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Summary 16 

SAGA subunits Ataxin-7 and Non-stop regulate stability and subcellular localization of 17 

WRC subunit SCAR. Loss of Ataxin-7 increases, while loss of Non-stop decreases, 18 

SCAR protein levels and F-actin network assembly.  19 

Abstract 20 

Atxn7, a subunit of SAGA chromatin remodeling complex, is subject to polyglutamine 21 

expansion at the amino terminus, causing spinocerebellar ataxia type 7 (SCA7), a 22 

progressive retinal and neurodegenerative disease. Within SAGA, the Atxn7 amino 23 

terminus anchors Non-stop, a deubiquitinase, to the complex. To understand the scope 24 

of Atxn7-dependent regulation of Non-stop, substrates of the deubiquitinase were 25 

sought. This revealed Non-stop, dissociated from Atxn7, interacts with Arp2/3 and 26 
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WAVE regulatory complexes (WRC), which control actin cytoskeleton assembly. There, 27 

Non-stop countered polyubiquitination and proteasomal degradation of WRC subunit 28 

SCAR. Dependent on conserved WRC interacting receptor sequences (WIRS), Non-29 

stop augmentation increased protein levels, and directed subcellular localization, of 30 

SCAR, decreasing cell area and number of protrusions. In vivo, heterozygous mutation 31 

of Atxn7 rescued haploinsufficiency of SCAR, but heterozygous mutation of SCAR did 32 

not significantly rescue knockdown of Atxn7.  33 

Keywords: Ataxin-7, Non-stop, USP22, Arp2/3, spinocerebellar ataxia type 7, SCA7, 34 

actin, WAVE regulatory complex, WRC, SAGA complex, SCAR, neural.  35 

Introduction 36 

The Spt Ada Gcn5 Acetyltransferase (SAGA) transcriptional coactivator complex 37 

is an approximately 1.8 MDa, modular, multi-protein complex, bearing two enzymatic 38 

subunits (Gcn5 acetyltransferase and Non-stop deubiquitinase) housed in separate 39 

modules of the complex (1). Within SAGA, the Ataxin-7 (Atxn7) amino-terminus anchors 40 

the deubiquitinase module (DUBm) to the larger complex (2).  Mutation of Atxn7 and 41 

non-stop leads to aberrant gene expression, defective non-homologous end joining, 42 

decreased immune response, reduced replicative lifespan, neurodegeneration, 43 

blindness, tumorigenesis, and cancer (3-10). 44 

The progressive retinal and neurodegenerative disease Spinocerebellar Ataxia 45 

type 7 (SCA7) is caused by CAG trinucleotide repeat expansion of the ATXN7 gene, 46 

resulting in polyglutamine (polyQ) expansion at the amino terminus of the Atxn7 protein 47 

(11, 12). SCA7 disease is characterized by progressive cone-rod dystrophy leading to 48 

blindness, and progressive degeneration of the spine and cerebellum (13, 14). 49 

In Drosophila, loss of Atxn7 leads to a phenotype similar to overexpression of the 50 

polyQ-expanded amino terminal truncation of human Atxn7 (15) – reduced life span, 51 

reduced mobility, and retinal degeneration (10). Without Atxn7, the Drosophila DUBm is 52 

released, enzymatically active, from SAGA. Once released, the module acts as a gain-53 

of-function, leading to reduced ubiquitination of H2B. Similarly, the mammalian DUBm 54 

binds and deubiquitinates substrates without Atxn7 in vitro, albeit at a lower rate (16, 55 



17). Consistent with Non-stop release and over activity mediating the Drosophila Atxn7 56 

loss-of-function phenotype, reducing non-stop copy number alleviates lethality 57 

associated with loss of Atxn7 (10). 58 

 Non-stop is a critical mediator of retinal axon guidance and important for glial 59 

cell survival (4, 18). Interestingly, abnormal ubiquitin signaling in the nervous system 60 

contributes to a number of genetic and spontaneous neurological and retinal diseases, 61 

including SCA3, SCAR16, Alzheimer's, Parkinson's, ALS, and Huntington's disease (19-62 

22). Few functions are known for the DUBm beyond deubiquitination of H2Bub, H2Aub, 63 

shelterin, and FBP1 (23, 24). In polyQ-Atxn7 overexpression models, sequestration of 64 

the DUBm may result in reduced deubiquitinase activity on critical substrates. 65 

Interestingly, both increased and decreased H2Bub have been shown to hinder gene 66 

expression, and imbalances (whether up or down) in ubiquitination are observed in 67 

retinal and neurological diseases (25). Together, these data suggest more needs to be 68 

understood about Atxn7-mediated regulation of DUBm function.  69 

To better understand the Non-stop-Atxn7 regulatory axis, we set out to identify 70 

substrates for Non-stop and determine the consequence of Atxn7 loss on Non-71 

stop/substrate interactions. To this end, we purified Non-stop-containing complexes, 72 

fractionated them by size, and tested enzymatic activity to identify novel complexes 73 

bearing enzymatically active Non-stop. This revealed the functionally active DUBm 74 

associates with protein complexes distinct from SAGA. Mass spectrometry revealed 75 

Arp2/3 complex and Wiskott-Aldrich syndrome protein (WASP)-family verprolin 76 

homologous protein (WAVE) Regulatory Complex (WRC) members suppressor of 77 

extracellular cAMP receptor (cAR) (SCAR), HEM protein (Hem), and specifically Rac1 78 

associated protein 1 (Sra-1), as interaction partners of the independent DUBm. These 79 

complexes function together to initiate actin branching (26). Pull-down and 80 

immunofluorescence verified interaction and revealed extensive colocalization between 81 

Non-stop and WRC subunit SCAR.   82 

In flies, loss of Atxn7 led to increased interaction between Non-stop and SCAR. 83 

In cells and in flies, loss of Atxn7 resulted in a 2.5-fold increase in SCAR protein levels, 84 

while loss of Non-stop led to 70% decrease in SCAR protein levels. Spatiotemporal 85 



regulation of SCAR is essential for maintaining cytoskeletal organization. A constant 86 

ubiquitination-proteasomal degradation mechanism contributes to establishing and 87 

maintaining SCAR protein amount. Mutating the Non-stop enzymatic pocket to increase 88 

affinity for ubiquitin led to increased interaction with SCAR. An alternative enzymatic 89 

pocket mutation decreasing affinity for ubiquitin reduced interaction with SCAR. When 90 

Non-stop was knocked-down in cells, the amount of ubiquitinated SCAR increased. 91 

Loss of SCAR in Non-stop mutants was rescued by proteasome inhibition, suggesting 92 

Non-stop counters SCAR polyubiquitination and proteasomal degradation. 93 

An emerging class of proteins, important for neural function and stability bear 94 

WRC interacting receptor sequences (WIRS) which contribute to direct interaction and 95 

spatiotemporal regulation of SCAR (27). Close examination of Non-stop amino acid 96 

sequence revealed conserved WIRS motifs in Drosophila and human Non-stop 97 

orthologues. Mutating these decreased Non-stop-SCAR interaction, but allowed Non-98 

stop to assemble into SAGA. 99 

WRC subunits HEM, SRA-1, and Abi mediate interaction with an unidentified 100 

deubiquitinase to counteract proteasomal degradation of SCAR (28). WRC subunits Abi 101 

and SRA-1 mediate interaction with WRC interacting receptor sequences (WIRS)-102 

bearing proteins which contribute to spatiotemporal regulation of SCAR (27).  103 

Overexpression of Non-stop increased total SCAR protein levels approximately 104 

5-fold. Interestingly, SCAR protein levels increased in cellular compartments where 105 

Non-stop increased, including in the nucleus. When SCAR protein levels were 106 

increased and relocalized by augmenting Non-stop, local F-actin amounts increased 107 

too, leading to cell rounding and fewer cell protrusions. Mutation of Non-stop WIRS 108 

motifs reduced Non-stop ability to increase SCAR protein, F-actin, and to reduce 109 

cellular protrusions. Although SCAR heterozygosity was not sufficient to rescue 110 

defective retinal axon targeting upon Atxn7 knockdown, loss of Atxn7 was sufficient to 111 

rescue loss of F-actin in SCAR heterozygotes.  112 

Results 113 

Non-stop interacts with multi-protein complexes distal from SAGA 114 



Loss of Atxn7, releases Non-stop from SAGA resulting in a deubiquitinase gain-115 

of-function, reducing ubiquitination of histone H2B (10). The resultant retinal and 116 

neurodegenerative phenotype is rescued by reducing non-stop yet it is inconsistent with 117 

phenotypes arising from mutations in other regulators of H2B ubiquitination, such as 118 

Drosophila homolog of RAD6 (Dhr6) (the E2 ubiquitin conjugating enzyme), Bre1 (E3 119 

ubiquitin ligase), or Ubiquitin-specific protease 7 (USP7) (H2B deconjugating enzyme) 120 

(29-35). Therefore, we sought novel interaction partners for Non-stop (Figure 1A). To 121 

this end, an unbiased biochemical screen was deployed to specifically identify protein 122 

complexes stably interacting with enzymatically active DUBm (Figure 1B). Drosophila 123 

S2 cells were stably-transfected with a pRmHA3-based inducible expression vector to 124 

produce epitope-tagged Non-stop-2xFLAG-2xHA (Non-stop-FH) (10, 36-40). Whole cell 125 

extracts were prepared from these cell lines and immunoblotted to verify they expressed 126 

amounts of Non-stop comparable to wild-type cells (Figure 1C, Figure 1 – figure 127 

supplement 1).  128 

Non-stop-containing protein complexes were purified from nuclear extracts via 129 

tandem affinity purification of their epitope tags: FLAG, then HA (41). The complexity of 130 

these samples were assessed by silver stain (Figure 1D). Isolated complexes from 131 

SAGA subunits Atxn7 and Will Decrease Acetylation (WDA) are shown for comparison 132 

(10). Although similar in profile to Atxn7 and WDA purifications, Non-stop-containing 133 

complexes were unique, indicating Non-stop has novel interaction partners.  134 

To separate SAGA from other Non-stop-interacting protein complexes, purified 135 

complexes were separated by size using Superose 6 gel filtration chromatography 136 

(Figure 1E, upper) (42). For comparison purposes, data for Atxn7 and Ada2B are 137 

reproduced here (10). Atxn7 and Ada2b are SAGA-specific subunits. Their elution from 138 

the gel-filtration column indicates those fractions contain SAGA (10, 42). Non-stop 139 

eluted in additional fractions (Figure 1E, upper).  140 

To determine which fractions contained enzymatically active Non-stop, the 141 

ubiquitin-AMC deubiquitinase activity assay was performed, in which the fluorescent 142 

probe AMC is initially quenched by conjugation to ubiquitin but fluoresces when 143 

released by deubiquitination, permitting an indirect measurement of the relative amount 144 



of deubiquitination occurring in each sample (Figure 1E, lower) (43, 44). In complexes 145 

purified through Atxn7, peak deubiquitinase activity was detected around 1.8MDa, 146 

consistent with SAGA complex and previous purification, fractionation, and mass 147 

spectrometry of Atxn7, which is reproduced here for purposes of comparison (10, 42, 148 

45). In Non-stop purifications, however, deubiquitinase activity resolved into three major 149 

peaks. The major activity peak resolved at about 1.8 MDa, along with SAGA, and was 150 

labeled “Group 1”. A secondary peak, “Group 2”, was resolved centering approximately 151 

669 kDa, which was interpreted to be non-SAGA large multi-protein complexes. A final 152 

peak with the lowest enzymatic activity, centering about 75 kDa, was labeled “Group 3.” 153 

The DUBm, consisting of Non-stop, Sgf11, and E(y)2 are predicted to have a molecular 154 

mass of 88 kDa, meaning this last peak was the DUBm interacting with very small 155 

proteins, if any. Silver staining of a single fraction at the center of Group 2 revealed the 156 

fractionation procedure resolved complexes into a pattern distinct from the total input 157 

(Figure 1E, right).  158 

The three fractions comprising the center of each peak were combined, and 159 

MudPIT mass spectrometry was performed to identify their protein constituents (46). 160 

MudPit proteomics provides a distributed normalized spectral abundance factor 161 

(dNSAF) which acts as a reporter for relative protein amount within a sample (46). 162 

Consistent with previous characterizations of SAGA, Group 1 contained SAGA complex 163 

subunits from each of the major (HAT/TAF/SPT/DUB) modules (10, 42, 45, 47). Group 164 

2 was selected for further interrogation because it was predicted to contain non-SAGA 165 

large multi-protein complexes. Group 2 contained the DUBm: Non-stop, Sgf11, and 166 

E(y)2 – indicating the DUBm remained intact during purification and fractionation (43-167 

45). Histone H2A and H2B were also detected in Group 2, suggesting the DUBm co-168 

purified with known substrates, further confirming conditions were suitable for 169 

preservation and identification of endogenous interactions (Figure 2A) (48, 49). 170 

Furthermore, Non-stop dNSAF was not over-represented relative to Sgf11 and E(y)2, 171 

further confirming Non-stop bait protein was not expressed beyond physiological levels 172 

(Figure 2A) (50). 173 

Non-stop co-purifies with Arp2/3 and WRC complexes 174 



Notably, within Group 2, Arp2/3 complex (all subunits) and WRC subunits SCAR, 175 

Hem, and Sra-1 were represented in high ratio to DUBm members, as determined by 176 

dNSAF (Figure 2A) (51, 52).  177 

WRC complex activates Arp2/3 to promote actin branching, which is important for 178 

a range of cellular activities including cell migration, cell adhesion, exocytosis, 179 

endocytosis, maintenance of nuclear shape, and phagocytosis (53-58). Non-stop and 180 

Atxn7-containing complexes were purified from nuclear extracts, where their function in 181 

gene regulation is best characterized. WRC and Arp2/3 function in the nucleus is more 182 

enigmatic. Although Arp2/3 and WRC have demonstrated nuclear functions, their roles 183 

in actin branching in the cytoplasm are better understood (56, 58-61). SAGA, WRC, and 184 

Arp2/3 complexes are all critical for proper central nervous system function, making the 185 

regulatory intersection for these complexes intriguing for further study (53, 62-66). 186 

In Drosophila, SCAR is particularly important for cytoplasmic organization in the 187 

blastoderm, for egg chamber structure during oogenesis, axon development in the 188 

central nervous system, and adult eye morphology (53). To further characterize the 189 

relationship between Non-stop, Atxn7, and WRC, we turned to the BG3 cell line (ML-190 

DmBG3-c2, RRID:CVCL_Z728). These cells were derived from the Drosophila 3rd instar 191 

larval central nervous system. Biochemical and RNAseq profiling of these cells indicate 192 

they express genes associated with the central nervous system. Their morphology is 193 

similar to that of Drosophila CNS primary cultured cells (36, 67).  194 

To verify interaction between Non-stop and WRC, BG3 cells were transiently 195 

transfected with either Non-stop-FH or SCAR-FLAG-HA (SCAR-FH) and 196 

immunoprecipitated using anti-FLAG resin. Anti-HA antibody was used to verify pull 197 

down of the tagged protein. A previously verified anti-SCAR antibody confirmed the 198 

presence of SCAR in Non-stop-FH immunoprecipitate (Figure 2B) (58, 68-71). 199 

Reciprocal immunoprecipitation of SCAR-FH utilizing an anti-FLAG resin followed by 200 

immunoblotting for Non-stop using an anti-Non-stop antibody confirmed SCAR-FH 201 

associated with endogenous Non-stop (Figure 2C) (10).  202 

To visualize the scope of Non-stop and WRC colocalization, indirect 203 

immunofluorescence was used to localize endogenous SCAR and Non-stop in BG3 204 



cells. BG3 cells were plated on concanavalin A coated coverslips giving them an 205 

appearance similar to S2 cells plated on concanavalin A (72) (Figure 2D). SCAR 206 

localized to in a characteristic pattern with high concentrations around the nucleus and 207 

at the cell periphery (72). Non-stop localized similarly to SCAR, but also further within 208 

nuclei. Examination of the spatial relationship between Non-stop and F-actin, using 209 

phalloidin, revealed Non-stop overlapping with portions of F-actin/phalloidin (Figure 2E) 210 

(73). 211 

Atxn7 and Non-stop coordinate SCAR protein levels  212 

Atxn7 loss releases Non-stop from SAGA and is lethal, although, lethality is 213 

rescued by reducing Non-stop gene copy number. This implies a class of Non-stop 214 

target(s), which associate more with Non-stop in the absence of Atxn7. Furthermore, it 215 

raises the possibility that a subset of these may contribute to toxicity resulting from 216 

Atxn7 loss (10). To determine if interaction between Non-stop and SCAR is regulated by 217 

Atxn7, endogenous Non-stop was immunoprecipitated from either wild-type or Atxn7-218 

mutant 3rd instar larval whole cell extracts.  Immunoprecipitates were immunoblotted to 219 

detect endogenous SCAR protein. In Atxn7 mutant extracts, approximately 1.4 times 220 

more SCAR was present per Non-stop captured (Figure 3A, right). This suggests Atxn7 221 

retains a pool of Non-stop that can be freed to interact with SCAR.  222 

If Non-stop was acting as a SCAR deubiquitinase to counter proteolytic 223 

degradation, then loss of Atxn7 would lead to increased SCAR protein. Conversely, 224 

reducing Non-stop would lead to less SCAR protein. To test these hypotheses, RNAi 225 

was used to knock down Non-stop or Atxn7 transcripts in cell culture and SCAR protein 226 

levels were observed by immunoblotting. BG3 cells were soaked in dsRNA targeting 227 

LacZ (negative control), Non-stop, or Atxn7. After six days, denaturing whole cell protein 228 

extracts were prepared from these cells and immunoblotted to detect SCAR. Ponceau S 229 

total protein stain was used as loading control to verify analysis of equal amounts of 230 

protein (74, 75). Protein extracts from Non-stop knockdown cells consistently showed 231 

approximately 70% decrease in SCAR protein levels relative to LacZ control knock-232 

down. Consistent with a model in which Atxn7 restrains Non-stop deubiquitinase 233 

activity, cells treated with Atxn7-targeting RNAs showed 2.5-fold increase in SCAR 234 



protein (Figure 3B). We verified these results by immunoblotting whole cell extracts 235 

prepared from the brains of 3rd instar larvae bearing homozygous mutations for Atxn7 236 

(Ataxin7[KG02020]), a loss of function allele (10) or non-stop (not02069), also a loss of 237 

function allele (76) . Larval brain extracts from Atxn7 mutants showed about 2.5-fold 238 

increase in SCAR protein levels (Figure 3C). In non-stop mutant extracts SCAR was 239 

decreased approximately 75% (Figure 3C).   240 

SAGA was first identified as a chromatin modifying complex and predominantly  241 

characterized as a transcriptional coactivator. Therefore, we examined whether Non-242 

stop influences SCAR gene expression. In genome wide analysis of glial nuclei isolated 243 

from mutant larvae, SCAR transcript was significantly down regulated by one fold in 244 

Non-stop deficient glia, but not in Sgf11 deficient glia (77). Since Sgf11 is required for 245 

Non-stop enzymatic activity, it is not clear what mechanism links Non-stop loss to 246 

reduction in SCAR gene expression. To confirm the relationship between Non-stop and 247 

SCAR gene expression, we used qRT-PCR to measure SCAR transcript levels in BG3 248 

cells knocked-down for non-stop. We found a similar one half decrease in SCAR 249 

transcript levels (Figure 3D). However, examination of Atxn7 knockdown showed no 250 

decrease in SCAR transcript levels (Figure 3D). Therefore, while non-stop loss leads to 251 

modest decreases in SCAR transcripts, SCAR gene expression is independent of Atxn7 252 

or Sgf11, suggesting this gene is not SAGA-dependent or dependent on Non-stop 253 

enzymatic activity. To determine the consequences of reducing SCAR transcripts by 254 

half on SCAR protein levels, we examined SCAR heterozygous mutant larval brains 255 

(SCAR[Delta37]/+). qRT-PCR analysis showed heterozygous SCAR brains produced 40% 256 

less SCAR transcript than wild-type brains (Figure 3E). However, heterozygous SCAR 257 

mutant and wild-type brains showed similar amounts of SCAR protein, demonstrating 258 

this amount of transcript is sufficient for full protein production (Figure 3F). Since non-259 

stop mutants showed a similarly modest decrease in SCAR gene expression but a 260 

drastic decrease in protein levels, we tested the possibility that Non-stop counters 261 

SCAR protein degradation post-translationally.  262 

Purification and mass spectrometry identified WRC members SCAR, HEM, and 263 

SRA-1, as interaction partners of the independent DUBm (Figure 2A). In Drosophila, 264 



HEM, SRA-1, and Abi recruit an unidentified deubiquitinase to balance SCAR regulation 265 

through a constant ubiquitination-proteasomal degradation mechanism facilitating rapid 266 

changes in SCAR protein amount and localization (27, 28). In mammals, the USP7 267 

deubiquitinase acts as a molecular rheostat controlling proteasomal degradation of 268 

WASH (78).  269 

To probe whether ubiquitinated SCAR is a substrate for Non-stop, the substrate 270 

binding pocket of Non-stop was modified to either augment (Non-stop(C406A)), or 271 

reduce (Non-stop(C406S)) substrate binding (79). These mutants were 272 

immunoprecipitated from whole cell extracts prepared from transiently transfected BG3 273 

cells. Immunoblotting revealed that Non-stop(C406A) bound to SCAR approximately 4-274 

fold more than wild-type Non-stop while Non-stop(C406S) bound only about 1/3rd as 275 

well (Figures 4A and 4B, upper panels). To verify both mutants incorporated into SAGA, 276 

interaction with Ada2b was confirmed (Figures 4A and 4B, lower panels).  277 

Entry into the proteasome for destruction can be triggered by polyubiquitination 278 

(80, 81). To determine whether Non-stop counters polyubiquitination of SCAR, HA-279 

ubiquitin and SCAR-FLAG were expressed in BG3 cells and either LacZ (negative 280 

control) or non-stop were knocked down followed by a brief period of proteasomal 281 

inhibition to preserve polyubiquitinated SCAR which would otherwise be rapidly 282 

destroyed by the proteasome (82). Immunoprecipitation of SCAR followed by 283 

immunoblotting with a ubiquitin-specific antibody revealed that knock-down of Non-stop 284 

nearly tripled levels of SCAR polyubiquitination (Figure 4C).  285 

To determine whether Non-stop regulates SCAR entry into a proteasomal 286 

degradation pathway 3rd instar larval brains were cultured ex vivo to permit 287 

pharmacological inhibition of the proteasome in defined genetic backgrounds (83, 84). 288 

Wandering 3rd instar larval brains were isolated from non-stop homozygous mutant 289 

larvae and cultured for 24 hours in the presence of MG132 proteasome inhibitor. 290 

Treating non-stop brains with MG132 rescued SCAR protein amounts to levels found in 291 

wild type brains (Figure 4D). Together, these data show Non-stop counters 292 

polyubiquitination and entry of SCAR into the proteasomal degradation pathway. 293 

Non-stop regulates SCAR protein levels and localization 294 



To examine whether increasing Non-stop led to increased SCAR, we expressed 295 

recombinant Non-stop in BG3 cells and utilized indirect immunofluorescence to observe 296 

the amount and location of endogenous SCAR protein. Upon expression of Non-stop-297 

FH in BG3 cells, endogenous SCAR protein levels increased 5-fold compared with 298 

mock transfected cells (Figure 5A). Utilizing anti-HA immunofluorescence to observe 299 

recombinant Non-stop, three distinct subcellular localization patterns were apparent: 300 

nuclear, cytoplasmic, and evenly distributed between nucleus and cytoplasm (Figure 301 

5A). Increased SCAR protein co-compartmentalized with Non-stop, even within the 302 

nucleus, where SCAR function is more enigmatic (Figure 5A). To quantify co-303 

compartmentalization of SCAR and Non-stop, the nuclear to cytoplasmic ratios of Non-304 

stop-FH and endogenous SCAR were calculated by dividing immunofluorescence 305 

intensity within each nucleus by that of the corresponding cytoplasm. This was plotted 306 

as the ratio nuclear:cytoplasmic SCAR on the Y axis and the ratio nuclear:cytoplasmic 307 

Non-stop on the X axis. As the amount of Non-stop in the nucleus increased, so did the 308 

amount of SCAR in the nucleus, showing Non-stop was driving SCAR localization 309 

(R2=0.8) (Figure 5A).   310 

SCAR functions, within WRC, to activate Arp2/3 and facilitate branching of F-311 

actin filaments (26). With correct spatiotemporal regulation of these actin-branching 312 

complexes, cells are able to establish appropriate shape and size through extension of 313 

actin-based protrusions (85). BG3 cells have a characteristic bimodal appearance when 314 

plated in the absence of concanavalin A (86). If Non-stop overexpression were 315 

disrupting SCAR function through augmenting and mislocalizing SCAR, changes in cell 316 

shape and ability to form protrusions were predicted (87). Using phalloidin to observe F-317 

actin in cells overexpressing Non-stop, a substantial change in cell morphology was 318 

observed. Cells displayed fewer projections and covered less total area (Figure 5B). 319 

This was specific for cells expressing Non-stop in the cytoplasm or both nucleus and 320 

cytoplasm.  Increased Non-stop signal associated closely with increased phalloidin 321 

signal. Overexpression of SCAR alone similarly led to reductions in cell area and 322 

number of projections observed (Figure 5B).  323 



Non-stop bears multiple, conserved, WRC interacting receptor sequence (WIRS) 324 

motifs 325 

The basis for interaction between the SAGA DUBm, Arp2/3, and WRC was 326 

sought. WRC subunits HEM, SRA-1, and Abi mediate interaction with an unidentified 327 

deubiquitinase to counteract proteasomal degradation of SCAR (28). WRC subunits Abi 328 

and SRA-1 mediate interaction with WRC interacting receptor sequences (WIRS)-329 

bearing proteins which contribute to spatiotemporal regulation of SCAR (27). Recall, 330 

Hem and Sra-1 were present in mass spectrometry analysis of Group 2 proteins, 331 

suggesting Non-stop was in vicinity of this surface of WRC.  332 

Primary sequence analysis of DUBm subunits revealed four WIRS-conforming 333 

sequences on Non-stop and three on mammalian Non-stop orthologue USP22. These 334 

were numbered from 0 to 3, with WIRS1 and 3 conserved in location between 335 

Drosophila and mammalian Non-stop. (Figure 6A). No of the other DUBm components 336 

bore conserved WIRS motifs. Although analysis of the yeast orthologue of Non-stop 337 

(UBP8) did not reveal a WIRS-like motif, the Atxn7 orthologue Sgf73 did. In yeast, the 338 

DUBm can also be found separate from SAGA, although not without Sgf73 (88). 339 

Therefore, we focused on Non-stop WIRS motifs.   340 

To verify Non-stop WIRS motifs are important for Non-stop/SCAR interaction, 341 

putative WIRS motifs were inactivated using a phenylalanine to alanine substitution, 342 

previously demonstrated to be effective at inactivating these motifs (27). This mutant 343 

displayed an approximately 80% reduction in SCAR binding, but still integrated into 344 

SAGA as observed by maintenance of Atxn7 binding (Figure 6B).  345 

To determine whether Non-stop WIRS sequences are necessary for Non-stop-346 

mediated modulation of SCAR function, a series of phenylalanine to alanine point 347 

mutants of individual WIRS domains (WIRS F-A) were generated and expressed in BG3 348 

cells. As above (Figure 5), the ability of Non-stop WIRS mutants to increase the levels 349 

of endogenous SCAR protein, to change cell area, and to change the number of 350 

protrusions per cell was measured. Immunofluorescence was used to detect the HA 351 

epitope on exogenously expressed Non-stop and an antibody toward endogenous 352 

SCAR was used to observe SCAR protein levels. Cells expressing moderate amounts 353 



of Non-stop as judged by the spectrum of fluorescence intensity were analyzed to avoid 354 

assaying cells with either too little or too much exogenous Non-stop relative to 355 

endogenous protein. The ratio of HA fluorescence to SCAR fluorescence in each 356 

mutant was calculated and compared to wild-type Non-stop (Figure 6C). In each case, 357 

the Non-stop mutant produced less SCAR protein than wild type, suggesting that these 358 

motifs are indeed important for Non-stop mediated increases in SCAR protein levels 359 

(Figure 6C). Mutant Non-stop was also less potent for decreasing cell area and 360 

decreasing the number of cell protrusions (Figure 6D). The effect of mutating each 361 

WIRS was not equivalent, suggesting a hierarchy for which is most important for WRC 362 

stabilization.  363 

In Drosophila, specific cell-type and subcellular location of actin branching 364 

enzymes facilitate fine tuning of actin remodeling in space and time (53). SCAR and the 365 

single Drosophila WASp homolog act non-redundantly to orchestrate actin branching in 366 

different tissues and to regulate different developmental decisions. SCAR is particularly 367 

important in axon development in the central nervous system and adult eye 368 

morphology, but also essential for blastoderm organization and egg chamber structure 369 

during development. Within these tissues, cells display both cytoplasmic and nuclear 370 

localization of SCAR (53).  371 

Considering the demonstrated importance of Atxn7, Non-stop, and SCAR in the 372 

nervous system and eye, the interplay between these genes was examined in 3rd instar 373 

larval brains. To observe an output of SCAR function, phalloidin was used to visualize 374 

F-actin. In Non-stop mutants, F-actin intensity was reduced by approximately 70% 375 

(Figure 7A). In Atxn7 mutants, F-actin levels increased approximately 1.7 times (Figure 376 

7B). To test for genetic interaction between the SAGA DUBm and SCAR, heterozygous 377 

mutations of Atxn7 and SCAR were combined and F-actin levels determined (Figure 378 

7C). In Atxn7 heterozygotes, F-actin levels were not significantly different than wild-379 

type. In SCAR heterozygotes, however, F-actin levels were decreased. Combining 380 

Atxn7 and SCAR heterozygous mutants rescued F-actin levels. Together, these results 381 

support a model where Atxn7 restrains Non-stop from stabilizing and increasing levels 382 

of SCAR, which then increases F-actin.  383 



To test whether SCAR rescues an Atxn7 phenotype, retinal axon targeting in 3rd 384 

instar larval brains was observed using an anti-chaoptin antibody, a retinal axon-specific 385 

protein (Figure 8). Neural-specific expression of Atxn7 RNAi (89), driven by elav-Gal4, 386 

results in defective axon targeting. Similarly, knockdown of either Non-stop (90) or 387 

SCAR(90) led to defective axon targeting. Gcn5 knock-down (89), however, resulted in 388 

wild-type axon targeting. To test whether defective axon targeting upon Atxn7 loss, 389 

could be rescued by reducing SCAR (90), Atxn7 was knocked-down in a SCAR 390 

heterozygous background. Although there were fewer defects in axon targeting (62 391 

percent normal vs 52 percent normal), this difference was not sufficient to achieve 392 

statistical significance (p = 0.73). 393 

Discussion 394 

Purification of Atxn7-containing complexes indicated that Atxn7 functions 395 

predominantly as a member of SAGA (10). In yeast, the Atxn7 orthologue, Sgf73, can 396 

be separated from SAGA along with the deubiquitinase module by the proteasome 397 

regulatory particle (88). Without Sgf73, the yeast deubiquitinase module is inactive (91). 398 

In higher eukaryotes Atxn7 increases, but is not necessary for Non-stop/USP22 399 

enzymatic activity in vitro (10, 16). In Drosophila, loss of Atxn7 leads to a Non-stop over 400 

activity phenotype, with reduced levels of ubiquitinated H2B observed (10). Here, 401 

purification of Non-stop revealed the active SAGA DUBm associates with multi-protein 402 

complexes including WRC and Arp2/3 complexes separate from SAGA. SCAR was 403 

previously described to be regulated by a constant ubiquitination/deubiquitination 404 

mechanism (28). SCAR protein levels increased upon knockdown of Atxn7 and 405 

decreased upon knockdown of non-stop. Decreases in SCAR protein levels in the 406 

absence of non-stop required a functional proteasome.  407 

Conversely, overexpression of Non-stop in cells led to increased SCAR protein 408 

levels and this increased SCAR protein colocalized to subcellular compartments where 409 

Non-stop was found. Nuclear Arp2/3 and WRC have been linked to nuclear 410 

reprogramming during early development, immune system function, and general 411 

regulation of gene expression (59, 61, 92). Distortions of nuclear shape alter chromatin 412 

domain location within the nucleus, resulting in changes in gene expression (56, 68). 413 



Nuclear pore stability is compromised in SAGA DUBm mutants, resulting in deficient 414 

mRNA export (93). Similarly, mutants of F-actin regulatory proteins such as Wash show 415 

nuclear pore loss (58). Non-stop may contribute to nuclear pore stability and mRNA 416 

export through multiple mechanisms.  417 

When we examined the basis for this unexpected regulatory mechanism, we 418 

uncovered a series of WIRS motifs (Chen et al., 2014) conserved in number and 419 

distribution between flies and mammals. These sequences functionally modulate Non-420 

stop ability to increase SCAR protein levels. Point mutants of each WIRS resulted in 421 

less SCAR protein per increase in Non-stop protein. WIRS mutant Non-stop retained 422 

the ability to incorporate into SAGA, indicating these are separation of function mutants.  423 

Overall, these findings suggest that the cell maintains a pool of Non-stop that can 424 

be made available to act distally from the larger SAGA complex to modulate SCAR 425 

protein levels (Figure 9). In yeast, the proteasome regulatory particle removes the 426 

DUBm from SAGA (88). In higher eukaryotes, caspase 7 cleaves Atxn7 at residues 427 

which would be expected to release the DUBm, although this remains to be shown 428 

explicitly (94). The mechanisms orchestrating entry and exit of the DUBm from SAGA 429 

remain to be explored.  430 

  431 



Methods  432 

Key 
Resources 
Table 

    Reagent 
type 

(species) 
or 

resource 

Designation 
Source or 
reference 

Identifiers Additional information 

gene 
(Drosophila 
melanogast
er) 

not NA FLYB:FBgn0013717   

gene (D. 
melanogast
er) 

Atxn7 NA 
FLYB:FBgn0031420 

  

gene (D. 
melanogast
er) 

SCAR NA FLYB: FBgn0041781   

gene (D. 
melanogast
er) 

Gcn5 NA FLYB:FBgn0020388   

gene (D. 
melanogast
er) 

Ada2b NA 
FLYB:FBgn0037555 

  

strain, 
strain 
background 
(D. 
melanogast
er) Elav-Gal4 

Bloomington 
Drosophila Stock 

Center 
BDSC:458 
RRID:BDSC_458 
 

Genotype:P(w[+mW.hs]=GawB)elav[C155] 

strain, 
strain 
background 
(D. 
melanogast
er) 

Uas-Gcn5 
RNAi 

Vienna Drosophila 
Resource Center 

VDRC:21786 

RRID:FlyBase_FBst04542

33   

 

Construct ID:11218 



strain, 
strain 
background 
(D. 
melanogast
er) 

Uas-SCAR 
RNAi 

Bloomington 
Drosophila Stock 
Center 

BDSC:36121 
RRID:BDSC_36121 

Genotype: y[1] sc[*] v[1]; P(y[+t7.7] 
v[+t1.8]=TRiP.HMS01536)attP40  

strain, 
strain 
background 
(D. 
melanogast
er) 

Uas-Not 
RNAi 

Bloomington 
Drosophila Stock 
Center 

BDSC:28725 rebalanced 
with Tm6b, Tb 
RRID:BDSC_28725 

Genotype:  y[1] v[1]; P(y[+t7.7] 
v[+t1.8]=TRiP.JF03152)attP2/TM6B, Tb 

strain, 
strain 
background 
(D. 
melanogast
er) 

Uas-Atxn7 
RNAi 

Vienna Drosophila 
Resource Center 

VDRC:102078 
RRID:FlyBase_FBst04739
49   
 Construct ID:110634 

strain, 
strain 
background 
(D. 
melanogast
er) OreR 

DGGR  

Catalog number: 109612  
RRID:DGGR_109612 

  

strain, 
strain 
background 
(D. 
melanogast
er) 

Non-
stop[02069]  

Bloomington 
Drosophila Stock 

Center 
BDSC:11553    
Rebalanced with Tm3 GFP 
RRID:BDSC_11553 

Genotype: P(ry[+t7.2]=PZ)not[02069] ry[506]/TM3, 
P(w[+mC]=GAL4-twi.G)2.3, P(UAS-2xEGFP)AH2.3, Sb[1] 
Ser[1] 

strain, 
strain 
background 
(D. 
melanogast
er) 

SCAR 
[Delta37] 

Bloomington 
Drosophila Stock 
Center 

BDSC:8754      
Rebalanced with CyoGFP 
RRID:BDSC_8754 

Genotype: w[*]; SCAR[Delta37] P(ry[+t7.2]=neoFRT)40A/CyO, 
, P(w[+mC]=GAL4-twi.G)2.2, P(UAS-2xEGFP)AH2.2. Cross 
BDSC:6662 and BDSC:8754 



strain, 
strain 
background 
(D. 
melanogast
er) 

Atxn7[KG020
20] 

Bloomington 
Drosophila Stock 

Center 

BDSC: 14255     
Rebalanced with CyoGFP 
RRID:BDSC_14255 

Genotype: y[1] w[67c23]; P(y[+mDint2] w[BR.E.BR]=SUPor-
P)CG9866[KG02020]/CyO, P(w[+mC]=GAL4-twi.G)2.2, 
P(UAS-2xEGFP)AH2.2.  

strain, 
strain 
background 
(D. 
melanogast
er) 

Uas-Atxn7 
RNAi, 
SCARΔ37 

This Paper   

Materials and Methods Subsection Fly Strains 
Genotype: w[*]; SCAR[Delta37] P(ry[+t7.2]=neoFRT)40A/CyO, 
P(w[+mC]=GAL4-twi.G)2.2, P(UAS-2xEGFP)AH2.2.; 
P{KK110634} VIE-260B / TM6C, cu[1] Sb[1] Tb[1]  
 

cell line (D. 
melanogast
er) 

ML-DmBG3-
c2 

Drosophila 
Genomics 

Resource Center 
#68 

FLYB: 
FBtc0000068; RRID:CVCL
_Z728 

 FlyBase symbol: ML-DmBG3-c2 

 

cell line (D. 
melanogast
er) 

S2-DRSC 

Drosophila 
Genomics 
Resource Center 
#181 

FLYB:FBtc0000181; 
RRID:CVCL_Z992 

FlyBase symbol: S2-DRSC 

antibody Guinea Pig 
anti Non-stop  

 (10)   Western Blot Dilution (1:1000) IF Dilution (1:150) 

antibody 
Mouse anti 
Chaoptin 
(Monoclonal) 

Developmental 
Studies Hybridoma 
Bank 

24B10 
RRID:AB_528161 IF Dilution (1:250) 

antibody 
Goat anti Rat 
IGG -568  
(Polyclonal) Invitrogen 

A-11077 
RRID:AB_141874 

IF Dilution (1:1000) 

antibody 

Goat anti 
Mouse IGG-
488 
(Polyclonal) Invitrogen 

A-11001  
RRID:AB_2534069 

IF Dilution (1:1000) 

antibody 

Goat anti 
Guinea pig 
IGG- 488 
(Polyclonal) Invitrogen 

A11073 
RRID:AB_142018 

IF Dilution (1:1000) 

other 
Phalloidin-
488  Invitrogen 

A12379 
 

IF Dilution (1:20) 

http://flybase.org/reports/FBtc0000068.html


other 
Phalloidin-
568  Invitrogen 

A12380 
RRID:AB_2810839 

IF Dilution (1:20) 

other Vecta Shield Vector Labs H-1200   

antibody 
Rat anti HA-
HRP 
(Monoclonal) Roche  

12013819001 
 RRID: AB_390917 Western Blot Dilution (1:500) 

antibody 
Mouse anti 
SCAR  
(Monoclonal) 

Developmental 
Studies Hybridoma 
Bank 

P1C1-SCAR 
RRID: AB_2618386 

Western Blot Dilution (1:250) IF Dilution (1:100) 

antibody 
Rabbit anti 
Atxn7 

 (10) 
  

Western Blot Dilution (1:2000) 

antibody 
Guinea Pig 
anti Ada2b 

Gift from Jerry L 
Workman (42)   

Western Blot Dilution (1:1000) 

antibody 

Goat anti 
Guinea Pig 
HRP 
(Polyclonal) 

Jackson 
ImmunoResearch 
INC  

106-035-003, 
RRID:AB_2337402 

Western Blot Dilution (1:10000) 

antibody 
Goat anti 
mouse HRP 
(Polyclonal) 

Jackson 
ImmunoResearch 
INC  

115-035-003, 
RRID:AB_10015289 

Western Blot Dilution (1:5000) 

antibody 
Goat anti 
Rabbit HRP 
(Polyclonal) 

Jackson 
ImmunoResearch 
INC  

111-035-003 
RRID:AB_2313567 

Western Blot Dilution (1:10000) 

antibody 
Rat anti HA 
(Monoclonal) 

Roche  
11867423001 

RRID:AB_390918 
 IF Dilution (1:250) 

recombinan
t DNA 
reagent Pmt-HA-Ubi  

gift from Jianhang 
Jia   

gift from Jianhang Jia 

recombinan
t DNA 
reagent Scar-FH  

Berkley Expression 
Clone Collection  FMO14142 

  

recombinan
t DNA 
reagent 

Scar-Flag  

This paper 

  

Materials and Methods Subsection Plasmids 
 
Quick change on FMO14142 F 
Primer:GATGACGACAAGGTCAAACTTGCTGCTTAGACTAGT
TCTAGT R Primer: 
ACTAGAACTAGTCTAAGCAGCAAGTTTGACCTTGTCGTCAT
C 

http://antibodyregistry.org/AB_390917


recombinan
t DNA 
reagent 

Prmha3-Non-
stop-2XFlag-
2XHA  

This Paper 
Sequence ID: AAD53181.1 

 Materials and Methods Subsection Plasmids 
 

recombinan
t DNA 
reagent 

Prmha3-Non-
stop-2XFlag-
2XHA-0FA 

This Paper 

  

Materials and Methods Subsection Plasmids 
Quick change mutagenesis on Prmha3-Non-stop-2XFlag-2XHA 
WIRS0 phenylalanine to alanine F: 
GCAGTGGCCGAAGCGCCGGCAGGGGAACGGAACGGTGG
GC 
WIRS0 phenylalanine to alanine R: 
CCGTTCCCCTGCCGGCGCTTCGGCCACTGCTGCTGCTGC 

recombinan
t DNA 
reagent 

Prmha3-Non-
stop-2XFlag-
2XHA-1FA 

This Paper 

  

Materials and Methods Subsection Plasmids 
 
Quick change mutagenesis on Prmha3-Non-stop-2XFlag-2XHA 
WIRS1 phenylalanine to alanine F: 
CAGCTACGATACAGCCCGGGTCATCGACGCCTACTTCGCT
GCTTGCG 
WIRS1 phenylalanine to alanine R: 
GGCGTCGATGACCCGGGCTGTATCGTAGCTGTGCTCCTT
CACATAGC 

recombinan
t DNA 
reagent 

Prmha3-Non-
stop-2XFlag-
2XHA-2FA 

This Paper 

  

Materials and Methods Subsection Plasmids 
 
Quick change mutagenesis on Prmha3-Non-stop-2XFlag-2XHA 
WIRS2 phenylalanine to alanine F: 
CCAGCGTGGTGTCGGCCCATTTGAAACGCTTCGAGCACTC
AGCTCTG 
WIRS2 phenylalanine to alanine R: 
CGAAGCGTTTCAAATGGGCCGACACCACGCTGGGCAGAG
TGCGCAG 



recombinan
t DNA 
reagent 

Prmha3-Non-
stop-2XFlag-
2XHA-3FA 

This Paper 

  

Materials and Methods Subsection Plasmids 
 
Quick change mutagenesis on Prmha3-Non-stop-2XFlag-2XHA 
WIRS3 phenylalanine to alanine F: 
CGCAAGATCTCCTCGGCCATTCAATTCCCCGTGGAGTTCG
ACATG 
WIRS3 phenylalanine to alanine R: 
CCACGGGGAATTGAATGGCCGAGGAGATCTTGCGATCGA
TCAGAGC 

recombinan
t DNA 
reagent 

Prmha3-Non-
stop-2XFlag-
2XHA-
WIRSFA 

This Paper 

  

Materials and Methods Subsection Plasmids 
Quick change mutagenesis on Prmha3-Non-stop-2XFlag-2XHA 
all of the above primers sequentially 

recombinan
t DNA 
reagent 

Prmha3-Non-
stop-2XFlag-
2XHA-C406A 

This Paper 

  

Materials and Methods Subsection Plasmids 
Quick change mutagenesis on Prmha3-Non-stop-2XFlag-2XHA  
Non-stop C406A F: 
CTTAATCTGGGCGCCACTGCCTTCATGAACTGCATCGTC 
Non-stop C406A R: 
GACGATGCAGTTCATGAAGGCAGTGGCGCCCAGATTAAG 

recombinan
t DNA 
reagent 

Prmha3-Non-
stop-2XFlag-
2XHA-C406S  

This Paper 

  

Materials and Methods Subsection Plasmids 
Quick change mutagenesis on Prmha3-Non-stop-2XFlag-2XHA 
Non-stop C406S F: 
CTTAATCTGGGCGCCACTAGCTTCATGAACTGCATCGTC 
Non-stop C406S R: 
GACGATGCAGTTCATGAAGCTAGTGGCGCCCAGATTAAG 



sequence-
based 
reagent 

dsRNA Lacz     

dsRNA-LacZ-R: 
GCTAATACGACTCACTATAGGCCAAACATGACCARGATTA
CGCCAAGCT dsRNA-LacZ-F: 
GCTAATACGACTCACTATAGGCCAAACGTCCCATTCGCCA
TTCAGGC 

sequence-
based 
reagent 

dsRNA not 
http://www.flyrnai.o
rg 

DRSC11378 

Primer F: 
TAATACGACTCACTATAGGCGCAGGCTGAACTGTTTG 
Primer R: 
TAATACGACTCACTATAGGTCTATTCCGGCTCCCGTT 

sequence-
based 
reagent 

dsRNA not 
http://www.flyrnai.o
rg 

BKN21994 

Primer F: 
TAATACGACTCACTATAGGACTTGACCCACGTGTCCTTC 
Primer 
R:TAATACGACTCACTATAGGATTGACCAGATCTTCACGGG  

sequence-
based 
reagent 

dsRNA Atxn7 
http://www.flyrnai.o
rg 

DRSC35628 

Primer 
F:TAATACGACTCACTATAGGCGACATGGAAAAGGTCATCA 
Primer 
R:TAATACGACTCACTATAGGGGAAACCTGCCTTCGTGTAA 

sequence-
based 
reagent 

dsRNA Atxn7 
http://www.flyrnai.o
rg 

DRSC23138 

Primer F: 
TAATACGACTCACTATAGGCTGTTAAGCTGGAGGCCAAGPr
imer R: 
TAATACGACTCACTATAGGGCCCTCTTATTGCACCTCAG 

sequence-
based 
reagent 

Taqman 
Assay: not 

Thermofisher TaqManID: 
Dm01823071_g1 

  

sequence-
based 
reagent 

Taqman 
Assay: Atxn7 

Thermofisher 
TaqManID: 
Dm01800874_g1 

  



sequence-
based 
reagent 

Taqman  
Assay: SCAR 

Thermofisher TaqManID: 
Dm01810606_g1 

  

sequence-
based 
reagent 

Taqman  
Assay: 
RPL32 

Thermofisher TaqMan ID: 
Dm02151827_g1 

  

commercial 
assay or kit 

high capacity 
cDNA 
reverse 
transcription 
kit  ThermoFisher  4374966 

  

commercial 
assay or kit 

TaqMan 
Universal 
PCR Master 
Mix  ThermoFisher  4364340 

  

chemical 
compound, 
drug 

MG132 Sigma-Aldrich C2211   

software, 
algorithm 

ImageJ 
https://imagej.nih.g
ov/ij/ 
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 434 



 435 

Cell culture 436 

ML-DmBG3-c2 (Drosophila Genomics Resource Center #68, RRID:CVCL_Z728, 437 

FBtc0000068) cells were grown in Schneider’s media supplemented with 10% fetal 438 

bovine serum and 1:10,000 insulin. S2_DRSC cells (Drosophila Genomics Resource 439 

Center #181, RRID:CVCL_Z992) were maintained in Schneider’s media supplemented 440 

with 10% fetal bovine serum and 1% penicillin-streptomycin (ThermoFisher, Catalog 441 

number: 15070063, 5000 U/ml). BG3 and S2 cell lines were ordered fresh from the 442 

Drosophila Genomics Resource Center and verified free from mycoplasma by PCR test 443 

or by microscopy. They were further verified by characteristics including survival in 444 

growth medium (these cell lines grow in distinct media – one cannot survive in the 445 

wrong media), their distinct morphology, and cell doubling time. 446 

Transfection 447 

BG3 cells were plated at 1 x106 cells/ml, 24 hours later they were transfected using 448 

Lipofectamine 3000 (ThermoFisher catalog number: L3000015) following 449 

manufacturer’s directions. The Lipofectamine 3000 was used at 1 µl per µg of DNA and 450 

p3000 reagent was used at 1 µl per µg of DNA. To induce expression of proteins from 451 

plasmids containing a metallothionein promoter 250 µm of CuSO4 was added to the 452 

media. For transfections taking place in 6 well dishes 1 µg of DNA was used per well, 4 453 

µg of DNA was used per 10 cm dish, and 15 µg of DNA was used per 15 cm dish. 454 

Proteins were given 2 to 3 days of expression before the samples were used.   455 

Plasmids 456 

Pmt-HA-Ubi was a generous gift from Jianhang Jia ((95)) 457 

Scar (Berkley Expression Clone Collection FMO14142) (96) 458 

Scar-Flag was created using quick change mutagenesis of FMO14142 following the 459 

manufacturer’s protocol. 460 

Prmha3-Non-stop-2XFlag-2XHA (ubiquitin-specific protease nonstop [Drosophila 461 

melanogaster] Sequence ID: AAD53181.1) (76) 462 

Prmha3-Non-stop-2XFlag-2XHA-0FA, Prmha3-Non-stop-2XFlag-2XHA-1FA, Prmha3-463 

Non-stop-2XFlag-2XHA-2FA, Prmha3-Non-stop-2XFlag-2XHA-3FA, Prmha3-Non-stop-464 

2XFlag-2XHA-WIRSFA, Prmha3-Non-stop-2XFlag-2XHA-C406A, Prmha3-Non-stop-465 

2XFlag-2XHA-C406S were created using quick change mutagenesis using Prmha3-466 

Non-stop-2XFlag-2XHA as a template following the manufacturer’s directions.  467 

Primer list for quickchange mutagenesis: 468 

SCAR-Flag F: GATGACGACAAGGTCAAACTTGCTGCTTAGACTAGTTCTAGT 469 

SCAR-Flag R: ACTAGAACTAGTCTAAGCAGCAAGTTTGACCTTGTCGTCATC 470 

WIRS0 phenylalanine to alanine F: 471 

GCAGTGGCCGAAGCGCCGGCAGGGGAACGGAACGGTGGGC 472 

WIRS0 phenylalanine to alanine R: CCGTTCCCCTGCCGGCGCTTCGGCCACTGCTGCTGCTGC 473 

http://flybase.org/reports/FBtc0000068.html


WIRS1 phenylalanine to alanine F: 474 

CAGCTACGATACAGCCCGGGTCATCGACGCCTACTTCGCTGCTTGCG 475 

WIRS1 phenylalanine to alanine R: 476 

GGCGTCGATGACCCGGGCTGTATCGTAGCTGTGCTCCTTCACATAGC 477 

WIRS2 phenylalanine to alanine F: 478 

CCAGCGTGGTGTCGGCCCATTTGAAACGCTTCGAGCACTCAGCTCTG 479 

WIRS2 phenylalanine to alanine R: 480 

CGAAGCGTTTCAAATGGGCCGACACCACGCTGGGCAGAGTGCGCAG 481 

WIRS3 phenylalanine to alanine F: 482 

CGCAAGATCTCCTCGGCCATTCAATTCCCCGTGGAGTTCGACATG 483 

WIRS3 phenylalanine to alanine R: 484 

CCACGGGGAATTGAATGGCCGAGGAGATCTTGCGATCGATCAGAGC 485 

Non-stop C406A F: CTTAATCTGGGCGCCACTGCCTTCATGAACTGCATCGTC 486 

Non-stop C406A R: GACGATGCAGTTCATGAAGGCAGTGGCGCCCAGATTAAG 487 

Non-stop C406S F: CTTAATCTGGGCGCCACTAGCTTCATGAACTGCATCGTC 488 

Non-stop C406S R: GACGATGCAGTTCATGAAGCTAGTGGCGCCCAGATTAAG 489 

 490 

RNAi treatment of BG3 cells 491 

Short dsRNA was produced by amplifying cDNA with primers that contained T7 492 

promoter sequences on the ends. These PCR products were then used as a template 493 

for in vitro transcription using the Ampliscribe T7 high yield transcription kit (epicentre 494 

catalog number: AS3107) following the manufacturer’s instructions. Transcription was 495 

allowed to continue for four hours. To make the RNA double stranded it was then 496 

heated to 65 °C for thirty minutes and cooled to room temperature. The RNA was then 497 

ethanol precipitated in order to clean it.  498 

BG3 cells were plated at 2x106 cells/ml in 6 well dishes. Cells were allowed to adhere 499 

(approximately four hours) then treated with 10 µg of dsRNA. The cells were harvested 500 

for western blot after being soaked for six days and after five days for RNA analysis. 501 

For 10 cm dishes cells were plated at 16x106 cells in 4 ml of serum free media 120 µg 502 

of dsRNA was immediately added. Cells were incubated for 1 hour at 25 °C. After 1 503 

hour 9 ml of complete media was added. The cells were harvested for 504 

immunoprecipitation after being soaked for six days in dsRNA. 505 

RNAi 506 

Atxn7 DRSC23138, Atxn7 DRSC35628, non-stop BKN21994, non-stop DRSC11378 507 

dsRNA-LacZ-R: 508 

GCTAATACGACTCACTATAGGCCAAACATGACCARGATTACGCCAAGCT 509 

dsRNA-LacZ-F: 510 

GCTAATACGACTCACTATAGGCCAAACGTCCCATTCGCCATTCAGGC 511 

Immunofluorescence 512 



Cells were plated directly onto coverslips in 6 well dishes and allowed to adhere. BG3 513 

cells were fixed in 4% methanol free formaldehyde after two days of growth. Cells were 514 

washed in 1xPBS and then either stored in 1xPBS for up to one week or immediately 515 

stained. Coverslips were washed with 1xPBS containing 0.5% Triton X-100 four times 516 

for 10 minutes. Coverslips were blocked in 5% BSA and 0.2% TWEEN 20 diluted in 517 

1xPBS for one hour at room temperature. They were then incubated in primary antibody 518 

diluted in blocking buffer overnight at 4 °C. The following day they were washed with 519 

1xPBS containing 0.5% Triton X-100 four times for ten minutes. They were then 520 

incubated in secondary antibody diluted 1:1000 in blocking buffer for four hours at room 521 

temperature. Cells were then washed four times ten minutes at room temperature in 522 

1xPBS containing 5% Triton X-100. Coverslips were dried and mounted in Vectashield 523 

containing DAPI (Vector Labs catalog number: H-1200).  524 

Larval brains were dissected into 4% methanol free formaldehyde/1xPBS and fixed at 4 525 

°C for one hour. Fixative was removed and the brains were washed with 1xPBS and 526 

then either stored at 4 °C in 1XPBS for up to one week or immediately stained. Brains 527 

were washed 3 times in 1xPBS containing 5% Triton X-100. They were then incubated 528 

in 1xPBS containing 5% Triton for 20 minutes at room temperature. Cells were blocked 529 

for one hour at room temperature in blocking buffer containing 0.2% TWEEN 20 and 5% 530 

BSA diluted in 1xPBS. Brains were then incubated in Alexafluor conjugated phalloidin 531 

diluted 1:20 in blocking buffer overnight at 4 °C. They were then wash four times for 10 532 

minutes at room temperature in 1XPBS containing 5% Triton X-100. Larval brains were 533 

mounted in Vectashield containing DAPI (Vector Labs catalog number: H-1200). For 534 

Chaoptin staining brains were incubated in primary antibody diluted in blocking buffer at 535 

4 °C overnight following blocking. They were washed four times ten minutes at room 536 

temperature in 1xPBS containing 5% Triton X-100. They were then incubated in 537 

secondary antibody diluted 1:1000 in blocking buffer overnight at 4 °C. They were then 538 

washed four times 10 minutes in 1xPBS containing 5% Triton. Larval brains were 539 

mounted in Vectashield containing DAPI (Vector Labs catalog number: H-1200). 540 

A Zeiss LSM-5 Pascal upright microscope and LSM software was used for imaging. 541 

Cells were imaged with a 40X objective aperture number 1.30 oil or a 63X objective 542 

aperture number 1.25 Oil and Z-stacks were acquired using LSM software with a slice 543 

every 1 µm. Brains were imaged with a 20X objective aperture number 0.45 air and Z 544 

stacks were taken with slices every 4 µm. All images were taken at room temperature. 545 

All settings remained the same within an experiment. 546 

Antibodies 547 

Mouse anti SCAR (DSHB P1C1-SCAR RRID:AB_2618386) was used at a dilution of 548 

1:100. Rat anti HA (Roche catalog number: 11867423001 RRID:AB_390918) was used 549 

at a dilution of 1:1000. Guinea pig anti Non-stop (10) was used at a dilution of 1:150. 550 

Mouse anti Chaoptin (deposited to the DSHB by Benzer, S and Colley, N.) (DSHB 24B10 551 

RRID:AB_528161) was used at a dilution of 1:250.  Goat anti Rat IGG -568 (Invitrogen 552 

Catalog number: A-11077 RRID:AB_141874 ) was used at a dilution of 1:1000. Goat 553 



anti Mouse IGG-488 (Invitrogen Catalog number: A-11001 RRID:AB_2534069) was 554 

used at a dilution of 1:1000. Goat anti Guinea pig IGG- 488 (Invitrogen Catalog number: 555 

A11073 RRID:AB_142018 ) was used at a dilution of 1:1000. Phalloidin-488 (Invitrogen 556 

Catalog number: A12379 RRID:AB_2759222) was used at a dilution of 1:20. Phalloidin-557 

568 (Invitrogen Catalog number: A12380 RRID:AB_2810839) was used at a dilution of 558 

1:20. 559 

 560 

Image analysis 561 

Stacks were exported as TIFFs from the LSM software and analyzed in FIJI (97) 562 

RRID:SCR_002285. For analysis z projections were created by sum or max.  563 

To analyze cell shape and phalloidin structures in BG3 cells the Phalloidin images were 564 

thresholded in ImageJ and used to create ROIs. The number of projections was 565 

counted by hand. A t-test was used to test the significance between the mock 566 

transfected control and the Non-stop-2xFlag-2 transfected cell lines in cellular shape 567 

and the number of projections. 568 

To measure SCAR levels in BG3 cells projections were made by sum and ROIs were 569 

drawn by hand around the entirety of the scar staining and integrated density was 570 

measured for both HA and SCAR. For BG3 cells a second ROI was drawn around the 571 

nuclei by thresholding the DAPI image and the SCAR intensity and HA intensity in the 572 

nucleus was measured. A t-test was used to compare between treated and untreated 573 

cells. 574 

To measure phalloidin intensity in larval brains max projections were created and ROIs 575 

were drawn by hand. Brains were only measured if they were not mounted at an angle 576 

that excluded part of the VNC and the VNC was intact. Thresholding and image 577 

calculator were used to subtract background. A t-test was used to compare differences 578 

between genotypes.  579 

To measure integrity of the optic lobe max projections were created and images were 580 

thresholded identically using contrast limited adaptive histogram equalization using the 581 

ImageJ CLAHE algorithm (98) and the number of gaps and bundles were counted by 582 

hand. Fisher’s exact test was used to compare differences between genotypes. 583 

Ex vivo culturing of third instar brains 584 

Ex vivo culturing of larval brains was performed as described (83, 84). Third instar 585 

brains were dissected in 1xPBS and quickly placed into culture media (Schneider’s 586 

insect media supplemented with 10% FBS, 1% pen/strp, 1:10,000 insulin, and 2 µg/ml 587 

ecdysone) in 24 well dish. The dish was wrapped in parafilm and incubated at 25 °C. 588 

After 6 hours of culturing the media was changed. The wells receiving MG132 then had 589 

50 µM of MG132 added. Brains were collected for protein samples after 24 hours. 590 

Protein Sample Preparation 591 



All western blots using tissue culture cells were done from cells collected from a 6 well 592 

dish. The media was removed and 200 µl of 2xUREA sample buffer (50 mM Tris HCl pH 593 

6.8, 1.6% SDS, 7% glycerol, 8M Urea, 4% β mercaptoethanol, 0.016% bromophenol 594 

blue ) and 2 µl of 10 µg/ml benzonase was added to the dish. After the mixture was 595 

lysed they were boiled at 80 °C for ten minutes. 596 

Larval brains were dissected into 1xPBS. The PBS was removed and 2xUREA sample 597 

buffer was added in a 1:1 ratio and 10 units of Benzonase was added. The brains were 598 

homogenized by pipetting and boiled at 80 °C for ten minutes. 599 

Immunoprecipitation 600 

Non-denaturing extract 601 

Transfected cells were resuspended in Extraction Buffer (20 mM HEPES (pH7.5), 25% 602 

Glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 1:100 ethidium bromide with 603 

protease inhibitors added.  1% NP-40 was added and the cells were pipetted up and 604 

down until the solution was homogenous. They were placed on ice for one hour with 605 

agitation every 10-15 minutes.They were then centrifuged for 30 minutes at 4 °C at 606 

20,000 x g.  607 

The supernatant was placed into a new tube and stored at – 80 °C for up to one week. 608 

Lysates were thawed and 36 µg of protein was removed for input and mixed with 2 x 609 

Urea sample buffer (50 mM Tris-HCl (pH 6.8), 1% SDS, 7% Glycerol, 8 M Urea, 4% 610 

beta-mercapto-ethanol, 0.016% Bromophenol blue)  and boiled for ten minutes at 80 °C. 611 

An equal volume of Dignum A buffer (10 mM HEPES (pH 7.5), 1.5 mM MgCl2, 10 mM 612 

KCl) was added to the lysates in order to adjust the salt concentration to 210 mM NaCl. 613 

The entire volume was added to 15 µl of Mouse IGG agarose (Sigma Catalog number: 614 

A0919) that had been equilibrated in one volume extraction buffer plus one volume 615 

dignum A. They were then rotated at 4 °C for one hour. After one hour they were 616 

centrifuged for one minute at 4 °C at 4,500 x g. The supernatant was then added to anti-617 

FLAG M2 Affinity Gel (Sigma- Aldrich Catalog number: A2220, RRID:AB_10063035) 618 

that had been equilibrated in one volume extraction buffer plus one volume Dignum. 619 

They were then rotated for one hour at 4 °C. After one hour they were centrifuged at 620 

4,500 x g at 4 °C for thirty seconds. The supernatant was removed and the gel was 621 

washed five times in extraction buffer plus dignum A. The resin was then resuspended 622 

in 40 µl 2XUREA sample buffer and boiled for 10 minutes at 80 °C. 623 

In Vitro Ubiquitination Assays 624 

Immunoprecipitations with the intention to immunoblot for ubiquitin were prepared in 625 

denaturing extracts as described (95, 99). The day of harvesting cells were treated with 626 

50 µM of MG132 for 6 hours. After 6 hours cells were scraped and resuspended in 627 

Denaturing Buffer (1% SDS/50 mM Tris [pH 7.5], 0.5 mM EDTA/1 mM DTT) plus the 628 

protease inhibitors PMSF, sodium orthovanadate, Aprotinin, Leupeptin, Pepstatin A, 629 

Sodium butyrate, and Sodium fluoride. They were boiled at 100 °C for 5 minutes. They 630 



were then diluted 10 fold in dilution buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 631 

mM EDTA, 1% Triton) mixed well and then centrifuged for 30 minutes at 4 °C at 20,000 632 

x g. The supernatant was then added to 15 µl anti-FLAG M2 Affinity Gel (Sigma- Aldrich 633 

Catalog number: A2220, RRID:AB_10063035) that had been equilibrated dilution buffer. 634 

They were then rotated for one hour at 4 °C. After one hour they were centrifuged at 635 

4,500 x g at 4 °C for thirty seconds. The supernatant was removed and the gel was 636 

washed four times with washing buffer (10 mM Tris-HCl, pH 8.0, 1 M NaCl, 1 mM 637 

EDTA, 1% NP-40). The resin was then resuspended in 33 µl 2XUREA sample buffer 638 

and boiled for 10 minutes at 80 °C. 639 

Endogenous Non-stop Immunopreciptiation 640 

Larva were placed into Extraction Buffer (20 mM HEPES (pH7.5), 25% Glycerol, 420 641 

mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 1:100 ethidium bromide with protease 642 

inhibitors added.  1% NP-40 was added and the cells were pipetted up and down until 643 

the solution was homogenous. Samples were spun for 30 minutes at 20,000 xg at 4 ºC. 644 

36 µg of protein was removed for input and mixed with 2 x Urea sample buffer (50 mM 645 

Tris-HCl (pH 6.8), 1% SDS, 7% Glycerol, 8 M Urea, 4% beta-mercapto-ethanol, 0.016% 646 

Bromophenol blue)  and boiled for ten minutes at 80 °C. Input was run on a gel and a 647 

western blot for Non-stop was performed to determine relative Non-stop concentrations 648 

and used to normalize the amount used in pull down. An equal volume of dignum A 649 

buffer (10 mM HEPES (pH 7.5), 1.5 mM MgCl2, 10 mM KCl) was added to the lysates in 650 

order to adjust the salt concentration to 210 mM NaCl. Extracts were centrifuged for 30 651 

minutes at 4 °C at 20,000 x g. The Non-stop antibody was added at a concentration of 652 

1:50 and extracts were rotated at 4 ºC overnight. Extracts were added to 50 µl of protein 653 

A dynabeads (Life technologies: 10002D) equilibrated in Extraction Buffer and rotated at 654 

4 °C for 2 hours. The extract was removed and the dynabeads were washed 4 times in 655 

Extraction Buffer with 1% NP-40. Bead were resuspended in 30 µl of 2XUREA sample 656 

buffer as above and boiled for 10 minutes at 80 °C.  657 

Western Blot 658 

 Protein samples were run on either 6% polyacrylamide gel (Immunoprecipitation) or on 659 

8% polyacrylamide gels (all other samples) in 1X Laemli electrode buffer. Proteins were 660 

transferred to Amersham Hybond P 0.45 µM PVDF membrane (catalog number: 661 

10600023) using the Trans-blot turbo transfer system from BioRad. The semi-dry 662 

transfer took place in Bjerrum Schafer-Nielsen Buffer with SDS (48 mM Tris, 39 mM 663 

Glycine, 20% Methanol, 0.1% SDS) at 1 Amp 25 V for 20 minutes. Membranes were 664 

stained in Ponceau (0.2% Ponceau S, 2 % Acetic Acid) for twenty minutes at room 665 

temperature as a loading control. The membrane was then briefly washed in 1XPBS 666 

and imaged on a Chemidoc MP Imaging system. Membranes were then washed three 667 

times for five minutes to remove excess ponceau. Membranes were then blocked for 668 

one hour in 5% non-fat dried milk diluted in 0.05% TWEEN-20 in 1XPBS. The 669 

membrane was then briefly rinse and incubated in primary antibody diluted in 1% non-670 

fat dried milk diluted in 0.05% TWEEN-20 for either one hour at room temperature or 671 



overnight at 4°C. The membrane was then washed four times for five minutes in 1% 672 

TWEEN-20 diluted in 1XPBS. The membrane was then incubated for one hour at room 673 

temperature in secondary antibody diluted 1:5000 in 1% non-fat dried milk diluted in 674 

0.05% Triton-X 100. The membrane was then washed four times for five minutes in 1% 675 

TWEEN-20 diluted in 1xPBS. Bioworld ICL (catalog number: 20810000-1) was used to 676 

visualize the proteins following the manufacturer’s instruction. The chemiluminescence 677 

was imaged on a Chemidoc MP Imaging system. Band intensities were measured on 678 

ImageLab software.  679 

Antibodies 680 

Mouse anti SCAR (DSHB P1C1-SCAR, RRID: AB_2618386 ) was used at a dilution 681 

1:250. Rat anti HA-HRP (Roche catalog number: 12013819001, RRID: AB_390917) 682 

was used at a dilution of 1:500. Guinea Pig anti Non-stop (10) was used at a dilution of 683 

1:1000. Guinea Pig anti Ada2b (42) was used at a dilution of 1:1000. Rabbit anti Atxn7 684 

(10) was used at a concentration of 1:2000. Goat anti Guinea Pig HRP (Jackson 685 

ImmunoResearch INC catalog number: 106-035-003, RRID:AB_2337402) was used at 686 

a dilution of 1:10000. Goat anti mouse HRP (Jackson ImmunoResearch INC catalog 687 

number: 115-035-003, RRID:AB_10015289) was used at a dilution of 1:5000. Goat anti 688 

Rabbit HRP (Jackson ImmunoResearch INC catalog number: 111-035-003, 689 

RRID:AB_2313567) was used at a dilution of 1:10000. 690 

QPCR 691 

RNA was extracted using the Invitrogen PureLink RNA mini kit (Fisher catalog number: 692 

12 183 018A) following the manufacturer’s instructions.  The optional on column DNA 693 

digest was performed using the PureLink DNase set (Fisher Catalog number: 694 

12185010). The high capacity cDNA reverse transcription kit (ThermoFisher catalog 695 

number: 4374966) was used to create cDNA using the manufacturer’s protocol. 3 µl of 696 

cDNA created from 1 µg of RNA was used in downstream qPCR analysis. TaqMan 697 

gene expression assays were run following the manufacturer’s directions. PCR was 698 

performed using the TaqMan Universal PCR Master Mix (ThermoFisher catalog 699 

number: 4364340). The reactions were run on an ABI 7500 Real-time PCR machine. 700 

TaqMan assay IDs 701 

RpL32  Dm02151827_g1, SCAR Dm01810606_g1, Not Dm01823071_g1, Atxn7 702 

Dm01800874_g1 703 

 704 

Fly Strains 705 

SCAR [Delta37]:  w[*]; SCAR[Delta37] P(ry[+t7.2]=neoFRT)40A/CyO, P(w[+mC]=GAL4-706 

twi.G)2.2, P(UAS-2xEGFP)AH2.2. (BDSC catalog number: 8754 RRID:BDSC_8754) 707 

Atxn7: y[1] w[67c23]; P(y[+mDint2] w[BR.E.BR]=SUPor-P)CG9866[KG02020]/CyO, 708 

P(w[+mC]=GAL4-twi.G)2.2, P(UAS-2xEGFP)AH2.2. (BDSC catalog number: 14255, 709 

RRID:BDSC_14255) 710 

http://antibodyregistry.org/AB_390917


Non-stop:  P(ry[+t7.2]=PZ)not[02069] ry[506]/TM3, P(w[+mC]=GAL4-twi.G)2.3, P(UAS-711 

2xEGFP)AH2.3, Sb[1] Ser[1]. (BDSC catalog number: 11553 RRID:BDSC_11553) 712 

Wild type: Oregon-R (DGGR Catalog number: 109162, RRID:DGGR_109612) 713 

Elav-Gal4: P(w[+mW.hs]=GawB)elav[C155]  (BDSC catalog number: 458,  714 

RRID:BDSC_458) 715 

Uas-Atxn7 RNAi: P{KK110634} VIE-260B  (VDRC stock number: 102078 , 716 

RRID:FlyBase_FBst0473949) 717 

Uas-Gcn5 RNAi: w[1118]; P{GD11218}v21786 (VDRC stock number: 21786,     718 

RRID:FlyBase_FBst0454233) 719 

 720 

Uas-SCAR RNAi: y[1] sc[*] v[1]; P(y[+t7.7] v[+t1.8]=TRiP.HMS01536)attP40 (BDSC 721 

catalog number: BL36121, RRID:BDSC_36121) 722 

Uas-Not RNAi: y[1] v[1]; P(y[+t7.7] v[+t1.8]=TRiP.JF03152)attP2/TM6B, Tb (BDSC 723 

catalog number: 28725 rebalanced to Tm6b, Tb, RRID:BDSC_28725) 724 

Uas-Atxn7 RNAi, SCARΔ37: w[*]; SCAR[Delta37] P(ry[+t7.2]=neoFRT)40A/CyO, 725 

P(w[+mC]=GAL4-twi.G)2.2, P(UAS-2xEGFP)AH2.2.; P{KK110634}y VIE-260B / TM6C, 726 

cu[1] Sb[1] Tb[1]  727 

Multidimensional Protein Identification Technology 728 

TCA-precipitated protein pellets were solubilized using Tris-HCl pH 8.5 and 8 M urea, 729 

followed by addition of TCEP (Tris(2-carboxyethyl)phosphine hydrochloride; Pierce) and 730 

CAM (chloroacetamide; Sigma) were added to a final concentration of 5 mM and 10 731 

mM, respectively. Proteins were digested using Endoproteinase Lys-C at 1:100 w/w 732 

(Roche) at 37oC overnight. The samples were brought to a final concentration of 2 M 733 

urea and 2 mM CaCl2 and a second digestion was performed overnight at 37oC using 734 

trypsin (Roche) at 1:100 w/w. The reactions were stopped using formic acid (5% final). 735 

The digested size exclusion eluates were loaded on a split-triple-phase fused-silica 736 

micro-capillary column and placed in-line with a linear ion trap mass spectrometer (LTQ, 737 

Thermo Scientific), coupled with a Quaternary Agilent 1100 Series HPLC system. The 738 

digested Not and control FLAG-IP eluates were analyzed on an LTQ-Orbitrap (Thermo) 739 

coupled to an Eksigent NanoLC-2D. In both cases, a fully automated 10-step 740 

chromatography run was carried out. Each full MS scan (400-1600 m/z) was followed by 741 

five data-dependent MS/MS scans. The number of the micro scans was set to 1 both for 742 

MS and MS/MS. The settings were as follows: repeat count 2; repeat duration 30 s; 743 

exclusion list size 500 and exclusion duration 120 s, while the minimum signal threshold 744 

was set to 100.  745 

Mass Spectrometry Data Processing 746 

The MS/MS data set was searched using ProLuCID (v. 1.3.3) against a database 747 

consisting of the long (703 amino acids) isoform of non-stop, 22,006 non-redundant 748 



Drosophila melanogaster proteins (merged and deduplicated entries from GenBank 749 

release 6, FlyBase release 6.2,2 and NCI RefSeq release 88), 225 usual contaminants, 750 

and, to estimate false discovery rates (FDRs), 22,007 randomized amino acid 751 

sequences derived from each NR protein entry. To account for alkylation by CAM, 57 752 

Da were added statically to the cysteine residues. To account for the oxidation of 753 

methionine to methionine sulfoxide, 16 Da were added as a differential modification to 754 

the methionine residue. Peptide/spectrum matches were sorted and selected to an FDR 755 

less than 5% at the peptide and protein levels, using DTASelect in combination with 756 

swallow, an in-house software. The permanent URL to the dataset is: 757 

ftp://massive.ucsd.edu/MSV000082625. The data is also accessible from: 758 

ProteomeXChange accession: PXD010462 759 

http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD010462. MassIVE 760 

| Accession ID: MSV000082625 - ProteomeXchange | Accession ID: PXD010462 761 
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Figure Legends 1125 

Figure 1. Non-stop (Not) co-purifies with Spt Ada Gcn5 acetyltransferase (SAGA) 1126 

complex and additional multi-protein complexes. (A) Working model: The Non-stop-1127 

containing SAGA deubiquitinase module (DUBm) functions distally from SAGA. Non-1128 

stop is anchored to SAGA by Ataxin-7 (Atxn7) but is released to interact with unknown 1129 

partners. (B) Scheme to identify Non-stop interactors. (C) Characterization of Non-stop-1130 

2xFLAG-2xHA (FH)-expressing S2 cell lines. Stably transfected cells were treated with 1131 

10 uM copper sulphate show comparable levels of Non-stop expression in parental and 1132 

stably transfected cell lines. Parental S2 cells containing no plasmid compared to S2 1133 

cells stably transfected with Non-stop plasmid. Quantitation of anti-Non-stop 1134 

immunoblot signal intensities normalized to Ponceau total protein loading control. Error 1135 

bars represent standard error. (D) Analysis of purified complexes. Non-stop-containing 1136 

complexes were analyzed by silver staining. Atxn7 and Will Decrease Acetylation 1137 

(WDA)-containing complexes are shown for comparison. (E) Protein complexes, purified 1138 

and fractionated as described in B were analyzed by immunoblotting to observe relative 1139 

elution by size (top, Atxn7 and Ada2B recreated from Mohan et al., 2014b) followed by 1140 

measure of deubiquitinase activity contained in each fraction as assayed by ubiquitin-1141 

AMC assay in which increased fluorescence correlates directly with deubiquitination 1142 

activity. The complexity of eluted fractions was analyzed and Group 2 peak fraction, 1143 

number 14, is shown (right).  1144 

 1145 



Figure 2. WAVE regulatory complex (WRC) and Arp2/3 interact with Non-stop. (A) Mass 1146 

spectrometry analysis of Group 2 fractions revealed Arp2/3 and WRC complexes stably 1147 

interact with Non-stop. None of these proteins were identified using vector only Control 1148 

purifications. (B and C) Reciprocal pull-down verifies interaction between Non-stop and 1149 

WRC subunit suppressor of extracellular cAMP receptor (cAR) (SCAR) . (B) BG3 cells 1150 

were transfected with an expression vector for Non-stop-2xFLAG-2xHA (Non-stop-FH) 1151 

or no vector (Control). Recombinant Non-stop was immunoprecipitated using anti-FLAG 1152 

affinity resin and purified interactors analyzed by immunoblotting for the presence of 1153 

endogenous SCAR. Anti-HA immunoblots verified the presence of Non-stop-FH bait. NS 1154 

marks a non-specific band. (C) Pull-down was performed as in B, but with SCAR-FLAG-1155 

HA (SCAR-FH) expression vector. Immunoprecipitated proteins were probed by 1156 

immunoblotting to detect endogenous Non-stop. Anti-HA immunoblots verified the 1157 

presence of SCAR-FH bait. (D) Endogenous Non-stop and SCAR occupy similar 1158 

subcellular regions. Immunofluorescence of SCAR and Non-stop in BG3 cells. Cells 1159 

were immunostained with anti-Non-stop (magenta), anti-SCAR (yellow), and DAPI 1160 

(white). Scale bar is 10 µM. Inset is enlarged to the right. Images are adjusted with 1161 

enhance local contrast. (E) Endogenous Non-stop and F-actin are found in similar 1162 

subcellular regions. Representative images of BG3 cells immunostained with anti-Non-1163 

stop (magenta), phalloidin (F-actin)(yellow), and DAPI (DNA)(white). Scale bar is 10 µM. 1164 

Inset is enlarged to the right. Images were adjusted with contrast limited adaptive 1165 

histogram equalization using the ImageJ CLAHE algorithm (98). 1166 

 1167 

Figure 3. Non-stop and Atxn7 regulate SCAR protein levels. (A) Endogenous pull-down 1168 

reveals increased interaction between Non-stop and SCAR in the absence of Atxn7.  1169 

Whole cell extracts prepared from either OregonR (WT) or homozygous mutant 1170 

Ataxin7[KG02020] (Atxn7) third instar larvae were subject to immunoprecipitation with pre-1171 

immune guinea pig serum or anti-Non-stop antibody as indicated. Immunoprecipitates 1172 

were analyzed by immuonoblotting with anti-Non-stop to verify capture, and with anti-1173 

SCAR antibody to assess interaction. To compare the relative proportion of SCAR 1174 

interacting with Non-stop, immunoblotting signals were quantified by densitometry and 1175 

the amount of SCAR interacting per given amount of Non-stop was calculated and 1176 



expressed relative to WT control. Error bars represent standard error. (B and C) Loss of 1177 

Atxn7 increases, and loss of Non-stop decreases SCAR protein levels. (B) BG3 cells 1178 

were treated with dsRNA to knock down either Atxn7, LacZ (control), or non-stop (not). 1179 

Denaturing whole cell extracts were analyzed by immunoblotting to determine SCAR 1180 

protein levels. Total protein (Ponceau, lower panel) was used as loading control. SCAR 1181 

intensity was quantified and values were normalized to Ponceau and expressed relative 1182 

to LacZ control (right panel). Error bars represent standard error. (C) Brain and central 1183 

nervous systems from WT, non-stop02069 (not), or Ataxin7[KG02020] (Atxn7) third instar 1184 

larvae were isolated and denaturing whole cell extracts prepared. SCAR protein levels 1185 

were determined by immunoblotting and quantified as in B. (D, E, F) Atxn7- or Non-1186 

stop-mediated gene regulation are not sufficient to change SCAR protein levels. (D) 1187 

Relative quantification of SCAR transcripts in BG3 cells treated with dsRNA targeting 1188 

either Atxn7, LacZ (control), or not. Transcripts from not and Atxn7 treated cells are 1189 

expressed relative to LacZ. (E) Relative quantification of SCAR transcript levels in larval 1190 

brains dissected from WT or SCAR[Delta37]/cyo-gfp (SCAR/+). SCAR transcript levels are 1191 

set relative to WT. (F) Immunoblot for SCAR protein in larval brains dissected from 1192 

OregonR (WT) or SCAR[Delta37]/cyo-gfp (SCAR/+). SCAR protein levels were quantified 1193 

as in B. 1194 

 1195 

Figure 4. Non-stop binds ubiquitinated SCAR, regulates SCAR ubiquitination, and entry 1196 

into the proteasome degradation pathway (A) Non-stop catalytic mutation which 1197 

increases substrate binding also increases interaction with SCAR. The Non-stop 1198 

catalytic cysteine was mutated to alanine creating Non-stop C406A-2xFLAG-2xHA 1199 

(C406A). The wild type version of Non-stop (WT), the mutant version of Non-stop 1200 

(C406A), or no plasmid (-) were transfected into BG3 cells and whole cell extracts were 1201 

prepared. Flag resin was used to immunoprecipitate Non-stop-FH protein. Extracts were 1202 

immunoblotted for SCAR. Immunoblots for Ada2b control for incorporation into the 1203 

SAGA complex. Immunoblots for HA verify the presence of the Non-stop-FH constructs. 1204 

Ada2b and SCAR intensity were quantified and normalized to HA. Values are shown as 1205 

relative to WT.  Error bars represent standard error. (B) Non-stop catalytic mutation 1206 

which decreases substrate binding also decreases interaction with SCAR. The Non-stop 1207 



catalytic cysteine was mutated to serine (C406S). BG3 cells were mock transfected (-), 1208 

transfected with Non-stop-FH, or with Non-stop C406S-FH (C406S) and whole cell 1209 

extracts were prepared. Flag resin was used to immunoprecipitate the Non-stop-FH 1210 

constructs. Pulldowns were immunoblotted for SCAR. Incorporation into SAGA was 1211 

verified by Ada2b immunoblot. HA immunoblots verify the presence of the Non-stop-FH 1212 

constructs. Ada2b and SCAR intensity was quantified and normalized to HA. Values are 1213 

shown as relative to wild type. Error bars are standard error. (C) Non-stop counters 1214 

polyubiquitination of SCAR. BG3 cells were treated with dsRNA targeting either non-1215 

stop or LacZ and transfected with HA-Ubiquitin-HA (HA-Ubi) and SCAR-FLAG (SCAR-1216 

F). Control cells were treated with LacZ dsRNA and a mock transfection was performed. 1217 

After six days, cells were treated with MG132 protease inhibitor for 6 hours and 1218 

denaturing whole cell extracts were made. Anti-flag resin was used to capture SCAR-1219 

FLAG. Immunoblots were performed for Ubiquitin (VU-1) and Flag to verify presence of 1220 

SCAR. Protein intensity for VU-1 was measured and normalized to Flag protein 1221 

intensity. Values are shown as relative to LacZ. Error bars represent standard error. (D) 1222 

Non-stop counters proteasomal degradation of SCAR. WT or not brains were dissected 1223 

from 3rd instar larva and cultured ex vivo. Half of the brains from each genotype were 1224 

treated for 24 hours with protease inhibitor [50 µm MG132 (MG132+)] while the 1225 

remaining brains served as untreated control (MG132-). Whole cell extracts were 1226 

immunoblotted for SCAR. SCAR protein intensity was measured and normalized to 1227 

Ponceau total protein control. Numbers are expressed as relative to WT untreated 1228 

control.  Error bars represent standard error.   1229 

 1230 

Figure 5.  Overexpression of Non-stop increases SCAR levels, directs SCAR 1231 

localization, and alters cell morphology – reducing cell area and number of cell 1232 

protrusions. (A) Augmenting Non-stop increases local levels of SCAR. Drosophila BG3 1233 

central nervous system cells were transfected with no plasmid (control) or with Non-1234 

stop-FH expression vector as indicated. Exogenous Non-stop and endogenous SCAR 1235 

were located and quantified through nuclear localization by DAPI (DNA) (white) and 1236 

indirect immunofluorescence toward: Non-stop-FH (anti-HA) (magenta), and anti-SCAR 1237 

(yellow). Scale bar is 10 µM. Hashed lines outline DAPI (inner circle) to approximate 1238 



nuclear location and the outermost SCAR signal to approximate the cell edge (outer 1239 

circles). Three categories of HA (Non-stop-FH) expression are shown: Non-stop 1240 

‘nuclear’, Non-stop ‘cytoplasmic’, and Non-stop ‘nuclear and cytoplasmic.’ Total SCAR 1241 

signal was measured in HA positive cells (Non-stop-FH) and mock transfected cells 1242 

(Control). The average increase in endogenous SCAR immunofluorescence intensity 1243 

was determined relative to control (top, right panel). Error bars are standard error. To 1244 

examine the relationship between Non-stop localization and increased SCAR protein, 1245 

SCAR immunofluorescence intensity was measured in the nucleus (as defined by DAPI) 1246 

and in the cytoplasm. A ratio of nuclear SCAR intensity divided by cytoplasmic SCAR 1247 

intensity was calculated. HA intensity was similarly measured in the nucleus and 1248 

cytoplasm. A ratio of nuclear HA intensity to cytoplasmic HA intensity was calculated. 1249 

The HA ratio was plotted on the X axis and the SCAR ratio was plotted on the Y axis. A 1250 

trend line was calculated and the R2 was determined to be 0.80. (B) Increasing Non-1251 

stop alters F-actin organization similarly to increasing SCAR – reducing cell area and 1252 

number of cell protrusions. BG3 cells were transfected with no-plasmid (Control), Non-1253 

stop-FH, or SCAR-FH. The location of exogenously expressed proteins were 1254 

determined as above and F-actin was visualized using phalloidin. Cell area and total 1255 

number of cellular projections were counted by quantifying the phalloidin signal 1256 

distribution. HA-positive cells (Non-stop-FH or SCAR-FH) were compared to mock 1257 

transfected (Control) cells (bottom panels). Cells expressing Non-stop-FH were split into 1258 

three categories of HA (non-stop-FH) expression as above. T-tests were used to 1259 

compare samples and p-values are shown. Error bars are standard error. 1260 

 1261 

Figure 6. Non-stop bears conserved WIRS motifs. Mutating these reduces Non-stop’s 1262 

ability to bind SCAR, increase SCAR levels, reduce cell area, and reduce number of cell 1263 

protrusions. (A) Alignment of Non-stop protein sequences reveals a conserved 1264 

distribution of WIRS motifs between higher eukaryotes. (B) A WIRS mutant version of 1265 

Non-stop-FH was created bearing phenylalanine to alanine point mutations in all 4 1266 

WIRS domains (WIRS). BG3 cells were mock transfected, transfected with Non-stop-FH 1267 

(WT), or Non-stop WIRS FA-FH (WIRS). Whole cell extracts were prepared and 1268 

immunoprecipitated using Flag resin to capture exogenous Non-stop and 1269 



immunoblotted for SCAR. Immunoblot for Atxn7 verified incorporation into the SAGA 1270 

complex. Immunoblot for HA verified capture of Non-stop-FH. Protein intensity of Atxn7 1271 

and SCAR were normalized to HA intensity. Intensities are shown relative to WT Non-1272 

stop. Error bars are standard error. (C) BG3 cells were transfected with either wild type 1273 

(WT) or Non-stop-FH harboring a point mutation in one of the four putative WIRS motifs 1274 

(W0-W3) as indicated. Exogenously expressed Non-stop and endogenous SCAR were 1275 

detected by indirect immunofluorescence. Scale bar is 10 µm. Total fluorescence 1276 

intensity of SCAR and HA were measured in HA containing cells. Box plots show the 1277 

SCAR intensity divided by the intensity of HA. T-tests were used to compare samples 1278 

and p-values are shown. P-values marked with an asterisk are significant. (D) BG3 cells 1279 

transfected with either wild-type or Non-stop-FH harboring a point mutation in one of the 1280 

four putative WIRS motifs (W0-W3) were immunostained for HA (magenta) and 1281 

phalloidin (yellow). Scale bar is 10 µm. Arrows point to localized accumulation of Non-1282 

stop WIRS mutant protein, which coincide with aberrant actin protrusions commonly 1283 

observed upon WRC or Arp2/3 loss of function. Cell area and number of projections 1284 

protruding from cells was determined for HA positive cells. T-tests were used to 1285 

compare the samples and p-values are shown. P-values marked with an asterisk are 1286 

significant. Error bars are standard error. 1287 

 1288 

Figure 7. Atxn7 and Non-stop, act through the SCAR pathway in order to regulate the 1289 

actin cytoskeleton in vivo. (A) Phalloidin staining in third instar larval brains dissected 1290 

from not02069 reveals a decrease in neural F-actin. (B) Conversely, phalloidin staining in 1291 

Atxn7KG02020 shows an increase in F-actin. Microscope acquisition settings were 1292 

identical to allow comparison. Scale bar is 50 µM. Charts show the averaged phalloidin 1293 

fluorescence intensity measurements for individual brain lobes. Wild type average 1294 

intensity was set to one and mutants were normalized to wild type. A t-test was used to 1295 

compare the samples and the p-value is shown and asterisks indicate significance. 1296 

Error bars are standard error. (C) Phalloidin staining in wild type, Atxn7KG02020/+, 1297 

SCAR[Δ37] /+, and Atxn7KG02020, SCAR[Δ37] /+, + third instar VNC shows that Atxn7 1298 

mutation can rescue the defects seen in SCAR heterozygotes. Scale bar is 20 µM.  1299 



Fluorescence intensity was measured for each VNC.  Wild type average intensity was 1300 

set to one and mutants were normalized to wild type. Error bars are standard error. A t-1301 

test was used to compare the samples and significant values are listed with an asterisks 1302 

and p value. Line diagram outlines an explanation for these observations (bottom). 1303 

 1304 

Figure 8. Chaoptin staining in the optic lobe of third instar larval brains reveals similar 1305 

defects in Atxn7, SCAR, and not knockdowns in vivo. The elav-Gal4 driver was used to 1306 

drive UAS-RNAi lines in larva. Third instar larval brains were dissected and 1307 

immunostained with a Chaoptin antibody. Images were adjusted with contrast limited 1308 

adaptive histogram equalization using the ImageJ CLAHE algorithm (98). Optic lobes 1309 

were analyzed for the presence of bundles, gaps, or weak axons. Examples of these 1310 

are indicated in the figure. A brain was determined to be non-defective if it had 3 or 1311 

fewer of these defects. The percentage of non-defective brains are shown for each 1312 

genotype. A fisher’s exact test was used to compare samples to the driver alone (elav-1313 

gal4/+). Significant P values are marked with an asterisk. Error bars shows standard 1314 

error.   1315 

Figure 9. Non-stop regulates SCAR protein levels and location. Model showing Non-1316 

stop interacts with WRC in an Atxn7-dependent manner, where Non-stop then 1317 

counteracts degradation of WRC subunit SCAR. Loss of Atxn7 leads to increased 1318 

availability of Non-stop for interaction with WRC. 1319 

 1320 

 1321 
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