stress response through Baldspot/ELOVL6 activity may impact the
371  severity of diseases beyond RP. Particularly intriguing is that Baldspot/ELOVL6 can alter the ER
372  stress response when it is induced by different conditions. Regardless of the mechanism by
373  which ER stress is induced, inhibiting ELOVL6 activity reduces IRE1 and PERK signaling. In
374 fact, in a recent study of the db/db mouse model of diabetes, loss of ELOVL6 alters insulin
375 sensitivity and the expression of ER stress genes [26]. It is likely that reducing
376  Baldspot/ELOVL6 expression would also alter complex diseases where ER stress contributes to
377  degeneration and cell death. In some cases, even a small delay in degeneration could
378  dramatically improve the quality of life.

379

380 We have identified Baldspot/ELOVL6 in Drosophila as a novel modifier of the ER stress
381 response. Its potential as a therapeutic target extends beyond RP to any number of ER stress-
382  associated disorders. The identification of Baldspot in a natural genetic variation screen [23]
383  suggests that variation in expression of this gene is well tolerated under healthy conditions and
384 might be amenable to modulation. Identifying variable elements of the ER stress response
385 pathway may prove to be a successful strategy to nominating new modifiers with broad
386  applications to many ER stress-associated diseases.

387

388 METHODS
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389  Fly stocks and maintenance

390 Flies were raised at room temperature on standard diet based on the Bloomington Stock Center
391 standard medium with malt. The strain containing GMR-GAL4 and UAS-Rh1°%%" on the second
392  chromosome (GMR>Rh1°%") has been previously described [23]. The following strains are from
393 the Bloomington Stock Center: MS1096-GAL4 (8696), Baldspot RNAI (44101), control attP40
394  (36304). The puc-LacZ enhancer trap is available from Kyoto (109029). A second Baldspot
395 RNAI line (Vienna Drosophila Resource Center: 101557KK) showed similar rescue of the
396  original Rh1°%P phenotype. Most analysis was performed in the Bloomington Stock Center
397  RNAI line. The strains containing the UAS-Xbp1-EGFP transgenes were a gift from Don Ryoo
398  (NYU) [24].

399

400 Eyel/wing imaging

401 For eye and wing images, adult females were collected under CO, anesthesia and aged to 2-7
402  days, then flash frozen on dry ice. Eyes were imaged at 3X magnification using a Leica EC3
403 camera. Wings were dissected away from the body, then imaged at 4.5X magnification using
404  the same camera. Eye area was measured in ImageJ as previously described [23].

405

406 Immunohistochemistry

407  Eye discs and wing discs were dissected from wandering L3 larvae in cold 1X PBS, then
408 immediately transferred to cold 4% PFA on ice. Tissues were fixed in 4% PFA for 15-20 min,
409  then washed in 1XPAT (0.1% TritonX100) prior to blocking with 5% normal donkey serum.
410  Tissues were stained with primary antibodies for rhodopsin (1:50, Developmental Studies
411 Hybridoma Bank #4C5), GFP (1:2000, Thermo-Fisher #A6455), and LacZ (1:20, Developmental
412  Studies Hydbridoma Bank #40-1a). Apoptosis was monitored using the ApopTag Red In Situ

413  Apoptosis Detection Kit (Millipore #S7165). Tissues were mounted in Slowfade™ Diamond
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414  Antifade Mountant (ThermoFisher #S36967) and imaged with an Olympus FV1000 confocal
415  microscope.

416

417  Western blots

418 For DsRed blots, 10 brain-imaginal disc complexes were dissected from wandering L3 larvae
419 and homogenized in 1X Laemmli/RIPA buffer containing 1X protease inhibitors (Roche
420 cOmplete Mini EDTA-free protease inhibitor tablets). For GFP blots, 5 L2 larvae were
421 homogenized in 1X Laemmli/RIPA buffer containing 1X protease inhibitors. For P-eif2a blots,
422  protein from S2 cells was isolated in 1X Laemmli/RIPA buffer containing 1X protease inhibitors,
423  as well as the phosphatase inhibitors Calyculin A and okadaic acid.

424

425  Equivalent amounts of protein were resolved by SDS-PAGE (10% acrylamide) and transferred
426 to PVDF membrane by semi-dry transfer. Membranes were then treated with either 5% BSA or
427 5% milk protein block in 1XTBST prior to immunoblotting. Blots were probed with antibodies for
428 RFP (1:500, Thermo-Fisher #R10367), GFP (1:5000, Thermo-Fisher #A6455), tubulin (1:2000,
429  Developmental Studies Hybridoma Bank #12G10), P-eif2a (1:1000, abcam #32157), and Pan-
430 eif2a (1:500, abcam #26197). Blots shown are representative of at least three biological
431 replicates, and quantification was performed using Image J software.

432

433  Stearate supplementation

434  Crosses were set up on the control, standard media alone, or standard media with 10% stearate
435  supplementation. To make stearate supplemented media, standard media was melted in the
436  microwave and kept at 98°C on a stir plate. Stearate (10% final concentration) was added to this
437 media and mixed until lipids were homogenous with the media. The standard control diet

438 received the same treatment, but no additional stearate was added. To determine retinal
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439  degeneration, flies were aged and imaged as described above. Antibody staining was
440 performed on the eye imaginal discs of L3 larvae, also as described above.

441

4472  Tunicamycin treatment

443  Crosses to generate the indicated genotypes were set up on egg caps containing yeast paste.
444 L2 larvae were then treated with either 10 ug/mL Tunicamycin (diluted 1:1000 from a 10 mg/mL
445  stock solution) or 1:1000 DMSO in Schneider’'s media for 30 minutes at room temperature. The
446 larvae were then washed in 1XPBS twice and placed on solid media containing 6% yeast and
447 1% agar. Viability was determined by survival to pupation. Survival for each genotype was
448 normalized to the DMSO-treated control condition. Each replicate represents ~25-60 larvae per
449  genotype; a total 180 to 250 larvae per genotype were analyzed across all replicates. Protein
450 was isolated from five L2 larvae expressing Xbpl-EGFP, one hour after treatment was
451  concluded. A Western blot was performed to analyze Xbpl-EGFP levels.

452

453 S2cells

454  DsRNA was generated using the MEGAscript™ T7 Transcription kit (ThermoFisher #AM1334),
455  with primers for EGFP (F: TTAATACGACTCACTATAGGGAGACCACAAGTTCAGCGTGTCC
456 and R: TTAATACGACTCACTATAGGGAGAGGGGTGTTCTGCTGGTAGTG) and Baldspot (F:
457 TTAATACGACTCACTATAGGGAGAATCCGCCCAGGTTCATCTCG and R:
458 TTAATACGACTCACTATAGGGAGAGTCACATCTCGCAGCGCAAC). S2 cells were treated
459  with DsRNA against EGFP (as a control) or against Baldspot at a density of approximately 2 x
460  10° cells/mL in a 24-well plate. Cells were incubated with DsRNA for 4-7 days before being split
461 and treated with either DMSO as a control or DTT. Concentrations of DTT varied with
462  experiments: 0.5 mM for 1 hour (Xbpl splicing), 2.0 mM for 3 hours (RIDD target analysis), or
463 2.0 mM for 4 hours (P-eif2a detection). RNA was isolated from cells using either
464  Trizol/chloroform extraction (Xbpl splicing) or the Direct-zol™ RNA Miniprep Kit (qPCR) and
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465 used to generate cDNA (Protoscript Il, NEB). Protein was isolated from cells as described
466 above and levels of P-eif2a normalized to Pan-eif2a as a loading control compared between
467  matched DMSO or DTT-treated S2 cells.

468

469  Knockdown of Baldspot was confirmed using gPCR (primers: F:
470 TGCTGGTCATCTTCGGTGGTC and R: ACGCAGACGGAGTGGAAGAG). Xbpl splicing was
471  evaluated from the cDNA using PCR (primers for Xbpl: F: TCAGCCAATCCAACGCCAG and
472 R: TGTTGTATACCCTGCGGCAG). The spliced and unspliced bands were separated on a 12%
473  acrylamide gel and the proportion of these bands quantified using ImageJ software. RIDD target
474 levels were analyzed by qPCR (sparc primers: F: AAAATGGGCTGTGTCCTAACC and R:

475 TGCAGCACAATCTACTCAATCC; hydr2 primers: F: CGCATACACGACTATTTAACGC and R:

476 TTTGGTTTCTCTTTGATTTCCG,; Actin5C primers: F: ATGTGTGACGAAGAAGTTGCT and R:
477  GAAGCACTTGCGGTGCACAAT; rpll9 primers: F: AGGTCGGACTGCTTAGTGACC and R:
478 CGCAAGCTTATCAAGGATGG). Transcript levels were normalized to rpll9 and compared
479  between matched DMSO or DTT-treated S2 cells.

480

481  Statistics

482  Statistics were calculated using R software. P-values were determined using ANOVA for eye
483  size, fluorescence levels, transcript levels in gPCR, and protein levels by western blot. Tukey
484  multiple testing correction was used for the fatty acid feeding experiment and RIDD target
485 analysis. Bonferroni correction was used for Xbpl splicing in S2 cells. A pairwise T-test was
486  performed for larval tunicamycin treatment and P-eif2a response to DTT in S2 cells. A cutoff of
487 P =0.05 was used for significance.

488
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685 Fig 1. A SNP in Baldspot is associated with degeneration in a model of retinitis
686 pigmentosa. A. Baldspot is the only Drosophila orthologue of mammalian ELOVL6 (*).
687  Phylogeny of long chain fatty acid elongases shows the relationship between Drosophila (black)
688 and human (red) genes. B. The 3L:16644000 SNP in Baldspot (BDGP R5/dm3) is associated
689  with Rh1®°*°—induced degeneration in the DGRP. Rh1%°*® DGRP eye size is plotted by allele
690 identity. Strains carrying the minor C allele (18880 + 3010 pixels) have significantly smaller eyes
691 than those carrying the major, T allele (21822 + 2294 pixels). C. Images from Rh1%°*® DGRP
692  strains that carry either the T or the C allele. Images were chosen from strains representing the
693 range of eye sizes for the two alleles. All data from B and C were taken from Chow et.al 2016. **
694 P <0.005

695

696  Fig 2. Loss of Baldspot in the Rh1°°" eye disc alleviates ER stress and apoptosis.

697  A. Degeneration caused by overexpression of Rh1%%°P is partially rescued by RNAi knockdown
698  of Baldspot (Rh1°%°°/Baldspoti vs Rh1*°® controls). This rescue was significant when eye size
699 was quantified, as indicated by a larger eye in Rh1°°°°/Baldspoti flies (14043 + 960 pixels in
700  Rh1°*P/Baldspoti flies and 11942 + 473 pixels in controls). B. Loss of Baldspot on a wild-type
701  background had no effect on eye phenotype (26478 + 1191 pixels and 26582 + 1110 pixels in
702  controls). C. Rh1°%°®/Baldspoti eye discs display reduced apoptosis levels compared to Rh1°%9°
703  controls, as measured by TUNEL staining. D. Cell death was quantified by counting the number
704 of TUNEL positive cells in each eye disc. E. Rh1°*°®/Baldspoti eye discs had reduced
705  expression of Xbpl-EGFP as compared to Rh1°%°° controls, while rhodopsin levels were
706  unchanged. Eye discs were dissected from wandering L3 larvae expressing Rh1°%°® and UAS-
707  Xbpl-EGFP, stained for rhodopsin and GFP as an indicator of ER stress, and counterstained
708  with 4',6-diamidino-2-phenylindole (DAPI). F. Xbpl-EGFP levels were significantly reduced in
709  Rh1°%P/Baldspoti eye discs (3.8 + 0.8 fluorescent units) as compared to Rh1°%°® controls (6.5 *+
710 1.1 fluorescent units). Rh1 levels were not changed (8.0 + 3.5 fluorescent units vs. 10.4 + 4.5 in
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711  controls). G. Rh1®*"/Baldspoti eye discs had reduced expression of puc-LacZ as compared to
712 Rh1®°*Pcontrols. H. When quantified, LacZ levels were significantly reduced in
713  Rh1°%P/Baldspoti eye discs (0.50 + 0.6 fluorescent units) as compared to Rh1%%°° controls (3.2
714  + 1.3 fluorescent units). |. Rh1®*°°/Baldspoti eye discs had reduced expression of P-eif2a as
715  compared to Rh1%%P controls. Fluorescence was quantified using mean fluorescence from the
716 image stack as calculated in Image J. Scale bars = 0.1 mm. * P < 0.05, ** P < 0.005, *** P <
717  0.0005, **** P < 0.0001.

718

719 Fig 3. Stearate supplementation increases degeneration and activation of ER stress
720  pathways in Rh1°°°®/Baldspoti flies. A. Dietary supplementation with 10% stearate does not
721  significantly impact eye size in wild-type flies (26026 + 1089 pixels vs. standard media 25828 +
722 1083 pixels). B. Eye size was significantly reduced in Rh1°*°°/Baldspoti flies (Baldspot RNAI)
723  when they were fed 10% stearate (14033 + 1553 pixels) as compared to standard media (16846
724  + 1699 pixels). Eye size was not significantly changed in Rh1%°°® control flies (No RNAI) fed
725  10% stearate (13479 + 1197 pixels) as compared to the standard media (12873 + 1006 pixels).
726  C. The 10% stearate diet also increased Xbp1-EGFP levels in eye discs from Rh1°%°°/Baldspoti

727  flies to a similar level seen in Rh1¢%°P

controls. D. Xbp1l-EGFP levels were significantly elevated
728 in eye discs from Rh1°%°°/Baldspoti flies (1.26 + 0.08 relative to the standard media 1.00 *
729  0.10). No change was observed in Rh1°*® controls (0.83% 0.15 relative to the standard media
730  1.00 +0.21). Scale bars = 0.1 mm. ** P < 0.005, **** P < 0.0001. NS = not significant.

731

732  Fig 4. Baldspot is a general modifier of the ER stress response. A. Loss of Baldspot

733  partially rescues the adult vestigial wing phenotype caused by expression of Rh1°°%°

in the wing
734 disc (wing-Rh1®%°®/Baldspoti vs wing-Rh1%® controls). B. Wing discs from wing-
735  Rh1°*P/Baldspoti flies had lower Xbpl-EGFP expression, as compared to wing discs from

736  wing-Rh1°%® controls. Wing discs were dissected from wandering L3 larvae expressing Rh1°%°°
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737 and UAS-Xbpl-EGFP and stained for GFP and rhodopsin, with DAPI as a counterstain. C.
738  Xbpl-EGFP levels are significantly reduced in wing-Rh1°%°®/Baldspoti eye discs (0.76 + 0.2
739  fold-change from controls) as compared to wing-Rh1°%® controls (1.00 + 0.14). D. Wing discs
740  from wing-Rh1®%*®/Baldspoti flies had lower puc-LacZ expression, as compared to wing discs
741  from wing-Rh1°%P controls. E. Puc-LacZ levels are significantly reduced in wing-
742  Rh1°*P/Baldspoti wing discs (0.64 + 0.12 fold-change from controls) as compared to wing-
743  Rh1°%®P controls (1.00 + 0.12). F. Larvae with ubiquitous knockdown of Baldspot are
744  significantly more resistant to Tunicamycin-induced ER stress than control larvae. L2 larvae
745  were treated with tunicamycin or DMSO and survival to pupation was calculated as a measure
746  of resistance to ER stress. Five representative experiments are shown. Scale bars = 0.1 mm. *
747 P <0.05, * P <0.005.

748

749  Fig 5. Loss of Baldspot reduces IRE1 RIDD activity. A. S2 Cells treated with DsRNA
750  targeted against Baldspot had near complete reduction in Baldspot transcript levels (7.8%) as
751  compared to control cells treated with DsRNA against EGFP. B. DTT treatment increased Xbp1l
752 splicing in control cells (2.96-fold increase), while splicing was reduced in cells treated with
753  DsRNA against Baldspot (2.12-fold increase). C. DTT treatment increased phosphorylation of
754  eif2a in control cells, but not in cells treated with DSRNA against Baldspot. D. Hydr2 expression
755 is significantly reduced in control cells treated with DTT (0.71 + 0.07), but not in cells treated
756  with Baldspot DsRNA (0.91 + 0.16). Sparc expression is significantly reduced in both control
757  and Baldspot knockdown cells treated with DTT (0.71 + 0.06 in controls and 0.74 + 0.09 in
758  Baldspot knockdown). Actin5c transcript levels were unaffected by DTT treatment (1.19 + 0.06
759 in controls and 1.16 + 0.45 in Baldspot knockdown). The dotted line indicates transcript levels in
760  cells treated with DMSO. * P < 0.05, ** P < 0.005, **** P < 0.0001, # P < 0.05.

761
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762  Supplemental Figure 1. The associated SNP in Baldspot is not significantly correlated
763  with changes in expression. A. Expression of Baldspot in strains carrying either the T or C
764  allele of the 3L:16644000 SNP was determined from available RNA sequencing data in adult
765 females [56]. Baldspot expression levels was not significantly impacted by this SNP. B.
766  Expression of Baldspot was not significantly increased in brain-imaginal disc complexes isolated

767  from DGRP lines expressing Rh1°%%°

and carrying the C allele, as compared to those carrying
768 the T allele.

769

770  Supplemental Figure 2. Confirmation of Baldspot RNAIi. A. The Bloomington Drosophila
771  Stock Center Baldspot RNAI transgene (44101), used in most of this study, efficiently reduces
772  expression of Baldspot. The RNAI construct was driven ubiquitously by Tubulin-GAL4, and
773  expression determined in wandering L3 larvae. B. Degeneration caused by overexpression of
774  Rh1®*P is partially rescued by knockdown of Baldspot using a second, independently derived
775  RNAi line from Vienna Drosophila Resource Center (101557KK) (Rh1°°°®/Baldspoti vs Rh1°%°
776  controls). Similar to what was observed with the Bloomington Drosophila Stock Center strain,
777  Rh1°*P/Baldspoti flies had larger, less degenerated eyes as compared to Rh1°%® controls
778 (11323 * 487 pixels vs. controls 10353 + 798 pixels), indicating that the effects of Baldspot
779  RNAI in this paper are due to loss of Baldspot expression. ** P < 0.005.

780

781

782  Supplemental Figure 3. Wing size is significantly increased in wing-Rh1°®/Baldspoti

1°%%% in the

783  flies. A. Loss of Baldspot significantly increases the size of wings expressing of Rh
784  wing disc (100769 + 9903 pixels vs. 57681 + 30912 pixels in controls). B. Loss of Baldspot also
785  significantly increases the length of wings expressing of Rh1%% in the wing disc (633 + 44
786  pixels vs. 378 £ 183 pixels in controls). * P < 0.05.

787
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788  Supplemental Figure 4. Xbp1 splicing is impacted by tunicamycin treatment in L2 larvae.
789  A. Xbpl-EGFP protein levels are increased in Tub-GAL4 control larvae one hour after treatment
790  with tunicamycin as compared to DMSO-treated controls. Xbpl1-EGFP is not increased in Tub-
791  GAL4/Baldspoti larvae.

792

793  Supplemental Table 1. Tunicamycin sensitivity.
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