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SUMMARY

Intracellular ribonucleases (RNases) are essential for maintaining accurate RNA levels. Inherited 

mutations in genes encoding ubiquitous RNases are associated with human diseases, primarily 

affecting the nervous system. Recessive mutations in genes encoding the evolutionarily conserved 

RNA exosome, an RNase complex, cause syndromic neurodevelopmental disorders, such as 

pontocerebellar hypoplasia type 1b (PCH1b), characterized by progressive neurodegeneration. 

Here, we establish a CRISPR-Cas9-engineered Drosophila model of PCH1b to investigate the 

cell-type-specific post-transcriptional regulatory functions of the RNA exosome complex in vivo. 

Pathogenic variants in Rrp40, a subunit of the complex, disrupt RNA exosome activity, leading to 

widespread transcriptomic dysregulation in brain-enriched cell populations, including defective 

rRNA processing. These molecular defects coincide with progressive neurodegeneration and 
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behavioral impairments that track with allele severity. Our findings provide a cell-type-resolved 

view of RNA exosome function in a fully developed animal brain and underscore the critical role 

of RNA surveillance in safeguarding transcriptome homeostasis and neuronal integrity.

In brief

Higginson et al. present a cell-type-resolved atlas of RNA exosome dysfunction in the Drosophila 
brain, showing that pathogenic Rrp40 mutations disrupt RNA surveillance and neuronal integrity. 

This resource reveals how impaired RNA decay deregulates cell-type-specific transcriptomes and 

contributes to neurodegenerative mechanisms underlying pontocerebellar hypoplasia type 1b.

Graphical Abstract

INTRODUCTION

Intracellular transcriptome homeostasis relies on the strict regulation of RNA degradation 

and processing by ribonucleases (RNases), which safeguard cell function and integrity.1–3 

RNases regulate gene expression co- and post-transcriptionally to balance cellular RNA 

levels,4–6 and their disruption causes pathogenic accumulation of coding RNA and non-

coding RNA (ncRNA), leading to neurological disease.7–9 Variants in endonucleases and 

3′-5′ endo/exoribonucleases cause disorders such as Aicardi-Goutières syndrome (AGS)10–

12 and subtypes of pontocerebellar hypoplasia (PCH),13–18 whereas 5′-3′ exoribonucleases 

have not yet been directly implicated in neuropathology. These findings suggest that 
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the nervous system is uniquely vulnerable to RNase dysfunction, but the mechanisms 

underlying this hypersensitivity remain unclear.

Recessive missense mutations in genes encoding structural subunits of a 3′-5′ RNase 

complex, the RNA exosome, cause syndromic neurodevelopmental disorders, most notably 

distinct PCH subtypes.17–20 The RNA exosome is a conserved 10-subunit complex with 

structural cap and core proteins that guide substrates to catalytic subunits Dis3 or 

EXOSC10/Rrp6 (illustrated in Figure 1A).21–25 The RNA exosome degrades all major 

classes of RNA26–29 with specificity enhanced by cofactors.30–34 While yeast models have 

provided structural insights into RNA exosome disease-associated amino acid changes,35–

38 they do not capture how pathogenic mutations perturb the function of the complex 

in a multicellular organism. Animal studies have begun to fill this gap, including our 

prior Drosophila model of PCH type 1b (PCH1b), a subtype of PCH, which revealed a 

neuronal requirement for EXOSC3/Rrp40.39 In addition, zebrafish loss-of-function studies 

have confirmed that RNA exosome activity is essential for brain development.18,37 Yet, 

despite these studies, it remains unresolved how pathogenic EXOSC3/Rrp40 mutations 

disrupt cell-type-specific gene expression programs in vivo and lead to neuronal pathology.

To investigate the cell-type-specific consequences of neuropathy-causing RNA exosome 

mutations in vivo, we generated CRISPR-Cas9-engineered Drosophila models of PCH1b-

linked variants in the EXOSC3 ortholog Rrp40 (severe: G11A/G11A; mild: G146C/G146C). 

Using single-nucleus RNA sequencing (snRNA-seq), long-read Nanopore profiling, 

confocal imaging, and behavioral assays, we show that Rrp40 mutations disrupt RNA 

processing and cause widespread dysregulation of cellular transcriptomes in the fly brain.

Transcriptomic profiling revealed distinct allele- and cell-type-specific signatures, with Arc1 
emerging as a globally dysregulated transcript across neuronal and glial populations. Arc1, 

a regulator of synapse maturation and plasticity,40 exemplifies how impaired RNA exosome 

surveillance alters neuronal RNA abundance in the brain. These molecular defects, including 

impaired rRNA processing, arise from compromised RNA exosome activity and coincide 

with progressive mushroom-body degeneration, reduced lifespan, and short-term memory 

impairments that track with allele severity, highlighting how distinct pathogenic variants 

differentially disrupt brain homeostasis. Importantly, pan-neuronal Arc1 overexpression in 

aged flies disrupted mushroom-body morphology, underscoring the requirement for precise 

Arc1 regulation. Together, our findings establish the RNA exosome as a central safeguard 

of cellular transcriptome homeostasis in the brain and provide mechanistic insight into the 

pathogenesis of PCH1b.

RESULTS

snRNA-seq of brain-enriched tissue from Rrp40 mutant flies reveals distinct cell-type-
specific gene expression signatures

To investigate RNA exosome function within the brain in vivo, we generated flies modeling 

PCH1b-causing mutations at the Rrp40 locus via CRISPR-Cas9 technology. The RNA 

exosome is an evolutionarily conserved, multi-subunit complex (Figure 1A). EXOSC3/

Rrp40 contains an N-terminal domain, an S1 RNA-binding domain, and a K-homology 
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(KH) RNA-binding domain (Figure 1B). Recessive missense mutations in EXOSC3 (fly 

Rrp40) encoding single amino acid substitutions cause PCH1b with varying severity.18,41,42 

Given that EXOSC3 mutations cause tissue-specific neurodevelopmental defects leading to 

neurodegeneration in humans,18 we engineered Drosophila models of PCH1b to assess the 

functional consequences of these substitutions. Flies modeling wild-type (WT; Rrp40-WT) 

or mutant (Rrp40-G11A or Rrp40-G146C) alleles were validated by Sanger sequencing 

(Figure S1A). Homozygous mutants showed reduced viability compared to WT controls 

(WT/WT: 91%, n = 91; G11A/G11A: 19%, n = 85; G146C/G146C: 40%, n = 70; Figure 

1D), consistent with prior results.39 Western blotting confirmed reduced steady-state Rrp40 

protein in both mutants (Figures S1B and S1C), validating that pathogenic alleles destabilize 

Rrp40 protein39 and establishing the basis for subsequent analyses.

To assess cell-type-specific effects, we profiled nuclei from brain-enriched tissue of 

newly eclosed (day 1) WT/WT, G11A/G11A, and G146C/G146C flies using droplet-based 

snRNA-seq (Figure 1E). Two biological replicates (~20 heads per genotype) yielded 

116,619 high-quality nuclei (Figures 1F, S1D, and S1E). Uniform manifold approximation 

and projection (UMAP) analysis showed distinct separation of G11A/G11A clusters, 

partial overlap of G146C/G146C with WT/WT, and minimal overlap between mutant 

genotypes, indicating allele-specific disruption of RNA exosome function (Figure 1F). 

We next integrated datasets (116,619 nuclei total; Figures 1F and S1F) and subdivided 

nuclei into broad classes (neuron, glia, and head specific) (Figure 1G). Using published 

marker genes,43–46 we manually annotated 25 cell types: eleven neuronal subtypes, seven 

glial subtypes, and seven head-specific populations (Figure 1H). As in prior fly brain 

datasets, ~43% of nuclei remained unannotated.43,45,46 UMAP projections of annotated 

cell types revealed distinct transcriptomic profiles across genotypes (Figures 1I and S2). 

Together, these data establish a high-quality snRNA-seq resource to interrogate whether 

RNA exosome function is broadly conserved across brain cell types or entails specialized 

requirements in specific cell populations.

Broad transcriptomic dysregulation occurs within brain-enriched tissue in Rrp40 mutants

We leveraged our snRNA-seq dataset to evaluate how RNA exosome mutations impact cell-

type-specific transcriptomes in brain-enriched tissue from Rrp40 mutants (severe: G11A/

G11A or mild: G146C/G146C) and control (WT/WT) flies. Multidimensional scaling 

(MDS) revealed clear genotype-dependent segregation among major brain cell classes 

(neuron, glial, head-specific, and unannotated), with samples clustering together within 

each genotype, indicating reproducible and global transcriptome differences (Figures 2A and 

S1F).

Differential expression analysis confirmed broader dysregulation in severe G11A/G11A 

mutants than mild G146C/G146C mutants (2,537 vs. 1,743 transcripts ≥ 2-fold; Figure 

2B), with the majority of altered RNAs increased, consistent with impaired RNA decay. 

Subpopulation-level analysis (≥100 cells per genotype) revealed strong allele-dependent 

transcriptomic signatures (Figures S3 and S4). UpSet analysis of neuronal and glial 

datasets revealed 60 shared transcripts and 512 (G11A/G11A) and 228 (G146C/G146C) 

allele-specific sets (Figure 2C). Gene Ontology (GO) enrichment analysis of the shared set 
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highlighted DNA repair, RNA-mediated transposition, and neuronal development (Figure 

2D), supporting a role for the RNA exosome in processes spanning genome stability and 

neuronal signaling.

Analysis of allele-specific transcript sets revealed striking divergence in biological pathways 

and disease associations. G11A/G11A-specific transcripts were enriched for neurological 

pathways, including Alzheimer’s orthologs Gss1, Cyp9b2, and Pepck2, whereas G146C/

G146C-specific transcripts were linked mainly to metabolic disorders (Figure S5A). GO 

terms further distinguished alleles: G11A/G11A transcripts were enriched for DNA repair, 

stem cell division, and neuromuscular processes, while G146C/G146C transcripts were 

enriched for immune-related categories (Figure S5B). Together, these findings reveal that 

distinct PCH1b variants differentially affect RNA exosome activity across cell populations, 

with the severe allele causing broader disruption in both neuronal and glial subtypes. This 

allele- and cell-type specificity suggests that brain-enriched cell populations vary in their 

dependence on RNA surveillance, potentially reflecting differences in transcriptional load, 

metabolic activity, or ncRNA processing.

Arc1, a synaptic regulator, emerged as one of the most consistently increased transcripts. 

Arc1-positive cells increased from ~6% in controls to ~83% in G11A/G11A and 

~40% in G146C/G146C (Figures 2E–2G). DotPlot analysis demonstrated global Arc1 
dysregulation across nearly all cell types in G11A/G11A, with more restricted, Kenyon cell-

enriched expression in G146C/G146C (Figure S5C). Validation confirmed persistent Arc1 
dysregulation: hybridization chain reaction (HCR) RNA fluorescence in situ hybridization 

(RNA-FISH) showed increased abundance and abnormal distribution persisting with age 

(Figures 2H, 2I, S5D, and S5E), with both aged Rrp40 mutant alleles exhibiting comparably 

elevated Arc1 levels and no significant difference between G11A/G11A and G146C/G146C, 

and proteomics confirmed increased Arc1 protein levels in G11A/G11A heads (Figure S5F). 

To test whether Arc1 loss affects neuronal morphology, we depleted Arc1 in mushroom 

bodies (R13-Gal4>Arc1IR) and observed no defects by FasII staining in aged flies (Figure 

S5G). Because FasII does not reliably stain γ-lobes, we additionally used disc-large (DLG) 

immunostaining to assess γ-lobe morphology. DLG staining of aged Arc1esm113 loss-of-

function flies (BDSC #37531) showed normal γ-lobe morphology (Figures S5H and S5I), 

indicating that Arc1 loss does not alter mushroom-body architecture. Together, these data 

establish Arc1 as a highly sensitive transcript whose regulation depends critically on intact 

RNA exosome activity.

Because global analyses indicated widespread transcriptomic dysregulation, we next 

examined whether specific neuronal populations were disproportionately affected. 

Subclustering of Kenyon cells uncovered distinct genotype-specific transcriptome signatures 

(Figure S6A), with the majority of altered RNAs increased in G11A/G11A (57% vs. 49% in 

G146C/G146C; Figure S6B). GO enrichment highlighted ncRNA processing, DNA repair, 

and rRNA processing among increased transcripts, while decreased transcripts included 

axon development and synaptic pathways (Figures S6C and S6D). These findings suggest 

that brain-enriched cell types differ in their vulnerability to Rrp40 variants, likely due to 

differences in their transcriptional and metabolic activity.
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Neurotransmitter profiling further linked Rrp40 variants to alterations in neuronal signaling. 

Vesicular acetylcholine transporter (VAChT) expression was elevated in G11A/G11A (~33% 

of head cells; 0.59 in Kenyon cells) and G146C/G146C (~20%; 0.55) compared to controls 

(~21%; 0.36), whereas vesicular glutamate transporter (VGlut) and glutamate decarboxylase 

1 (Gad1) remained unchanged (Figure S6E–S6H). Given the mushroom body’s role 

in learning and memory,47 these results suggest that cholinergic signaling imbalances, 

combined with reduced Kenyon cell numbers (Figure 4) and synaptic pathway disruption 

(Figures S6C and S6D), converge to compromise higher-order CNS function. Thus, while 

Arc1 dysregulation occurs broadly, Kenyon cells represent a particularly sensitive population 

where allele-specific transcriptomic defects intersect with disrupted cholinergic signaling, 

providing a mechanistic link between global RNA exosome dysfunction and selective 

neuronal vulnerability.

Rrp40 mutants impair pre-rRNA processing in brain-enriched tissue

The RNA exosome was first identified for its essential role in pre-rRNA processing 

and is required for in vivo 3′ end maturation of 5.8S rRNA.22,48 To evaluate whether 

pathogenic RNA exosome mutations alter rRNA biogenesis in Drosophila (Figure 3A), as 

shown in yeast modeling RNA exosome-linked PCH1b mutations,36 we analyzed pre-rRNA 

processing in flies modeling PCH1b variants. Using near-infrared northern (irNorthern) 

blotting49 on RNA isolated from brain-enriched tissue of newly eclosed (day 1) flies, we 

observed that Rrp40 mutants accumulated intermediate precursor rRNAs and apparent 3′ 
extended forms of 5.8S rRNA compared to control flies (Figure 3B). These defects were 

more pronounced in severe Rrp40 mutants (G11A/G11A) relative to mild mutants (G146C/

G146C).

To precisely assess how pathogenic RNA exosome mutations impact rRNA biogenesis 

in brain-enriched tissue, we applied long-read Nanopore-based RNA-seq to in vitro 
polyadenylated total RNA from 3 independent pooled replicates of newly eclosed (day 

1) Rrp40 mutant and control fly heads, as described in the STAR Methods. We used 

low-density Flongle sequencing cells because the abundance of rRNAs enabled us to 

utilize low-density cells and obtain sufficient information on rRNA accumulation. From our 

Nanopore RNA-seq data, we generated northern-blot-like images from an R-based package 

named Nanoblot, which includes the generation of nanoprobes that can be used to target 

specific RNAs.52 Nanoblot analysis using a 5.8S probe recapitulated the irNorthern blot 

results (Figure 3C), and Integrative Genome Viewer (IGV) mapping revealed increased 

5.8S species extending into ITS2 (highlighted with a blue * in Figure 3D) and impaired 

degradation of 2S-ITS2 products in mutants (highlighted with a red * in Figure 3D). 

Quantification confirmed that severe Rrp40 mutants had an elevated ratio of 5.8S extensions 

(~0.2 when normalized to mature 5.8S rRNA) compared to mild mutants and controls (~0.1) 

(Figure 3E). The Nanoblot in Figure 3F further revealed an ~400-nt 2S-ITS2 extension in 

Rrp40 mutants compared to control flies. Consistent with the role of the RNA exosome 

in 3′ end maturation, Rrp40 mutants accumulated aberrant rRNAs, including ~450-nt 

extended 5.8S precursor species (abundance was normalized to mature 5.8S), whose identity 

was independently confirmed by Nanopore sequencing. These findings demonstrate that 

pathogenic mutations disrupt RNA-exosome-dependent rRNA maturation.

Higginson et al. Page 6

Cell Rep. Author manuscript; available in PMC 2026 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Rrp40 mutant flies exhibit age-dependent mushroom-body γ- and β-lobe defects

To investigate the impact of Rrp40-linked transcriptomic dysregulation (Figures 2B, 3A–3F, 

S3, and S4) on neuronal homeostasis within the fly brain, we assessed the neuroarchitecture 

of the fly central complex (Figure 4A) and the mushroom body (Figure 4B). The central 

complex, responsible for higher-order sensory and motor functions,53 consists of the fan-

shaped body (FB), protocerebral bridge (PB), ellipsoid body (EB), and antennae lobes 

(ALs). The mushroom body, the seat of learning and memory in Drosophila, is composed 

of ~2,000 intrinsic Kenyon cells, whose dendrites form the calyx, and axons project through 

the peduncle to form the mushroom-body lobes (α-, β-, α′-, β′-, and γ-lobes).54,55

We analyzed the central complex in Rrp40 mutants (G11A/G11A or G146C/G146C) and 

control flies (WT/WT) by immunostaining for DLG, a post-synaptic neuronal marker, on 

day 1 and 14 brains. Confocal imaging revealed no morphological abnormalities in control 

flies (WT/WT, n = 10) or mild mutants (G146C/G146C, n = 10) at day 1, while severe 

mutants (G11A/G11A, n = 10) exhibited a mild reduction in FB size (Figure 4C). By day 

14, both severe (G11A/G11A, n = 10) and mild (G146C/G146C, n = 10) mutants displayed 

reduced AL and FB sizes, without gross structural defects (Figure 4D). We conclude that 

central complex morphology is largely preserved, though reduced in size, in Rrp40 mutants.

Building on the Rrp40-linked transcriptomic dysregulation we observed in mushroom-body 

Kenyon cell types (Figure S6), we next examined mushroom-body architecture using flies 

expressing GFP under the mushroom-body-specific driver R13F02-Gal4, co-stained with 

DLG. On day 1, G11A/G11A mutants (n = 10) showed β-lobe midline crossing and 

thinning γ-lobes compared to controls, while G146C/G146C mutants (n = 10) showed 

no overt abnormalities. By day 14, both mutants exhibited progressive γ-thinning, with 

persistent β-lobe midline crossing in G11A/G11A mutants (Figure 4E). Quantification 

confirmed significant reductions in γ-lobe size and β-lobe midline distance in aged 

mutants (Figures 4F–4I). Importantly, targeted expression of EXOSC3 (UAS-EXOSC3-
myc) in mushroom bodies (R13F02-Gal4) rescued both phenotypes in G11A/G11A flies, 

demonstrating functional conservation of EXOSC3 and Rrp40 (Figures 4J–4L). Additional 

validation with FasII immunostaining showed progressive α-, β-, and γ-lobe thinning in 

aged mutants, with severe G11A/G11A flies displaying near-complete loss of γ-lobes 

(Figure S7A). Similarly, RNAi-mediated depletion of Rrp40 in mushroom bodies caused 

progressive γ-lobe degeneration (Figures S7B–S7D), reinforcing that Rrp40 is essential for 

mushroom-body neuronal homeostasis.

Together, these results demonstrate that Rrp40 is required for proper mushroom-body 

morphogenesis and homeostasis, while the central complex architecture remains grossly 

intact.

Rrp40 mutant fly brains exhibit decreased neuronal cell populations and mushroom-body 
Kenyon cell death

Given that we observed progressive mushroom-body defects in Rrp40 mutant flies (Figures 

4E and S7A–S7D), we next asked whether these structural abnormalities reflect underlying 

changes in cellular composition. To address this, we leveraged our snRNA-seq dataset 
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and applied a cell proportion analysis tool designed for single-cell (sc)/snRNA-seq.56 This 

allowed us to quantify the relative abundance of neuronal, glial, and head-specific cell 

populations in day 1 Rrp40 mutant and control flies. We found that Rrp40 mutants exhibited 

a significant reduction in neuronal populations (>1.25 log2 fold difference [log2FD], false 

discovery rate [FDR] < 0.05), whereas severe G11A/G11A mutants showed no changes 

in glial, head-specific, or unannotated cell classes (Figure 5A). In contrast, mild G146C/

G146C mutants displayed a significant increase in head-specific cells without alterations in 

glial or unannotated populations. To further dissect these effects, we expanded our analysis 

across all 25 annotated brain cell types (Figure S7E), revealing an inverse relationship in 

medullary intrinsic neurons (Mis) and transmedullary neurons (Tm1s): increased in G11A/

G11A mutants but reduced in G146C/G146C compared to WT/WT. These results suggest 

that RNA exosome dysfunction destabilizes neuronal homeostasis and alters specific cellular 

proportions in a genotype-dependent manner.

In parallel, we observed an increased proportion of unannotated cells in both Rrp40 mutants 

compared to controls and published datasets,43,45 particularly in G11A/G11A flies, which 

contained ~3,000 more annotated cells than controls. This finding raises the possibility that 

transcriptome-wide dysregulation obscures molecular identities in snRNA-seq, leading to 

apparent neuronal loss that may reflect annotation failure rather than the absence of cells. 

Such masking effects appear especially pronounced in the severe allele and underscore how 

RNA exosome dysfunction may compromise cell identity at the transcriptional level.

Because Kenyon cells are central to mushroom-body function and particularly sensitive to 

Rrp40 loss (Figure 4E), we next examined mushroom-body Kenyon cell subpopulations 

in detail. Cell proportion analysis revealed significantly fewer α, β, α′, β′, and γ 
Kenyon neurons in both mutants compared to controls (>1.25log2FD, FDR < 0.05), with a 

concurrent increase in unannotated Kenyon cells (Figure 5B). To directly test whether these 

apparent reductions reflected cell death, we performed immunostaining for the apoptotic 

effector caspase Dcp1 in control and Rrp40 mutant brains. Kenyon cell bodies are tightly 

packed around the calyx (Kenyon cell dendrites) (Figure 5C), with each Kenyon cell body 

dendrite occupying a small proportion of the calyx. Thus, utilizing engineered Rrp40 control 

and mutant flies expressing a Gal4-specific driver for mushroom bodies combined with 

a UAS-GFP transgene (Rrp40/Rrp40; R13F02>Gal4/UAS-GFP), we immunostained whole 

adult fly brains for Kenyon cell bodies/calyx (green), Dcp1 (magenta), and DAPI (blue). 

We imaged from both the posterior and posterior-medial views to gain a comprehensive 

understanding of Kenyon cell body cell death, given that Kenyon cell bodies wrap around 

the calyx (Figure 5C). On day 1, both G11A/G11A and G146C/G146C mutants already 

displayed elevated percentages of Dcp1+ Kenyon cell bodies compared to controls (Figures 

5D and 5E). By day 14, G146C/G146C mutants retained similar levels of apoptosis, whereas 

G11A/G11A mutants showed a significant accumulation of Dcp1+ cells relative to both 

controls and G146C/G146C. Consistent with this, G11A/G11A mutants also exhibited 

reduced Kenyon cell body numbers and decreased calyx area, while G146C/G146C mutants 

did not show significant structural changes despite a modest rise in apoptosis (Figures 5E–

5G).

Higginson et al. Page 8

Cell Rep. Author manuscript; available in PMC 2026 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Taken together, these results demonstrate that the severity of RNA exosome dysfunction in 

Rrp40 mutants determines the extent of neuronal vulnerability. While both alleles impair 

mushroom-body homeostasis, the severe G11A/G11A mutation leads to progressive Kenyon 

cell death, loss of neuronal architecture, and disruption of calyx structure. We conclude 

that Rrp40 activity is essential for maintaining mushroom-body morphogenesis and neuronal 

homeostasis in the adult fly brain.

Rrp40 mutants exhibit age-dependent locomotor and taste learning and memory deficits

The central complex and mushroom body are key regions of the fly brain linked to 

advanced neuronal functions, including locomotion, learning, and memory.57–59 Based on 

cellular and transcriptomic changes observed in Rrp40 mutants, we tested whether these 

defects translated into measurable organismal phenotypes. Kaplan-Meier analysis revealed 

significantly shortened lifespans in Rrp40 mutants compared to controls (WT/WT). Severe 

G11A/G11A mutants died by day 22, whereas mild G146C/G146C mutants survived until 

~day 40, both significantly reduced relative to controls, which survived beyond 70 days 

(Figure 6A).

To evaluate CNS functionality, we conducted negative geotaxis assays on Rrp40 mutants 

and controls. Both mutants displayed progressive locomotor decline with age, with severe 

G11A/G11A flies failing to climb by day 14 (Figure 6B), consistent with prior findings.39 

Importantly, pan-neuronal expression of human EXOSC3 under the nSyb-Gal4 driver 

significantly increased locomotor performance in G11A/G11A mutants (G11A/G11A;nSyb-

Gal4/UAS-EXOSC3), restoring climbing ability toward control levels (Figure 6C).

Finally, to test whether associative memory formation in the mushroom body is 

compromised in Rrp40 mutants, we conducted short-term aversive taste assays as described 

in the STAR Methods. Aged G11A/G11A displayed marked memory deficits, with 

50% of flies responding to the tastant (sucrose) on day 14, while G146C/G146C and 

WT/WT controls performed normally (Figure 6D). Pan-neuronal EXOSC3 expression 

rescued memory performance in G11A/G11A flies (Figure 6E). Together, these results 

demonstrate that Rrp40 mutations disrupt both locomotor and cognitive function through 

CNS impairment, and the restoration of RNA exosome activity can restore these phenotypes.

Arc1 overexpression contributes to age-dependent mushroom body defects

To directly test whether specific dysregulated transcripts contribute to neuronal phenotypes 

in Rrp40 mutants, we focused on Arc1, which shows disproportionately increased mRNA 

levels in mutants (Figures 2E–2I). Using the Gal4/UAS system, we overexpressed Arc1 
either in a pan-neuronal or Kenyon cell-specific manner. We first validated steady-state 

Arc1 protein levels: head immunoblots from control flies (w1118, elav>Gal4, or UAS-Arc1) 

and flies expressing Arc1 under the pan-neuronal driver (elav>Gal4)60 confirmed elevated 

multimeric and monomeric Arc1 species (Figure 7A), detected with a validated Arc1 

antibody.40 Arc1 monomers are known to form retrovirus-like capsids that package Arc 
mRNA for transsynaptic transfer,40,61 and such transfer is required for synaptic plasticity in 

Drosophila.40
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Rrp40 mutants exhibit mushroom-body defects (Figures 4E–4I and S7A) and elevated Arc1 
mRNA levels in mushroom-body neurons compared to WT controls (Figures S5C and S6). 

To test whether Arc1 overexpression alone is sufficient to cause similar defects, we analyzed 

the brains of flies expressing Arc1 in Kenyon cells with F13F02-Gal4 and UAS-GFP. On 

day 1, Arc1-overexpressing flies showed no overt mushroom-body abnormalities compared 

to controls (Figures 7B and 7C). By day 21, however, Arc1 overexpression produced γ-lobe 

thinning (Figures 7D and 7E). These findings demonstrate that precise Arc1 regulation is 

necessary for mushroom-body morphology, but Arc1 overexpression alone does not fully 

recapitulate the Rrp40 mutant phenotype. Taken together with the behavioral impairments 

described above, these data highlight Arc1 dysregulation as an outcome of RNA exosome 

dysfunction that contributes to age-dependent structural and functional brain defects.

DISCUSSION

This study provides the first cell-type-resolved transcriptome analysis of mutants defective 

for an RNase complex across distinct cell populations within a fully developed animal brain. 

Specifically, we investigate the effects of the RNA exosome complex on cell-type-specific 

RNA levels within brain-enriched tissue in Drosophila by studying neuropathy-causing RNA 

exosome variants. By modeling pathogenic RNA exosome variants of the EXOSC3 ortholog 

Rrp40 that cause PCH1b,18 we demonstrate that RNA exosome dysfunction leads to 

widespread dysregulation of RNA abundance across diverse cell types. Using droplet-based 

snRNA-seq, we found that both severe (G11A/G11A) and mild (G146C/G146C) mutants 

exhibit broad transcriptomic changes, including the accumulation of functionally important 

neuronal transcripts such as Arc1. Nanopore sequencing further revealed defects in rRNA 

biogenesis, confirming that pathogenic alleles disrupt canonical RNA exosome functions. 

These molecular alterations were accompanied by progressive mushroom-body defects, 

reduced locomotor ability, and impaired learning and memory phenotypes that parallel 

neurodegenerative outcomes in flies62 and align with PCH1b clinical severity. Finally, 

we show that pan-neuronal overexpression of Arc1 disrupts mushroom-body morphology, 

underscoring the importance of precise Arc1 regulation for neuronal integrity.

Our findings highlight a paradox: although the RNA exosome is a ubiquitously expressed 

RNase complex essential for RNA metabolism,1,29,63 mutations in structural subunit 

genes of the RNA exosome cause tissue-specific neuropathology.9 By comparing two 

PCH1b-linked alleles, we observed that the severe G11A/G11A variant induces greater 

transcriptome dysregulation than the mild G146C/G146C allele, consistent with genotype-

phenotype correlations in patients19 and our previous work in flies.39 This supports the 

view that distinct mutations differentially compromise RNA exosome activity. Notably, 

dysregulation was not confined to neurons but spanned all cell populations, revealing the 

broad role of the RNA exosome in maintaining transcriptome homeostasis in vivo.

Consistent with the role of the RNA exosome in RNA decay,29,64 most affected transcripts 

were increased, likely reflecting impaired degradation of direct RNA targets. Among 

these, Arc1 emerged as the most consistently elevated across neurons and glia, with 

both transcriptomic and proteomic analyses confirming Arc1 accumulation. Given the 

role of Arc1 in synaptic plasticity, Arc1 dysregulation may contribute to the neuronal 
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vulnerability observed in Rrp40 mutants. Similarly, we observed elevated VAChT transcript 

levels, suggesting potential cholinergic signaling defects. While unvalidated at the protein 

level, these changes mirror phenotypes of cholinergic dysfunction in flies65–67 and align 

with human neurological disorders involving cholinergic impairment.68–70 These findings 

highlight cholinergic dysregulation as an intriguing avenue for future investigation into how 

RNA exosome dysfunction perturbs neurotransmission.

Beyond global transcriptomic disruption, our single-nucleus analyses uncovered allele- and 

cell-type-specific differences that likely reflect variable requirements for the RNA exosome 

across diverse brain cell populations. The severe G11A/G11A allele produced widespread 

dysregulation across both neuronal and glial populations, whereas the milder G146C/G146C 

mutations resulted in more restricted, subtype-specific effects. These findings suggest 

that individual cell types vary in their reliance on RNA surveillance, potentially due to 

differences in transcriptional burdens, metabolic activity, or the processing and maturation 

of ncRNAs.71,72 Notably, neuronal classes enriched for activity-regulated transcripts, such 

as Arc1, or those heavily engaged in synaptic signaling appear particularly vulnerable 

to impaired RNA decay. This selective sensitivity may explain why certain neuronal 

populations, such as mushroom-body Kenyon cells, display greater susceptibility to RNA 

exosome dysfunction. Importantly, our cell-type-resolved transcriptomic dataset provides 

a framework to dissect how specific RNA exosome mutations perturb both neuronal and 

glial subtypes with different functional and metabolic demands, offering a resource to probe 

tissue-specific RNA decay mechanisms in vivo. Future studies aimed at defining direct 

RNA exosome interactions with key signaling pathways, such as cholinergic transmission, 

will be essential for understanding how these cell-type-specific vulnerabilities give rise to 

neuropathology.

Together, our findings establish that RNA exosome dysfunction drives transcriptome-wide 

disruption across brain cell types, destabilizing both coding RNA and ncRNA pathways. 

Although neurons, particularly mushroom-body Kenyon cells, display heightened sensitivity, 

global dysregulation suggests a fundamental role for the RNA exosome in maintaining 

brain homeostasis. By linking molecular, cellular, and behavioral outcomes, this work 

provides mechanistic insight into how pathogenic RNA exosome mutations contribute to 

PCH1b and more broadly illustrates how impaired RNA surveillance can converge on 

neurodevelopmental and neurodegenerative pathologies.

Limitations of the study

Our study has several limitations. First, all experiments were performed in adult flies 

modeling RNA exosome-linked PCH1b; therefore, we cannot exclude the possibility that 

Rrp40 functions earlier in development to influence neuronal homeostasis in adulthood. 

Second, while we define a role for Rrp40 in maintaining cellular homeostasis within the 

fly brain, all experiments were conducted in adult female flies; thus, potential sex-specific 

differences in Rrp40-linked transcriptome regulation remain unresolved.
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RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to and will be fulfilled by 

the lead contact, Derrick J. Morton (mortond@usc.edu).

Materials availability

All unique/stable reagents generated in this study are available from the lead contact with a 

completed materials transfer agreement.

Data and code availability

• snRNA-seq data have been deposited at NCBI GEO at accession number GEO: 

GSE280166 and are publicly available as of the date of publication.

• Nanopore-based data have been deposited at the NIH Sequence Read Archive 

(SRA) under BioProject: PRJNA1179429 and are publicly available as of the 

date of publication.

• All scripts used to analyze this dataset are available on the Morton lab GitHub at 

https://github.com/themortonlab/flyprojects and Zenodo (https://doi.org/10.5281/

zenodo.17555725). These scripts are publicly available as of the date of 

publication.

• Raw and processed mass spectrometry data are available via ProteomeXchange 

partner MassIVE with accessions MSV000099840 and PXD070589 

(doi:10.25345/C5J67992X) and are publicly available as of the date of 

publication.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

STAR★METHODS

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Fly husbandry: All crosses were maintained under standard conditions at 25°C 

using a standard agar/dextrose/corn meal/yeast media Stocks used in this study include: 

R13F02>Gal4, elav>Gal4 (BDSC #48571), nSyb>Gal4 (BDSC #51635), UAS-Arc1.WT 
(BDSC #37532), Arc1esm113 (BDSC # 37531), UAS-EXOSC3-myc (generated at Bestgene, 

Inc. (CA)), UAS-GFP (BDSC #32195), and the RNA knockdown lines: Control TRiP RNAi 

(BDSC#36304), UAS-Rrp40RNAi (TRiP HMJ23923, BDSC #62834), and UAS-Arc1RNAi 

(TRiP JF01974, #25954) were obtained from the Bloomington Drosophila Stock Center 

(Indiana, US). Rrp40G11A and Rrp40G146C were generated by CRISPR/Cas9 editing at 

Bestgene, Inc. (CA).

METHOD DETAILS

Generation of CRISPR-Cas9 fly stocks: Rrp40 mutants and wildtype controls 

were generated using CRISPR/Cas9-mediated gene editing as described previously.39 pU6-
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gRNAs: Target-specific sequences were identified using DRSC flyCRISPR optimal target 

finder (https://www.flyrnai.org/crispr/). HDR donor vectors (Emory Integrated Genomics 

Core) were constructed by cloning a 3kb fragment of the Rrp40 locus into the KpnI/
SmaI sites of the pBlueScript-II vector, with a loxP-flanked 3xP3-DsRed cassette inserted 

downstream of the Rrp40 3′UTR, Point mutations corresponding to G11A and G146C were 

introduced into this backbone. The 3xP3-DsRed cassette allows positive selection based 

on red fluorescence in the adult eye. Embryo injections (500 ng/μL HDR and 250 ng/μL 

U6-gRNA plasmid) were performed in nos-Cas9 embryos by Besgene, Inc. Transformants 

were screened for dsRed fluorescence, and mutations were confirmed by Sanger Sequencing 

at the Rrp40 locus. All CRISPR-edited lines were backcrossed (w1118) for nine generations 

before use.

Single-nuclei RNA sequencing

Fly head preparation and nuclei dissociation: Two biological replicates of newly eclosed 

adult female flies were prepared for each biological replicate (Rrp40WT, Rrp40G11A, and 

Rrp40G146C). For each sample, 20 fly heads were pooled together, and nuclei were isolated 

using the methods adopted from.79,80 Heads were homogenized on ice in 1000μL of 

homogenization buffer (nuclease-free water, sucrose, 10mM Tris (pH 8.0), 25 mM KCl, 

5 mM MgCl2, 0.1% Triton X-100, RNasin Plus, 1x protease inhibitor, and 0.1mM DTT) 

using a 1mL Dounce homogenizer. Homogenization was performed with 20 passes of the 

loose pestle followed by 40 passes of the tight pestle. The homogenate was filtered through 

a 70μm cell strainer into a 15mL conical pre-coated with 5% Bovine Serum Albumin 

(BSA). 4mL of nuclei wash buffer (0.5% BSA, PBS, and RNasin Plus) was added over 

the filter, and the samples were centrifuged; the supernatant was discarded. A second 

wash was performed with 5mL wash buffer, followed by centrifugation and removal of 

the supernatant. The pellet was re-suspended in 1mL wash buffer and transferred to a 

fluorescence-activated cell sorting (FACS) tube. Debris was removed by adding 600μL of 

debris removal solution (Miltenyi Biotec, Cat# 30–109-398) beneath 2mL resuspension 

buffer (0.5% BSA, PBS, RNasin) layered slowly on top. Samples were centrifuged, 

washed again in wash buffer using a wide-bore pipette tip. The nuclei suspension passed 

through a 40μm Flowmi strainer and assessed for quality and quantity by propidium iodide 

staining and flow cytometry. Only samples with ≤30% debris content were used for library 

preparation.

10× Genomics single-nuclei library preparation: Single-cell libraries were prepared using 

Chromium Next GEM Single Cell 3ʹ GEM, Library & Gel Bead Kit v3.1 (10X Genomics, 

PN-1000213) following the manufacturer’s protocol (10x Genomics User Guide Chromium 

Next GEM Single-cell 30 Reagent Kits v3.1 (CG000204, Rev D)). Based on cell counts 

estimated from flow cytometry, nuclei suspensions were loaded to target a recovery of 

10,000 nuclei per sample. Prepped libraries were quantified using a Qubit 3.0 Fluorometer 

(Thermo Fisher Scientific, Q33216) and quality assessed on a 4200 TapeStation system 

(Agilent Technologies; G2991A) with High Sensitivity D1000 DNA ScreenTape (Agilent 

Technologies 50675584). Sequencing was performed on an Illumina Novaseq 6000 platform 

generating 150 bp paired-end reads (Novogene USA).
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Data processing and computational analysis: Reads were mapped to the D. melanogaster 
(r6.25) BDGP reference genome using Cell ranger version 7.1.0 (10X Genomics) with 

custom reference built as described in.81 Quality control was performed in R v4.1.1 

using Seurat version v4.2.1,74–76 removing dead or low-quality cells and retaining those 

with 300–4000 UMIs and <10% mitochondrial reads. Post quality control, nuclei from 

all genotypes were merged and normalized with SCTransform v0.3.5. Dimensionality 

reduction was performed using PCA followed by 2D UMAP (30 dimensions, resolution 

5) Cluster annotation was based on established cell-type markers,43,45 after which cells 

were categorized as neuronal, glial, head-specific, or unannotated. Pseudobulk analysis 

was conducted with Muscat v1.8.2 and DESeq2 v1.34.0. Subclustering of all major cell 

types, including Kenyon cells, using the Seurat subset function. Differential expression 

results were validated in Loupe Browser v8 (10x Genomics). An UpSet plot (R v4.1.1) 

was generated to compare transcripts elevated in neuronal and glial cells of Rrp40 mutants 

(G11A/G11A and G146C/G146C) at log2FC > 2. Gene ontology enrichment of overlapping 

transcripts was performed using the FlyEnrichr database.82–84

Sample preparation for quantitative proteomics of Arc1 protein: Cell lysates 

were prepared from three biological replicates, each consisting of 100 heads from wild-type 

and mutant genotypes. Lysates were produced under liquid nitrogen grinding and then 

approximately 50ug of total lysate per biological sample was subjected to LysC/Trypsin 

digestion and tandem mass tag (TMT) labeling as previously described.85 Labeled samples 

were combined into a multiplex and subjected to high pH basic reversed phase fractionation 

into a total of eight fractions for this analysis. Fractions were run by Nano-LC–MS/MS 

using an Orbitrap Eclipse mass spectrometer (Thermo Fisher Scientific) coupled to an 

EASY-nLC system (Thermo Fisher Scientific). Data was analyzed against a Drosophila 

FASTA database also containing common lab contaminants including proteolytic enzymes 

through Proteome Discoverer 2.5 using the search algorithm SEQUEST HT as previously 

described.85

Hybridization chain reaction RNA-fluorescent in situ hybridization + IHC: 
This protocol was adapted from the Molecular Instruments HCR IF + HCR RNA-FISH 

protocol for samples in solution. Brain dissections and staining were performed as described 

previously.39,86 Brains from anesthetized flies were dissected in 1x PBS, transferred into 

PBS-tween (0.2%), and fixed overnight at 4°C in 4% paraformaldehyde (32% PFA, 

Electron Microscopy Sciences, Cat #15714-S). Fixed brains were washed in PBS-tween and 

preserved overnight at 4°C in 100% methanol. Tissues were rehydrated, permeabilized with 

0.3% PBS-Triton for 20 min at room temperature, blocked in antibody diluent (Molecular 

Instruments) for 30 min, and incubated overnight at 4°C with primary antibody CadN 

(anti-Cadherin, DSHB; 1:50). Following washes, brain were incubated overnight at 4°C with 

the initiator-labeled secondary antibody (1:500), washed again, and post-fixed in 4% PFA 

for 10 min at room temperature. Samples were washed in 5x SSCT, pre-hybridized in probe 

hybridization buffer (Molecular Instruments) for 15 min at 45°C, then incubated overnight 

at 45°C with 0.2 pmol of 1μM DNA probes complementary to Arc1 mRNA (designed by 

Molecular Instruments). After washing in Probe Wash Buffer and 5x SSCT, brains were 

blocked with amplification buffer for 15 min at room temperature. 2μL of each activated 
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(snap-cooled) fluorescently labeled hairpins were added to the amplification buffer, and 

samples were incubated overnight in the dark. Brains were washed in 5x SSCT, mounted in 

ProLong Gold Antifade Mountant, and imaged on a Zeiss LSM 880 confocal microscope 

at 20X magnification. Image processing and quantification were performed using Imaris 

software, with quantification based on the mean maximum fluorescence intensity per 

sample. Statistical analyses were conducted in PRISM (GraphPad, San Diego).

Near-infrared fluorescent northern blot: DNA probes were prepared by click-labeling 

azide modified DNA oligonucleotides with infrared dyes. Briefly 2.5μL of azide-modified 

DNA probe (100μM) was combined with 100μL of either IRDye 680RD (50μM) or IRDye 

800CW (50μM) and brought to 1mL with PBS. Probes were incubated at 25°C for 6h 

to complete click-chemistry conjugation and purified with Ampure XP beads according 

to manufacturer’s instructions. For blotting 5.5μg of total RNA was isolated from Rrp40 
controls (WT/WT) and mutants (G11A/G11A and G146C/G146C), mixed with 2X loading 

dye, and separated on a Mini-PROTEAN TBE-Urea gel (10% 10-well, 30μL) at 200V for 

60 min. Gel migration was verified by ethidium bromide staining. RNA was transferred onto 

a Hybond N+ membranes and UV cross-linked with 254nm UV light (120mJ/cm2 for 2 

min) using a Stratalinker 2400. Membranes were prehybridized with pre-heated ExpressHyb 

solution for 30 min at 37°C, then hybridized at 37°C in the dark with 30μL of IR dye-labeled 

DNA probe in at least 1 mL of fresh ExpressHyb. Following incubation, membranes were 

washed sequentially in 2x SSC (0.1% SDS) for 10 min each at room temperature. Signal 

was detected using a BioRad ChemiDoc MP using either IRDye 680 or IRDye 800 settings.

Nanopore sequencing

Library preparation: Total RNA (1 μg) was isolated from ~20 fly heads using TRIzol 

reagent and in vitro polyadenylated with E. coli Poly(A) Polymerase (NEB, catalog 

#M0276S). RNA libraries were prepared from 500ng of polyadenylated RNAs using the 

PCR-cDNA barcoding kit (Oxford Nanopore Technologies, catalog #: SQK-PCB114.24) 

according to the manufacturer’s instructions. Sequencing was performed using R10.4.1 

Flongle flow cells using a MinION Mk1B device for 48 h. Raw signal data were basecalled 

in real time using the Dorado basecaller integrated in MinKNOW (Dorado version: 7.4.12). 

Reads were aligned to a single copy of the Drosophila melanogaster ribosomal RNA primary 

transcript using Minimap 2 (Version 2.17-r941) with default parameters for long-read 

RNA alignment. Processed reads were visualized using IGV (Version 2.12.3) to assess the 

abundance and integrity of rRNA intermediates.

Nanoblot sequencing quantification: Read counts were obtained using the featureCounts 

function from Subread software version 2.12.3.87 Differential expression analysis and 

normalization to library size were performed with DESeq2 (v1.38.3).88 Nanoblot analysis 

was used to visualize and quantify the abundance of 2S rRNA extension products for three 

samples, as described in.52

Brain dissections and immunochemistry

Mushroom body staining via anti-Fasciclin II antibody: Brain dissections and 

immunostaining were performed as described previously.86 Brains from anesthetized flies 
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were dissected in 1x PBS, fixed overnight at 4% paraformaldehyde (Electron Microscopy 

Sciences, 32% PFA, Cat #15714-S), washed three times in 1x PBS, and permeabilized 

with 0.3% PBS-Triton. Samples were incubated for two days with primary antibody (1D4 

anti-Fasciclin II; 1:20) diluted in antibody solution (0.1% PBS-Triton and Normal Goat 

Serum (NGS)). Following several washes with 0.1% PBS-Triton, brains were incubated 

overnight with the appropriate fluorescently conjugated secondary antibody (1:500) in 

antibody solution overnight at 4°C, washed again, and mounted in ProLong Gold Antifade 

reagent (Invitrogen). The 1D4 anti-Fasciclin II hybridoma (1:20)89 was obtained from the 

Developmental Studies Hybridoma Bank (DHSB). Imaging was performed using a Zeiss 

LSM 880 confocal microscope.

Fly brain staining via anti-DLG and anti-GFP antibodies: Brains from anesthetized 

flies were dissected in ice-cold 0.05% PBS-Triton and fixed overnight at 4°C in 4% 

paraformaldehyde. Following fixation, brains were washed three times for 1 h each in PBST. 

Brains were then incubated with primary antibodies diluted in antibody solution (970μL of 

PBST, 30μL normal goat serum (NGS), 1μL rabbit anti-GFP (Cell Signaling Technology, 

Cat # 2956S, 1:1000), and 50 μL mouse anti-DLG (1:20)) for 3 h at RT, followed by 

overnight incubation at 4°C. After three 1-h washes in PBST, samples were incubated with 

the appropriate fluorescently conjugated secondary antibodies (1:500) in antibody solution 

for 3 h at RT, and then 3–4 days at 4°C. Brains were washed three more times for 1 h, 

mounted in ProLong Gold Antifade reagent on slides with coverslip spacers to prevent 

tissue damage, and imaged at 40X using a Leica SP8 confocal microscope. Confocal max 

intensity projection images of brain structures were produced using Las X software (Leica 

Microsystems). Quantification of the region of interest was calculated from the largest 

section and normalized to WT/WT.

Behavioral assays

Lifespan analysis: Lifespan was measured in standard conditions at 25°C. Newly eclosed 

flies were collected, separated by sex, and placed in fresh food vials (up to 15 flies per 

vial). Flies were transferred to new vials weekly, and survivorship was recorded daily for 

all genotypes. At least 100 flies per genotype were analyzed. Survivorship curves were 

compared using log rank (Mantel-Cox) test in PRISM (GraphPad, San Diego).

Locomotor function assay: Negative geotaxis assays were performed as described90 with 

minor modifications. Newly eclosed Rrp40 flies (WT/WT, G11A/G11A, G146C/G146C) 

were collected on day 0, divided into groups of 12, and housed in separate vials. For each 

trial, age-matched cohorts were transferred into a 25-mL graduated cylinder, and climbing 

ability was assessed as described in the assay protocol.

Learning and memory: Tastant-induced proboscis extension learning and memory assays 

were performed as described91,92 to assess taste response and short-term memory in 

wildtype and mutant flies. Flies were starved for 18 h prior to testing by placing ten flies per 

vial with only a water-dampened Kim-wipe. Each genotype included six independent groups 

of 10 flies. To minimize stress-induced behavioral changes, flies were immobilized on ice 

(rather than CO2) and mounted onto microscope slides by their wings, allowing only head 
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mobility. Sucrose stimuli were prepared by twisting the tip of a Kimwipe into a thin thread 

before dipping it into 500μM sucrose solution (EMD, Cat #SX1075–1) to limit solution 

volume. During the pre-test, sucrose was presented to all flies as a positive control, and any 

flies that failed to extend their proboscis were excluded. Training consisted of three cycles 

at 5-min intervals in which flies were sequentially exposed to caffeine deterrent (20μM 

caffeine in dH2O; (Sigma Aldrich Cat #CO750–500G) followed by the sucrose attractant. 

Short-term memory was assessed by presenting sucrose immediately after training (0 min) 

and again at 30 min. Flies with impaired learning and memory exhibited a higher proboscis 

extension response to sucrose following training compared to controls.

Immunoblotting: Protein lysates (20μg) from fly heads were resolved on 4–20% 

Criterion TGX polyacrylamide gels (BioRad) and transferred to nitrocellulose membranes. 

Membranes were blocked for 5–10 min in Everyblot Blocking Buffer (BioRad, 

Cat#12010020) and incubated overnight at 4°C with primary antibodies diluted in 

blocking buffer. Detection was performed using species-specific horseradish peroxidase 

(HRP)-conjugated secondary antibodies (Invitrogen) and enhanced chemiluminescence 

(ECL, Sigma). Primary antibodies include rabbit anti-Rrp40 (custom made with Pacific 

Immunology), rabbit anti-Arc1 (gift from Dr. Travis Thomson) and mouse anti-GAPDH 

(1:1000, Proteintech).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses and data presentation were constructed using GRAPHPAD Prism 10 

(GraphPad Software, San Diego, CA, USA). All results are represented as mean ± SEM. 

Statistical significance was determined using either an unpaired t test or ordinary one-

way ANOVA. For all statistical analyses, differences were considered significant if p < 

0.05. Confocal microscopy image processing and quantification were performed using 

Imaris software (Oxford Instruments), with quantification based on the mean maximum 

fluorescence intensity per sample. –

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Pathogenic Rrp40 mutations disrupt RNA exosome function in the fly brain

• Single-nucleus RNA-seq reveals cell-type-specific transcriptome 

dysregulation

• Arc1 is broadly misregulated across neuronal and glial populations

• Provides a cell-type-resolved brain atlas for probing RNA surveillance and 

decay mechanisms
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Figure 1. Single-nucleus transcriptome analysis of Rrp40 mutants reveals distinct cell-type-
specific molecular signatures
(A) Illustration of the RNA exosome, an evolutionarily conserved ribonuclease complex 

composed of structural subunits (EXOSC1–9; EXOSC4 not shown) and a catalytic subunit 

(Dis3).

(B) Pathogenic variants in EXOSC3 (orange, labeled with “3,” termed Rrp40 in Drosophila) 

cause pontocerebellar hypoplasia type 1b (PCH1b). Domain structures of human EXOSC3 

and fly Rrp40 proteins highlight the conservation and disease-associated amino acid changes 

(in red). Sequence alignments from human, mouse, Drosophila, and yeast show conserved 
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regions surrounding the disease-linked residues. Variants modeled in this study map to the 

N-terminal (N) and S1 RNA-binding domains of EXOSC3.

(C) Schematic of CRISPR-Cas9 genome-editing strategy used to generate Rrp40 mutant fly 

models of EXOSC3-linked PCH1b amino acid substitutions.

(D) Chart of patient genotypes located in EXOSC3, the Drosophila equivalent genotype in 

Rrp40, and the viability of homozygous Rrp40 wild-type (WT) and mutant flies modeling 

PCH1b-linked recessive genotypes (WT/WT, G11A/G11A, and G146C/G146C) shown as 

%eclosion relative to expected Mendelian ratios. n = number of individual flies analyzed.

(E) Experimental design for snRNA-seq study. For each genotype (WT/WT, G11A/G11A, 

and G146C/G146C), two biological replicates of 20 newly eclosed (day 1) adult female fly 

heads were pooled. Tissues were dissociated to isolate nuclei, followed by flow cytometry 

for quality. Libraries were prepared using the 10× Genomics Chromium Next GEM Single 

Cell 3′ kit, targeting 20,000 nuclei per sample.

(F) 2D uniform manifold approximation and projection (UMAP) for dimension reduction 

of integrated snRNA-seq data from ~116,619 nuclei derived from brain-enriched tissue of 

age-matched Rrp40 WT (WT/WT; yellow) and mutant (G11A/G11A, blue; G146C/G146C, 

teal) flies.

(G) 2D UMAPs colored by broad cell classes (neurons, blue; glia, pink; head specific, tan; 

unannotated, gray), separated by genotype. Based on the integrated UMAP in (F).

(H) 2D UMAPs colored by 25 cell types (right), separated by genotype. Based on the 

integrated UMAP in (F).

(I) UMAPs of subclustered neuron, glial, and head-specific cell classes, each colored by 

genotype (WT/WT, yellow; G11A/G11A, blue; G146C/G146C, tan), highlighting distinct 

transcriptomic profiles in Rrp40 mutant flies.
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Figure 2. Rrp40 mutations cause widespread transcriptomic alterations across the brain
(A) Multidimensional scaling (MDS) plot of snRNA-seq data, with each point colored by 

cell class (neuronal, blue; glial, pink; head specific, tan; unannotated, gray) and separated by 

genotype (WT/WT, square; G11A/G11A, circle; and G146C/G146C, triangle).

(B) Bar graphs showing the number of differentially expressed transcripts increased (gray; 

log2 fold change [log2FC] > 2, FDR < 0.05) or decreased (white, log2FC < −2, FDR < 

0.05) in each genotype compared to WT/WT. Left, G11A/G11A vs. WT/WT; right, G146C/

G146C vs. WT/WT. Bars are colored by cell class (neuron, blue; glia, pink; and head 

specific, tan).

(C) UpSet plot showing the overall increased differentially expressed transcripts (log2FC > 

2, FDR < 0.05) in neurons (blue) and glia (pink) in G11A/G11A and G146C/G146C mutants 

compared to WT/WT. A red box highlights 60 transcripts shared between genotypes and cell 

classes.

(D) GO biological process enrichment (FlyEnrichr) for the 60 overlapping transcripts in 

(C), integrated across neuronal and glial subpopulations in both mutants relative to WT/WT. 

The bars in blue represent significant enrichment (adjusted p value < 0.05), ordered by 

significance.

(E) Heatmap of the differentially expressed transcripts in G11A/G11A (top) and G146C/

G146C (bottom) relative to WT/WT. Functionally important neuronal transcripts are 

highlighted in red. Normalized log2FC is shown on a gradient from +10 (red) to −10 (blue).
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(F) Quantification of the percentage of cells that express Arc1 in each Rrp40 mutant (G11A/

G11A or G146C/G146C) and WT control (WT/WT) from the FeaturePlot (G). Results are 

presented as mean ± standard error of the mean (SEM) for n = 2 biological replicates (ns, 

not statistically significant and *p < 0.05).

(G) 2D UMAP FeaturePlots of Arc1-expressing cells (blue) in WT/WT (left), G11/G11A 

(middle), and G146C/G146C (right) brains. The color gradient from blue to teal indicates 

high to low expression. Data are from two pooled biological replicates per genotype.

(H) Hybridization chain reaction RNA-FISH (HCR RNA-FISH) of Arc1 mRNA (teal) 

combined with immunohistochemistry (magenta; neuropil marker CadN/cadherin) in day 

1 whole-mount fly brains. Rows: Arc1 mRNA (top), CadN (middle), and merged images 

(bottom). Scale bars, 50 μm. Cadherin staining is shown only to provide spatial context 

within the brain.

(I) Quantification of mean maximum Arc1 mRNA fluorescence intensity from Rrp40 mutant 

and control brains (n = 6) in (H). Values represent the mean ± SEM (*p < 0.05, statistically 

significant; ns, not significant).
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Figure 3. Nanopore long-read sequencing in Rrp40 mutant head tissue reveals rRNA biogenesis 
defects
(A) Overview of the Drosophila melanogaster ribosomal RNA (rRNA) biogenesis 

pathway.50,51 The sizes of rRNA intermediates are indicated in dark gray. Red arrows denote 

external or internal spacer regions, which are cleaved and excised to produce mature 18S, 

5.8S, 2S, 28Sa, and 28Sb rRNA. A 5.8S probe (dark blue arrow) was used in near-infrared 

northern (irNorthern) blots in this study.

(B) irNorthern blot analysis of 5.8S rRNAs in brain-enriched tissue from Rrp40 mutants and 

WT controls.
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(C) “Nanoblot” generated by targeting mature 5.8S rRNA with a 5.8S nanoprobe using 

Nanopore-based RNA sequencing data from Rrp40 mutants and WT controls. Note the 

similarity to the irNorthern blot in (B).

(D) IGV browser screenshots showing single-track read coverage mapping to 5.8S rRNA, 

2S rRNA, and ITS2 in Rrp40 mutants and WT controls. The blue asterisk (*) labels 5.8S 

species extending into ITS2, while the red asterisk (*) denotes 2S-ITS2 transcripts resulting 

from impaired degradation.

(E) Quantification of the ratio of extended 5.8S rRNA and 2S rRNA species to mature 5.8S 

in Rrp40 mutants and WT controls, shown as a bar graph. Values represent the mean ± SD 

for 3 biological replicates.

(F) Nanoblot generated by targeting mature 2S rRNA with a 2S nanoprobe using the 

Nanopore-based RNA sequencing data from Rrp40 mutants and WT controls.
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Figure 4. The Rrp40 subunit of the RNA exosome is required for central complex and mushroom 
body homeostasis within the fly brain
(A) Schematic of the Drosophila central complex (left) and the mushroom body (right). 

The central complex structures highlighted include the fan-shaped body (FB; light purple), 

protocerebral bridge (PB; dark purple; dorsal to FB), ellipsoid body (EB; orange), noduli 

(NOs; yellow), and antennae lobes (ALs; green).

(B) Mushroom-body structures include vertical α- (orange) and α′ - (light green) lobes, 

medially projecting β- (orange) and β′ - (light green) lobes, γ-lobes (light purple), the calyx 

(dark purple), and Kenyon cell bodies (red).
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(C) Confocal max intensity projection images of central complex structures labeled with 

anti-DLG antibody in WT (WT/WT) and Rrp40 mutant (G11A/G11A or G146C/G146C) 

brains from newly eclosed (day 1) or aged (day 14) flies. Single coronal sections show (from 

top to bottom) ALs, EB, FB, and PB. The columns represent WT/WT (left), G11A/G11A 

(middle), and G146C/G146C (right) for each age group (n = 10 per genotype and age). The 

region of interest is outlined in green. Scale bar, 100 μm.

(D) Quantification of central complex structures region of interest area from DLG labeling 

in day 1 and 14 brains from WT/WT and Rrp40 mutants, normalized to WT/WT values. The 

data correspond to images in (C). Values represent the mean ± SD. *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001, and ns, not significant.

(E) Confocal images of mushroom bodies in WT/WT (top), G11A/G11A (middle), and 

G146C/G146C (bottom) flies expressing GFP under UAS control in combination with the 

R13F02-Gal4 driver (R13F02-Gal4>UAS-GFP) on days 1 (left) and 14 (right) from WT/WT 

(top row), G11A/G11A (middle row), and G146C/G146C (bottom row) flies on days 1 (left) 

and 14 (right). The brains were co-labeled with anti-GFP (mushroom-body γ-lobe neurons; 

green) and anti-DLG (central complex; magenta). Columns: merged GFP/DLG (left), GFP 

alone (middle), and DLF alone (right). The region of interest is outlined in white. Scale bars, 

50 μm.

(F and G) Quantification of γ-lobe region of interest size from GFP labeling on days 1 

(F) and 14 (G) in WT/WT and Rrp40 mutants, based on images in (E). Thinned γ-lobes 

are indicated by white arrows. The areas of the gamma lobes were normalized to WT/WT 

controls. Values represent the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001, and ns, not significant.

(H and I) Quantification of normalized distances between beta lobes on days 1 (H) and 

14 (I) in WT/WT and Rrp40 mutants, based on images in (E). The beta lobe midline is 

indicated by white arrows. The distance between beta lobes were normalized to WT/WT 

controls. Values represent the mean ± SD. *p < 0.05, **p < 0.01, ****p < 0.0001, and ns, 

not significant.

(J) Human EXOSC3 (fly Rrp40) rescue experiment. Confocal images of day 14 brains 

from WT, G11A/G11A, w1118 flies expressing UAS-EXOSC3-myc in mushroom bodies 

(+/+; R13F02-Gal4>UAS-EXOSC3-myc), and G11A/G11A mutants expressing UAS-
EXOSC3-myc in the mushroom bodies (G11A/G11A;R13F02-Gal4>UAS-EXOSC3-myc) 

are included. The brains were labeled with anti-DLG (central complex, magenta). Anti-DLG 

labeling highlights β-lobe midline-crossing defects in G11A/G11A mutants that are rescued 

by EXOSC3 expression (white arrows). Scale bar, 50 μm.

(K and L) Quantification of γ-lobe size (K) and β-lobe midline distance (L) in day 14 

WT/WT, G11A/G11A, w1118 with R13F02-Gal4>UAS-EXOSC3-myc, and G11A/G11A 

mutants with EXOSC3 rescue in mushroom bodies (G11A/G11A;R13F02-Gal4>UAS-
EXOSC3-myc). Values represent the mean ± SD. ****p < 0.0001 and ns, not significant.
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Figure 5. Rrp40 mutants exhibit neuronal loss within the brain
(A and B) Cellular proportion analysis from the snRNA-seq dataset showing broad cell types 

(neuron, glia, head specific, and unannotated) (A) and distinct mushroom-body Kenton cell 

neuron subtypes (αβ, α′ β′, and γ) (B) in Rrp40 mutants (G11A/G11A or G146C/G146C) 

compared to WT controls (WT/WT). In the plots, clusters more abundant in WT/WT are 

shown on the left, and clusters more abundant in Rrp40 mutants are shown on the right. The 

red dots indicate statistically significant differences (FDR < 0.05 and |log2 fold difference| > 

0.32), and the gray dots indicate non-significant differences.
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(C) Diagram of the mushroom-body Kenyon cells (red) and calyx (purple) from the 

posterior-medial and posterior views.

(D) Representative confocal z-projections from posterior-medial and posterior views of 

WT/WT (top two rows), G11A/G11A (middle two rows), and G146C/G146C (bottom two 

rows) brains expressing GFP under UAS control in combination with mushroom-body driver 

(R13F02-Gal4) (R13F02-Gal4>UAS-GFP). The brains were labeled with anti-GFP (cell 

bodies and calyx; green), anti-DCP-1 (magenta), and DAPI (blue). Regions of interest for 

the cell body and calyx are outlined in white. Images are shown for newly eclosed (day 1, 

left) and aged (day 14, right) flies. Scale bar, 100 μm.

(E–G) Quantification of percentage of DCP-1-positive puncta. Values represent the mean ± 

SD. (E), normalized Kenyon cell body numbers (posterior view) (F), and normalized calyx 

area (G) in WT/WT and Rrp40 mutant flies on days 1 and 14. *p < 0.05, **p < 0.01, ****p 
< 0.0001, and ns, not significant.
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Figure 6. Rrp40 mutants show a range of organismal and short-term taste memory defects
(A) A Kaplan-Meier survival analysis of WT/WT (tan), G11A/G11A (blue), and G146C/
G146C (green) flies (n = 100 per genotype).

(B) Locomotor activity measured by negative geotaxis assay (right, schematic of climbing 

assay). Data are shown as the mean percentage of flies reaching the top of a cylinder within 

60 s, averaged across all trials. Groups of age-matched (days 1, 8, and 14; n = 36, cohorts 

of 9–12 flies) were tested in at least three independent trials per genotype. The results are 

represented as the mean ± SEM (ns p > 0.05, *p < 0.05, and ****p < 0.0001; unpaired 

two-tailed t test vs. WT).

(C) Pan-neuronal expression of human EXOSC3 (nSyb-Gal4>UAS-EXOSC3) significantly 

rescues locomotor deficits in Rrp40 G11A/G11A mutants (G11A/G11A;nSyb-Gal4>UAS-
EXOSC3) on days 7 and 14 compared to Rrp40 controls (WT/WT and nSyb-Gal4/UAS-
EXOSC3). Data are shown as the mean ± SEM (ns p > 0.05, *p < 0.05, and ****p < 0.0001; 

unpaired two-tailed t test vs. WT).

(D) Short-term aversive taste memory assay in newly eclosed (day 1, left) and aged (day 

14, right) flies. Rrp40 control (WT/WT) and mutant (G11A/G11A or G146C/G146C) flies 

(n = 10 per genotype) were food deprived for 24 h prior to testing. A memory assay 

was performed as described in the STAR Methods. Proboscis extension rates (PERs) are 

presented as the mean ± SEM (two-way ANOVA; *p < 0.05, **p < 0.01, and ***p < 0.001).

(E) Pan-neuronal expression of human EXOSC3 (nSyb-Gal4>UAS-EXOSC3) rescues 

memory deficits in G11A/G11A mutants (G11A/G11A;nSyb-Gal4>UAS-EXOSC3) on day 

14 compared to controls (WT/WT and nSyb-Gal4/UAS-EXOSC3). Flies (n = 10 per 

genotype) were food deprived for 24 h prior to testing. A memory assay was performed 

as described in the STAR Methods. Proboscis extension rates (PERs) are presented as the 

mean ± SEM (two-way ANOVA; *p < 0.05, **p < 0.01, and ***p < 0.001).
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Figure 7. Overexpression of Arc1 in aged flies induces mushroom body defects
(A) Western blot of head lysates prepared from control flies (w1118, elav>Gal4, UAS-

Arc1) and Arc1-overexpressing flies (elav-Gal4>UAS>Arc1). Lysates were resolved by 

SDS-PAGE and probed with antibodies detecting Arc1 monomeric and multimeric species. 

GAPDH and stain-free imaging of total protein were used as loading controls.

(B) Confocal images of Arc1-overexpressing flies (UAS-Arc1, BDSC #37532) and control 

flies (R13F02>Gal4/UAS/GFP; Control-IR; yv; attP40, BDSC #36303) expressing GFP 

in mushroom-body γ-lobe neurons via the R13F02-Gal4 driver (R13F02-Gal4>UAS-GFP) 
collected on day 1. The brains were labeled with anti-GFP (γ-lobe neurons) and anti-NC82 

(central complex; magenta). Columns: merged GFP/NC82 (left), GFP alone (middle), and 

NC82 alone (right). Scale bars, 50 μm.

(C) Quantification of γ-lobe size from GFP labeling in day 1 control and Arc1-

overexpressing brains shown in (B). Values represent the mean ± SD. *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001, and ns, not significant.

(D) Confocal images of Arc1-overexpressing flies (UAS-Arc1, BDSC #37532) and control 

flies (R13F02>GFP/Control-IR) (Control-IR: BDSC #36303) expressing GFP in mushroom-

body γ-lobe neurons via R13F02-Gal4 on day 21. The brains were labeled with anti-GFP 

(green) and anti-NC82 (magenta). Columns: merged GFP/NC82 (left), GFP alone (middle), 

and NC82 alone (right). Scale bars, 50 μm.
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(E) Quantification of γ-lobe size from GFP labeling in day 21 control and Arc1-

overexpressing brains, shown in (D). Values represent the mean ± SD. *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001, and ns, not significant.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-Rrp40 Pacific Immunology N/A

Rabbit anti-Arc1 73 N/A

Mouse anti-GAPDH ProteinTech Cat# 60004-1-Ig; RRID: AB_2107436

Mouse 4F3 anti-discs large Developmental Studies 
Hybridoma Bank

RRID: AB_528203

Mouse 1D4 anti-Fasciclin II Developmental Studies 
Hybridoma Bank (Goodman, 
C.)

N/A

Mouse anti-nc82 Developmental Studies 
Hybridoma Bank (Buchner, 
E.)

N/A

Rabbit anti-GFP Cell Signaling Cat# 2956S

Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor™ 647

Thermo Fisher Scientific Cat# A-21245; RRID: AB_2535813

Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor™ 488

Thermo Fisher Scientific Cat# A-11034; RRID: AB_2576217

Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor™ 647

Thermo Fisher Scientific Cat# A-21236; RRID: AB_2535805

Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor™ 488

Thermo Fisher Scientific Cat# A-11029; RRID: AB_2534088

Goat Anti-Mouse IgG (H + L)-HRP Conjugate Bio-Rad Cat# #1706516

Goat anti-Rabbit IgG (H + L) Secondary Antibody, HRP Invitrogen Cat# 31466

Bacterial and virus strains

NEB® Turbo Competent E. coli (High Efficiency) New England Biolabs Cat# C2984H

DH5α Competent Cells Thermo Scientific Cat# EC0112

Chemicals, peptides, and recombinant proteins

UltraPure™ 1M Tris-HCI, pH 8.0 Thermo Fisher Scientific Cat# 15568025

KCl (2 M), RNase-free Thermo Fisher Scientific Cat# AM9640G

MgCl2 (1 M) Thermo Fisher Scientific Cat# AM9530G

Triton™ X-100 Millipore Sigma Cat# T9284-100ML

RNasin® Plus Ribonuclease Inhibitor Promega Cat# N2611

Protease Inhibitor Cocktail, 50X Promega Cat#G6521

DL-Dithiothreitol solution Millipore Sigma Cat# 43816-10ML

Albumin, Bovine Serum, Fraction V, Fatty Acid-Free, Nuclease- and 
Protease-Free

EMD Millipore Cat# 126609-5GM

Debris Removal Solution Miltenyi Biotec Cat# 30-109-398

32% Paraformaldehyde (formaldehyde) aqueous solution, (1) 100 
mL bottle

Electron Microscopy 
Sciences

Cat#15714-S

Corning® 10X PBS, pH 7.4 VWR Cat# 45001-130

Tween® 20 Millipore Sigma Cat# P9416-100ML

SSC Buffer, 20X Solution, 1 L Research Products 
International

Cat# S24022-1000.0

ProLong™ Gold Antifade Mountant Thermo Fisher Scientific Cat# P36934

Trizol™ Reagent Thermo Scientific Cat# 15596026
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REAGENT or RESOURCE SOURCE IDENTIFIER

E. coli Poly(A) Polymerase New England Biolabs Cat# #M0276S

Sucrose ACS 500g EMD Millipore Cat# SX1075-1

Caffeine Powder Sigma Aldrich Cat# CO750-500G

4-20% Mini-PROTEAN® TGX Stain-Free™

Protein Gels, 12 well, 20 μL #4568095
Bio-Rad Cat# 456-8095

Everyblot Blocking Buffer Bio-Rad Cat# 12010020

Clarity™ Western ECL Substrate Bio-Rad Cat# 1705060

ExpressHyb Hybridization Solution Takara Bio Cat# 636833

10% Mini-PROTEAN Bio-Rad Cat# 4566033

Hybond-N+ membrane Cytiva Cat# RPN119B

Licor IRDye 800CW DBCO Infrared Dye, 0.5 mg LICORbio Cat# 929-50000

Licor IRDye 680RD DBCO Infrared Dye, 0.5 mg LICORbio Cat# 929-50005

Invitrogen ambion SDS, 20% Solution Thermo Scientific Cat# AM9820

Critical commercial assays

Chromium Next GEM Single Cell 3ʹ GEM, Library & Gel Bead Kit 
v3.1

10X Genomics PN-1000213

Qubit™ RNA BR Assay Kit Thermo Fisher Scientific Q33216

HCR™ Probe (v3.0) Organism:
Fruit Fly Target: Arc1 CDS

Molecular Instruments N/A

HCR™ IF Kit 2° Antibody Probe Donkey Anti-Mouse Molecular Instruments N/A

Methyl Alcohol, Anhydrous Avantor Cat# 3041-10

PCR-cDNA barcoding kit Oxford Nanopore 
Technologies

Cat# SQK-PCB114.24

Trans-Blot Turbo RTA Mini 0.2 μm
Nitrocellulose Transfer Kit, for 40 blots

Bio-Rad Cat# #1704270

Deposited data

FASTQ reads for single-nucleus RNA-seq of Drosophila fly heads This study GSE280166

FASTQ reads for Nanopore PCR-cDNA sequencing of Drosophila 
fly heads

This study PRJNA1179429

Raw and processed mass spectrometry data This study MSV000099840; PXD070589

Experimental models: Organisms/strains

D. melanogaster: R13F02-Gal4 BDSC RRID: BDSC_68383

D. melanogaster: elav-Gal4 BDSC RRID: BDSC_458

D. melanogaster: nSyb-Gal4 BDSC RRID: BDSC_51635

D. melanogaster: UAS-Arc1.WT BDSC RRID: BDSC_37532

D. melanogaster: UAS-EXOSC3.WT Morton et al.39 N/A

D. melanogaster: attP40 (control TRiP RNAi) BDSC RRID: BDSC_36304

D. melanogaster: 40XUAS-IVS-mCD8:GFP BDSC RRID: BDSC_32195

D. melanogaster: UAS-Rrp40RNAi BDSC RRID: BDSC_62834

D. melanogaster: UAS-Arc1RNAi BDSC RRID: BDSC_25954

D. melanogaster: Arc1esm113 BDSC RRID: BDSC_37531

D. melanogaster: Rrp40-G11A/G11A Bestgene Inc. N/A

D. melanogaster: Rrp40-G146C/G146C Bestgene Inc. N/A

D. melanogaster: Rrp40-WT/WT Bestgene Inc. N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Primer: Rrp40 upstream -Forward:
GGC AGT GTT GGA AAG TCC T

This study N/A

Primer: Rrp40 upstream -Reverse:
GAA GAA GAA TCC ATC GGT GAG G

Primer: Rrp40 downstream -Forward:
TTT ACG CGA GAG TCC TGA ATG

Primer: Rrp40 downstream -Reverse:
CTT CCA TCT GCT CAT CTC TGA TAG

5.8s rRNA northern blot probe:
5′ CAGCATGGACTGCGATAT
GCGTTCAAAATGT/iAzideN/C 3′

Gerstberger et al.51 N/A

HCR RNA-FISH DNA probe: Arc1 Molecular Instruments N/A

Recombinant DNA

pCFD3-dU6:3gRNA addgene Cat# 49410

Software and algorithms

ImageJ ImageJ https://ImageJ.net/ImageJ;
RRID: SCR_003070

Imaris Oxford Instruments https://imaris.oxinst.com;
RRID:SCR_007370

Cell ranger version 7.1.0 10X Genomics RRID: SCR_017344

Prism 10 GraphPad https://www.graphpad.com/;
RRID: SCR_002798

Seurat version v4.2.1 Hao et al.74; Butler et al.75; 
Stuart et al.76

RRID:SCR_016341

Loupe Browser v8 10x Genomics RRID:SCR_018555

MinKNOW Oxford Nanopore 
Technologies

RRID:SCR_023196

Minimap 2 Li et al.77 https://github.com/lh3/minimap2;
RRID:SCR_018550

Integrative Genomics Viewer Robinson et al.78 http://www.broadinstitute.org/igv/;
RRID:SCR_011793
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