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ABSTRACT
Pathogenic variants in WDFY3, a gene encoding for an autophagy adaptor termed ALFY, are linked to 
neurodevelopmental delay and altered brain size in human probands. While the role of WDFY3 loss-of-
function is extensively studied in neurons, little is known about the effects of WDFY3 upregulation in 
different cell types of the central nervous system (CNS). We show that overexpression of the Drosophila 
melanogaster WDFY3 ortholog, Bchs, in either glia or neurons impaired autophagy and locomotion. Bchs 
glial overexpression also increased VNC size and glial nuclei number significantly, whereas neuronal Bchs 
overexpression affected wing and thorax morphology. We identified 79 genes that were differentially 
expressed and overlapped in flies that overexpress Bchs in glial and neuronal cells, respectively. 
Additionally, upon neuronal Bchs overexpression differentially expressed genes clustered in gene ontology 
categories associated with autophagy and mitochondrial function. Our data indicate that glial as well as 
neuronal Bchs upregulation can have detrimental outcomes on neural function.

1.  Introduction

Over the past decade, a growing body of evidence, including 
functional analyses and patient-related data, has provided 
substantial support for the involvement of WDFY3 in neu-
rodevelopmental disorders (Le Duc et  al., 2019; Stessman 
et  al., 2017; Wang et  al., 2016). WDFY3 encodes an autopha-
gosomal scaffolding protein involved in targeted recruitment 
and destruction of macromolecular components including 
aggregation-prone proteins (Clausen et al., 2010; Filimonenko 
et  al., 2010; Finley et  al., 2003; Simonsen et  al., 2004).

Previous studies in mice demonstrated that Wdfy3 regulates 
neurodevelopmental processes such as neuronal connectivity, 
proliferation, migration, and synaptic morphology (Dragich 
et al., 2016; Orosco et al., 2014; Schaaf et al., 2022; Søreng et al., 
2022). Loss-of-function variants of WDFY3 or its Drosophila 
ortholog blue cheese (Bchs) result in protein aggregation, indicat-
ing autophagic defects (Clausen et  al., 2010; Filimonenko et  al., 
2010; Finley et  al., 2003; Fox et  al., 2020; Han et  al., 2015; 
Hebbar et  al., 2015; Lim & Kraut, 2009; Simonsen et  al., 2004). 
Although glial cells are known to play an essential role for neu-
ronal function and neurodevelopment (Bittern et  al., 2021; Kim 
et al., 2020; Lago-Baldaia et al., 2020; Rahman et al., 2022), they 

have received rather little attention in the effort to unravel 
WDFY3-associated pathomechanisms. So far, it was shown that 
loss of Wdfy3 is accompanied by mislocalization of glial guide-
post cells, which provide guidance cues for the formation of 
axonal tracts (Dragich et  al., 2016). Further, Wdfy3 is involved 
in the turnover of oligodendrocytic myelin sheaths (Aber et  al., 
2022). Hypomorphic Wdfy3 alleles also increase symmetric pro-
liferative divisions of radial glial cells, neural stem cells which 
give rise to neurons and glia (Orosco et  al., 2014). Single-cell 
RNA-seq demonstrated an approximately 10× higher WDFY3 
expression in neurons and glial cells compared to all other cells 
(nTPM > 200) with oligodendrocytes showing the highest 
expression (nTPM > 400) (Karlsson et  al., 2021). Hence, glial 
cells may play an important role in the pathophysiology of 
WDFY3-related neurodevelopmental disorders.

Currently, an increasing number of studies concentrate 
on loss of WDFY3/Bchs and its effects on the nervous sys-
tem with a focus on neuronal impairment. However, little is 
known about the consequences of WDFY3 upregulation on 
the nervous system. Only one individual carrying a 
copy-number variant covering 18.27 Mb including the whole 
WDFY3 gene was reported in the Decipher database 
(patient-ID 355087) (Firth et  al., 2009). This individual 
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presented with attention deficit hyperactivity disorder, autis-
tic behavior, and intellectual disability. In Drosophila, it was 
demonstrated that neuronal Bchs overexpression can have 
detrimental outcomes like impaired synaptic structures, eye 
morphology, lysosomal vesicle trafficking, and increased lar-
val brain size (Khodosh et  al., 2006; Kraut et  al., 2001; 
Kriston-Vizi et  al., 2011; Lim & Kraut, 2009; Simonsen 
et  al., 2007). Here, we sought to further characterize the 
effect of Bchs overexpression in different neural cell types, 
that is, glia and neurons, on the nervous system. While 
both glial and neuronal Bchs overexpression impaired auto-
phagy and locomotion, ventral nerve cord (VNC) size was 
enlarged only after overexpression in glial cells. Moreover, 
glial Bchs overexpression increased the developmental time. 
On the other hand, only neuronal Bchs overexpression dis-
turbed wing and thorax development. Further, based on 
transcriptomics analyses we identified differentially expressed 
genes in glial and neuronal Bchs overexpression flies com-
pared to the respective controls. We found an overlap of 79 
differentially expressed genes in both Bchs overexpression 
conditions, which may be involved in the pathological 
mechanism that unfolds upon WDFY3 dysfunction.

2.  Materials and methods

2.1.  Fly husbandry

Flies were maintained on standard cornmeal food at 25 °C 
and a 12:12-light/dark cycle. The following Drosophila mela-
nogaster strains were used:

w1118

;; repo-GAL4/TM6B,Tb, (RRID:BDSC_7415)
;; nSyb-GAL4/TM3,Sb, (gift from J. Simpson)
;  UAS-bchs::HA, (RRID:BDSC_51636) (in the following 

abbreviated as UAS-bchs)
;; act5C-Gal4/TM6B,Tb,Sb, (RRID:BDSC_3954)
; ok6-GAL4 w+, (Marqués et  al., 2002)
; UASp-GFP-mCherry-Atg8a, (RRID:BDSC_37749)
; UAS-mCD8::GFP, UAS-mCD8::GFP, (RRID:BDSC_5137)
;; UAS-mCD8::GFP, (RRID:BDSC_5130)
; Burs-GAL4, (RRID:BDSC_40972)
;; CCAP-GAL4, (RRID:BDSC_25686)
; rL82-GAL4, (Sepp & Auld, 1999)
; nrv2-GAL4, (RRID:BDSC_6800)
;; c527-Gal4, (RRID:BDSC_90391)

2.2.  Mendelian ratio and adult developmental time

Fifteen virgin females (UAS-bchs/Sb1) and five males (cell 
type-specific reporter-Gal4/Sb1), all carrying the balancer chro-
mosome (marker: Sb1), were crossed and switched to a new 
vial every day. Numbers of flies carrying the balancer chromo-
some (no Bchs overexpression) and flies not carrying the bal-
ancer (Bchs overexpression) in the F1 generation of five vials 
were counted for each genotype. Newly hatched flies were 
counted every 24 h. For each vial, counting was started on the 
day the first adult fly hatched and continued for 10 days.

2.3.  PEDtracker – embryonal developmental time, larval 
and pupal size

The development of panneuronal Bchs overexpression flies 
(nSyb-Gal4/UAS-bchs) as well as the controls nSyb-Gal4/+ 
and UAS-bchs/+ was monitored using the PEDtracker system 
(Schumann & Triphan, 2020). According to the previously 
published protocol, the development of Drosophila was 
observed from egg hatching to pupation. Larval hatching 
timepoint, larval size over development as well as the pupal 
size were then manually measured using ImageJ (Schneider 
et  al., 2012). Statistical analysis was performed using 
Kruskal–Wallis test or one-way ANOVA depending on the 
distribution of the data.

2.4.  Assessing the condition of wings and thoraces

Twenty virgin females and 10 males were crossed and 
switched to a new vial every second day. For each genotype, 
the F1 generation in three vials was analyzed. For each vial, 
collecting flies was started on the day the first adult fly 
hatched and continued for five days. The condition of the 
wings and thoraces was evaluated 24 h after collecting the 
flies (24 − 48 h old flies). Wings were categorized into folded, 
partially folded, and expanded. Thoraces were categorized 
into dimpled and not dimpled.

2.5.  Larval locomotion

Petri dishes with a diameter of 9 cm filled with 1% agarose 
were prepared. Five third instar larvae were placed in the 
middle of a petri dish and recorded (camera: Logitech 
C920 HD Pro) for 1 min. The first 5 s of a recording were 
dismissed and the larval behavior of the following 30 s inves-
tigated. Recordings were analyzed by using the ImageJ free-
hand line tool to measure the length of the crawled route of 
a larva. For each genotype, 30 larvae were examined if not 
stated otherwise.

2.6.  Immunohistochemistry

Larvae: Wandering third instar larvae were dissected in 
ice-cold HL-3 solution (Stewart et  al., 1994), fixed with PFA 
(4% in PBS) and collected in 1× PBS. Blocking, primary 
antibody incubation and secondary antibody incubation 
were consecutively performed in PBT (1× PBS + 0.05% 
Triton X-100, Sigma-Aldrich) containing 5% normal goat 
serum (NGS, Jackson ImmunoResearch) at 4 °C overnight. 
Antibody incubation steps were followed by washing two 
times shortly and three times 15 min (1× PBS + 0.05% 
Triton X-100). Samples were stored in Vectashield (Vector 
Laboratories, H-1000) at 4 °C overnight before mounting. 
For mounting of larval central nervous systems (CNS), rein-
forcement rings (Herma, #5898) were adhered on slides, 5 µl 
of Vectashield added to the middle of each ring and up to 
five larval CNS placed into each ring with the dorsal side up.

Adult flies: The CNS of adult female flies (21 − 33 h old) 
were dissected in ice-cold Ringer solution, fixed in 4% PFA 
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for 30 min at room temperature and collected in 1× PBS. 
Blocking was done at room temperature for 24 h in PBT (1× 
PBS + 1% Triton X-100) containing 5% NGS. Primary anti-
body incubation was carried out at 4 °C for 24 h and second-
ary antibody incubation at 4 °C for 24 − 48 h. Antibody 
incubation steps were followed by moving samples to room 
temperature for 1 h and washing two times shortly and three 
times 15 min with PBT. Samples were stored in Vectashield 
at 4 °C overnight before mounting. For mounting, two rein-
forcement rings (Herma, #5898) were adhered on top of 
each other on a slide to reduce compression of the tissue, 
5 µl of Vectashield added and up to five CNS placed into the 
middle with the anterior side up.

The following antibodies were used at following dilutions: 
rabbit-anti-Ref(2)P (1:500, Abcam, ab178440), mouse-anti-repo 
(1:250, DSHB, 8D12 concentrate),  mouse-anti-even skipped 
(1:50, DSHB, 3C10), goat-anti-mouse conjugated with Alexa 
Fluor-488 or −405 (1:250, Invitrogen, A-11001, RRID: 
AB_2534069 and A-31553, RRID: AB_221604), goat-anti-horse-
radish peroxidase (HRP) conjugated with Alexa Fluor-488 or 
−647 (1:250, Jackson ImmunoResearch, 123–545-021, RRID: 
AB_2338965 and 123–605-021, RRID: AB_2338967), Cy3- or 
Cy5-conjugated goat-anti-rabbit (1:250, Jackson ImmunoResearch, 
111–165-144, RRID:AB_2338006 and 111–175-144, RRID: 
AB_2338013).

2.7.  Central nervous system size measurement

Larval VNC length was measured and normalized to the 
larval length which was determined before dissection. Larvae 
were placed into a petri dish filled with HL-3 on ice and 
imaged (camera: Leica DFC365 FX, microscope: Leica 
MZ10  F). Brains were stained against HRP, imaged and a 
maximum projection of the z-stack was performed with 
ImageJ. The length of the larvae and the VNC including the 
subesophageal zone were measured with the ImageJ Straight 
Line tool.

The size of the VNC of adult flies was determined and 
normalized to the fly length. The adult fly was anesthetized 
by putting it in a vial on ice. The fly was transferred to a 
petri dish and imaged (camera: Leica DFC365 FX, micro-
scope: Leica MZ10 F). The central nervous system was 
stained against HRP, imaged, and a maximum projection 
was performed. Lengths of the fly and the VNC were mea-
sured with the ImageJ Straight Line tool.

2.8.  Number of glial nuclei

Larvae were stained with anti-repo antibody and imaged. 
Repo-positive nuclei were counted using the ImageJ plugin 
cell counter. For the analysis of glial nuclei number in the 
peripheral nervous system, glial nuclei number was deter-
mined at the entry point of the peripheral nerve bundle into 
the body wall muscles at the region, where the bundle 
divides into the TN, ISN, and SN nerve branches. Peripheral 
nerves innervating the hemisegments A4R and A4L were 
analyzed.

2.9.  Colocalization of GFP-mCherry-Atg8 "uorophore 
signals

Larval brains were dissected and fixed as described before. 
Brains were stored in Vectashield for at least 24 h. Brains 
were imaged as described before. Images were deconvoluted 
using Huygens Essentials software (strategy: standard). 
Analyses of images were performed with the ImageJ plugin 
coloc 2 (Pearson correlation, above threshold) and using the 
freehand selection tool to set a ROI surrounding the brain.

2.10.  Imaging

Image acquisition was performed with a Leica SP8 confocal 
microscope unless specified otherwise.

2.11.  RNA extraction and sequencing

RNA was extracted from five female and five male fly heads 
for one sample. Flies (22 − 31 h after eclosion) were anesthe-
tized with carbon dioxide and heads were cut using a scalpel. 
Heads were immediately transferred to an ice-cold 2-ml 
Eppendorf tube containing Trizol or RLT buffer. RNA 
extraction followed immediately using the RNeasy Micro Kit 
(Qiagen, Cat. No. 74004) according to protocol or exchanging 
the first step of homogenization in RLT buffer with the fol-
lowing Trizol protocol (Invitrogen, Cat. No. 15596026). Heads 
were homogenized in 500 µl Trizol, centrifuged for 5 min at 
10,000 rpm at 4 °C, supernatant was transferred to a new tube, 
200 µl chloroform (Carl Roth, No. 6340.1) was added and the 
tube was shaken for 15 s. An incubation step at room tem-
perature for 3 min was followed by centrifugation for 5 min at 
10,000 rpm at 4 °C. The upper aqueous phase was transferred 
in a new tube and it was continued with the RNeasy Micro 
Kit protocol. Homogenization was performed on ice using the 
Ultra-Turrax (IKA T10 basic) five times for 10 s. For each 
genotype, five samples were sequenced.

RNA sequencing (RNA-seq) libraries were prepared using 
TruSeq RNA Library Prep Kit v2 (Illumina, San Diego, CA) 
and sequenced on an Illumina NovaSeq platform with 151 bp 
paired-end reads with an average of ~135 million reads per 
library.

2.12.  Di#erential gene expression analysis

RNA-Seq reads were mapped to the Drosophila genome 
assembly BDGP6.32 (GCA_000001215.4) with STAR (ver-
sion 2.6.1d) (Dobin et  al., 2013). Reads were processed as 
previously described (Körner et  al., 2022). We computed the 
transcript levels with htseq-count (version 0.6.0) (Anders 
et  al., 2015). Genes with a sum of less than 10 reads in all 
samples together were excluded from further analysis. 
Differential expression of genes was determined with the R 
package DESeq2 (version 1.30.1) (Love et  al., 2014), which 
uses the Benjamini–Hochberg method to correct for multi-
ple testing (Benjamini et  al., 2001). Genes were considered 
to be significantly differentially expressed if p-adj < 0.05. To 
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check clustering of RNA-sequencing samples of subjects and 
controls, a principal component analysis (PCA) was per-
formed with the R package pcaExplorer (version 2.6.0) 
(Marini & Binder, 2019). RNA count data were variance sta-
bilized transformed and the 500 most variant genes (top n 
genes) were selected for computing the principal compo-
nents. We tested five samples of adult heads from glial/neu-
ronal Bchs overexpression (repo-Gal4/UAS-bchs and 
nSyb-Gal4/UAS-bchs, respectively) against the pooled sam-
ples of both controls, five samples of the Gal4-driver control 
(repo-Gal4/+ and nSyb-Gal4/+, respectively) and five samples 
of the UAS control (UAS-bchs/+).

To identify which pathways are enriched with differen-
tially expressed genes, we used the clusterProfiler 4.0 pack-
age with a hypergeometric test and the Drosophila GO 
annotations org.Dm.eg.db v.3.18 (Carlson, 2019; Wu et  al., 
2021). For visualization of enriched GO terms, the package 
enrichplot was utilized (Yu, 2018).

2.13.  Statistics

Data are shown as mean ± SEM. Statistical analyses were per-
formed with SigmaPlot 12.5 (Systat software) using two-tailed 
unpaired Student’s t-tests, if not stated otherwise. Mann–
Whitney Rank Sum tests were performed for non-normally 
distributed data (Shapiro–Wilk test) and data that failed the 
Equal Variance test.

3.  Results

3.1.  Developmental delay in glial Bchs overexpression "ies

In flies, both loss-of-function and overexpression of the 
WDFY3 ortholog Bchs were previously shown to impair 
neuronal function (Finley et  al., 2003; Hebbar et  al., 2015; 
Khodosh et  al., 2006; Kraut et  al., 2001; Kriston-Vizi et  al., 
2011; Lim & Kraut, 2009; Sim et  al., 2019; Stessman et  al., 
2017). To better understand the relevance of Bchs in differ-
ent neural cell types, we tested the effect of Bchs overexpres-
sion in glial cells (repo-Gal4) and neurons (nSyb-Gal4) on 
development, locomotion, VNC morphology, and autophagy 
(DiAntonio et  al., 1993; Sepp et  al., 2001). We found that 
panglial Bchs overexpression delayed the development from 
egg to adult fly (Figure 1(A)). Importantly, Mendelian ratios 
of the adult F1 generation of crossing Gal4/Sb with UAS-bchs/
Sb for panglial and panneuronal Bchs overexpression corre-
sponded to the expected ratios, but ubiquitous Bchs overex-
pression (act5C-Gal4) was lethal (Figure S1). The 
developmental time of neuronal Bchs overexpression animals 
was further investigated to exclude a delay in early develop-
mental steps, which cannot be detected at the stage of adult 
eclosion. The timepoint of larval hatching was not delayed 
in animals overexpressing Bchs in neurons indicating normal 
embryonal development (Figure S2A). However, a signifi-
cantly reduced size of neuronal Bchs-overexpressing larvae 
was observed in early larval development (62.44 h and 
100.8 h after egg laying), but not in later larval stages (153 h 
after egg laying) (Figure S2B). These data suggest that 

neuronal Bchs overexpression causes changes in development 
during early larval stages.

Further, we observed pronounced malformations of the 
wings and thorax in flies overexpressing Bchs panneuronally 
(Figure 1(B,E)). Adult flies did not properly expand their 
wings (~90%) and displayed a dimpled dorsal anterior tho-
rax (~43%). In contrast, only a small percentage of flies 
overexpressing Bchs in glial cells (wing: ~22%, thorax: 3%) 
presented with those deficits (Figure 1(D,E)). Crustacean 
cardioactive peptide (CCAP) neurons are known to play an 
essential role in wing expansion (Luan et  al., 2006; Park 
et  al., 2003). Therefore, we hypothesized that Bchs overex-
pression in this subtype of neurons caused the wing and 
thorax abnormalities. Driving Bchs overexpression specifi-
cally only in CCAP neurons (CCAP-Gal4) resulted in almost 
complete penetrance of those defects (wing: ~100%, thorax: 
~99%), as opposed to Bchs overexpression in motoneurons 
(ok6-Gal4, wing: ~19%, thorax: ~1%)) (Figure S3). Similarly, 
utilizing burs-Gal4, which drives expression in many CCAP 
neurons, provoked wing and thorax impairments in ~99% 
and ~49% of flies, respectively (Figure S3) (Luan et  al., 2006; 
Peabody et  al., 2008). Hence, CCAP neurons are sensitive to 
Bchs overexpression.

3.2.  Bchs overexpression leads to altered transcriptome 
pro$les

To understand which molecular pathways are affected by 
Bchs overexpression and how this impacts brain function, we 
performed RNA-seq on heads from adult flies overexpress-
ing Bchs in glia or neurons. It is important to note that 
whole heads were analyzed to be able to also detect cell 
non-autonomous changes. Bchs displayed a higher upregula-
tion in fly heads with glial than neuronal-driven overexpres-
sion (Figure 2(A), Table S1, 2, 7.39-fold vs. 4.45-fold higher 
expression). We identified more differentially expressed 
genes (i.e. genes with different expression in Bchs overex-
pression flies as opposed to control animals carrying only 
the Gal4 driver or only the UAS-target gene) in the panneu-
ronal nSyb-Gal4/UAS-bchs condition (2,107 genes) than in 
the glial Bchs overexpression heads (156 genes) (Table S1, 2, 
Figure S4). For glial Bchs overexpression, GO categories 
related to cell junctions including septate junctions were 
enriched (Table S4). Whereas, neuronal Bchs overexpression 
led to an over-representation of GO categories most promi-
nently related to mitochondria but also to many other pro-
cesses and components, for example, autophagy (Figure 
2(D), Table S5). Seventy-nine genes were similarly differen-
tially expressed upon Bchs overexpression in glia and neu-
rons, which represented a highly significant overlap (p values 
< 0.0001 from 1,000 simulations using 13,000 genes for ran-
dom sampling) (Figure 2(B), Table S3). Expression of 73 of 
these genes was dysregulated in the same direction in glial 
and neuronal Bchs overexpression flies.

Among the overlapping differentially expressed genes we 
identified Iml1 and Rab32 (Table S3), which are known to 
play an important role in autophagy (Hirota & Tanaka, 2009; 
Wang et  al., 2012; Wu & Tu, 2011), which is the main 
known function of WDFY3/Bchs (Clausen et  al., 2010; 
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Filimonenko et  al., 2010; Finley et  al., 2003; Simonsen et  al., 
2004). For neuronal and glial Bchs overexpression, 51 and 
three of the differentially expressed genes, respectively, are 
annotated to the GO category autophagy (GO:0006914) 
(Figure 2(C)). Moreover, Tau, which is strongly linked to 
neurodegenerative diseases, was upregulated (Table S2, 
1.2-fold higher expression, adj-p = 0.003) in flies overexpress-
ing Bchs panneuronally (Gao et  al., 2018; Goedert 
et  al., 2024).

Genes of which dysregulations were previously associated 
with the combination of unexpanded wings and a dimpled 
thorax, namely TBPH, Gclc, and EndoU, were not differen-
tially expressed in Bchs overexpression flies (Laneve et  al., 
2017; Mercer et  al., 2016; Vanden Broeck et  al., 2013). 
However, Pburs, encoding a subunit of the hormone 

bursicon which is necessary for wing expansion (Dewey 
et  al., 2004; Lahr et  al., 2012; Loveall & Deitcher, 2010; Luo 
et  al., 2005), was significantly upregulated in panneuronal 
Bchs overexpression flies (Table S2, 10-fold higher expres-
sion, adj-p = 0.0008). Taken together, there was a significant 
number of overlapping genes that suffered dysregulation 
after Bchs overexpression in neurons or glial cells. This 
implies an altered molecular mechanism regardless of the 
inquired cell type.

3.3.  Bchs overexpression causes ref(2)P accumulation

The previously shown involvement of WDFY3/Bchs in auto-
phagy directed us to examine the effect of Bchs overexpres-
sion on the autophagic process (Clausen et  al., 2010; 

Figure 1. Developmental de"cits in Bchs overexpression #ies. (A) Glial Bchs overexpression (left, repo > bchs, green, n = 88) prolonged the developmental time 
from egg to eclosion of adult #ies, unlike neuronal overexpression (right, nSyb > bchs, blue, n = 190), in comparison to controls (left: repo-Gal4/+ white, n = 140, 
UAS-bchs/+ gray, n = 153) (right: nSyb-Gal4/+ white, n = 104, UAS-bchs/+ gray, n = 164). Flies of 5 vials were pooled. (B,C) Images of #ies overexpressing Bchs in 
neurons. Bchs overexpression caused wing expansion and dimpled thorax defects (arrow). (D,E) Quanti"cation of wing (D) and thorax (E) defects. Both defects had 
a higher rate in neuronal (n = 391) than in glial Bchs overexpression (n = 72). left: repo-Gal4/+, n = 211; UAS-bchs/+, n = 491. right: nSyb-Gal4/+, n = 434; 
UAS-bchs/+, n = 324.

https://doi.org/10.1080/01677063.2025.2465536
https://doi.org/10.1080/01677063.2025.2465536
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Filimonenko et  al., 2010; Finley et  al., 2003; Napoli et  al., 
2018, 2021; Simonsen et  al., 2004). The autophagy adaptor 
ref(2)P links ubiquitinated proteins to autophagosomes via 
interactions with Atg8a, which is anchored to autophagic 
compartment membranes (Jain et  al., 2015). Aggregates of 
ref(2)P are considered as a marker of misfunctioning protein 
degradation by autophagy or the ubiquitin-proteasome sys-
tem (UPS) (Bartlett et  al., 2011; Nezis et  al., 2008; Pircs 
et  al., 2012). Bchs loss-of-function variants have been 

described to lead to a ref(2)P (human homolog: p62) accu-
mulation and an increase in early autophagic compartments, 
suggesting an impaired autophagic flux (Clausen et  al., 2010; 
Hebbar et  al., 2015; Sim et  al., 2019). To test whether Bchs 
overexpression impairs autophagy, ref(2)P immunostainings 
and an autophagic vesicle pH-reporter were utilized. Our 
data indicate strong accumulation of ref(2)P in the thoracic 
neuromeres of the VNC and milder also in the brain upon 
glial Bchs overexpression in the adult CNS (Figure 3(B)). 

Figure 2. Di$erential gene expression in Bchs overexpression #ies. (A) Expression levels of Bchs transcripts in glial Bchs overexpression #ies (left, green, repo > bchs), 
neuronal Bchs overexpression #ies (right, blue, nSyb > bchs), and controls. white: repo-Gal4/+ or nSyb-Gal4/+, gray: UAS-bchs/+. n = 5. TPM: transcripts per mil-
lion. Horizontal line represents the median. Lower and upper hinges correspond to the 25th and 75th percentiles. Whiskers show maximum and minimum values. 
(B) Venn diagram displaying the number of di$erentially expressed genes in neuronal Bchs overexpression #ies (left, blue) and glial Bchs overexpression #ies (right, 
yellow). (C) Di$erentially expressed genes in glial (left) and neuronal (right) Bchs overexpression #ies that are associated with autophagy (GO:0006914) are dis-
played and plotted against their log2-fold change. (D) GO enrichment analysis. Displayed are the top 10 GO terms enriched in di$erentially expressed genes of 
glial (left) and neuronal (right) Bchs overexpression #ies, respectively. The count speci"es the number of di$erentially expressed genes related to the GO term.
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Consistently, the overall larval CNS showed increased ref(2)
P staining (Figure 3(A)).

In contrast, adult flies overexpressing Bchs panneuronally 
accumulated ref(2)P most prominently in the posterior 
region of the VNC but also with a lower signal intensity in 
the brain (Figure 3(D)). Larvae displayed ref(2)P aggregates 
in a subset of neurons in the VNC (Figure 3(C)), which we 
speculated to be motoneurons due to the location of the 
cells. Driving Bchs overexpression in motoneurons simulta-
neously with a membrane-bound GFP demonstrated that a 
subset of motoneurons did form ref(2)P aggregates in 
response to Bchs overexpression (Figure S5). Importantly, 
overexpression of GFP alone in motoneurons did not pro-
voke accumulation of ref(2)P demonstrating that this is a 
specific effect of Bchs overexpression and not due to general 
toxicity of overexpression models. It was previously shown 
that Bchs overexpression in even-skipped (eve)-positive moto-
neurons aCC and RP2 leads to morphological abnormalities 
and neuronal death (Hebbar et  al., 2015; Lim & Kraut, 2009; 
Sim et  al., 2019). We thus hypothesized that the ref(2)P sig-
nal might localize to eve-positive neurons and conducted a 

double immunostaining of eve and ref(2)P confirming that a 
small subset of eve-positive neurons accumulate ref(2)P 
(Figure S6). However, also eve-negative neurons showed 
ref(2)P expression.

To further confirm the autophagic defect, we applied a 
GFP-mCherry-Atg8a reporter to check the ratio of non-acidic 
to acidic autophagic vesicles in larval brains (Nezis et  al., 
2010). Fusion of an autophagosome with an endosome or 
lysosome results in an acidic autophagic vesicle, termed 
amphisome or autolysosome, respectively. GFP fluorescence 
is quenched in the acidic environment leading to an 
mCherry-only signal that does not colocalize with a GFP 
signal. In larvae overexpressing Bchs in glial cells, a signifi-
cantly increased colocalization of mCherry and GFP signals 
was observed in comparison to the control indicating a shift 
of the ratio towards non-acidic autophagic vesicles (Figure 
4(A,B,C), S7A). Although whole larval CNS were analyzed, 
we speculate that the fluorophore spots detected outside the 
somata mainly drive the enhanced colocalization. Notably, in 
glial Bchs overexpression larvae those spots appeared to be 
mostly positive for both, GFP and mCherry, whereas the 

Figure 3. Bchs overexpression provoked ref(2)P accumulation. (A–D) CNS were stained against HRP (top), a neuronal marker, and ref(2)P (bottom), a component 
of protein aggregates. Arrows indicate ref(2)P signals. (A,B) Glial Bchs overexpression (repo > bchs, right) caused widely spread accumulation of ref(2)P in larval (A) 
and adult (B) CNS compared to controls (UAS-bchs/+, middle and repo-Gal4/+, left). Strong ref(2)P staining was displayed in the thoracic neuromeres of the adult 
VNC. C, D) Neuronal Bchs overexpression (nSyb > bchs, right) caused ref(2)P accumulation in the larval VNC (C) and in the adult CNS in the brain and posterior 
region of the VNC (D). Controls: UAS-bchs/+, middle and nSyb-Gal4/+, left). A, C) Scale bar: 100 µm. B, D) Scale bar: 200 µm.

https://doi.org/10.1080/01677063.2025.2465536
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spots were predominantly solely mCherry-positive in the 
control. Dissimilarly, in animals with panneuronal Bchs over-
expression no significant difference in the acidic environ-
ment of autophagic vesicles was detected (Figure 4(D,E,F), 
S7B), which might be caused by a less pronounced Bchs 
overexpression using the neuronal Gal4-driver than the glial 
driver (Figure 2(A)). Collectively, the ref(2)P accumulation 
and change in autophagic compartment acidity indicates that 
glial Bchs overexpression affects autophagic flux prior to or 
at the step of acidification of autophagic vesicles.

3.2.  Glial Bchs regulates VNC size and glial 
nuclei  number

Performing the immunostainings, we noticed a prominent 
abnormal length of the VNC in glial Bchs overexpression 
animals. Quantification of the VNC size revealed a 

significant increase of the longitudinal VNC length in larvae 
and adult flies overexpressing Bchs in glia (Figure 5(A,B), 
S8). In adults, the length of the abdominal but not thoracic 
neuromeres of the VNC was elongated (Fig S8C). Further, 
during dissection, the VNC of glial Bchs overexpression adult 
flies seemed to be more fragile and to tear apart more easily 
than in controls. However, the tissue fragility was not further 
investigated. In contrast, neuronal Bchs overexpression did 
not alter the VNC length in larvae or adults (Figure 5(A,B)).

We then sought to identify the glial cell type responsible 
for VNC elongation by enforcing Bchs overexpression in 
glial subtypes through specific Gal4 drivers. We found that 
Bchs overexpression in subperineural glial cells (rL82-Gal4) 
was sufficient to increase the larval VNC length, while over-
expression in perineural (c527-Gal4) or wrapping glia 
(nrv2-Gal4) was not (Figure S9). Subperineural glial cells are 
essential for the blood–brain barrier (BBB) and form septate 

Figure 4. Ratio of non-acidic to acidic autophagic vesicles was shifted to non-acidicity through glial Bchs overexpression. (A − F) The GFP-mCherry-Atg8a reporter 
was used to investigate autophagic #ux in larval brains and was expressed in the same cell type as the Bchs overexpression. Autophagic #ux was compared 
between larvae only expressing the Atg8a reporter (top, white, A − C: repo>GFP-mCherry-Atg8a and D − F: nSyb>GFP-mCherry-Atg8a, abbreviated as repo > Atg8a 
in C and nSyb > Atg8a in D) and larvae expressing the Atg8a reporter simultaneously with the Bchs overexpression (A − C: bottom, green, repo > bchs, GFP-mCherry-
Atg8a and D − F: bottom, blue, nSyb > bchs, GFP-mCherry-Atg8a). As negative controls animals were used which carried both UAS-target genes, but not the Gal4 
(C, F: gray, UAS-GFP-mCherry-Atg8a/+; UAS-bchs/+, abbreviated as UAS-control, Figure S6). (A,D) GFP (left) and mCherry (middle) signals were imaged and 
deconvoluted. Right: GFP and mCherry images merged. Scale bar: 100 µm. Box indicates the region of the insets shown in (B) and (E). (B, E) Scale bar: 20 µm. (C, 
F) Quanti"cation of colocalization of GFP and mCherry signals using Pearson’s coe!cient. Statistical comparisons were performed using Mann-Whitney Rank Sum 
tests. (C) n ≥ 9. (F) n ≥ 16. Data are shown as mean ± SEM.

https://doi.org/10.1080/01677063.2025.2465536
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junctions (Baumgartner et  al., 1996; Stork et  al., 2008). 
These data demonstrate that glial Bchs plays a role in regu-
lating the CNS morphology.

Elongation of the VNC may be caused by an increased 
number of glial cells. Therefore, we quantified the number 
of glial nuclei in the larval CNS using an anti-repo antibody, 
which is a panglial cell marker (Xiong et  al., 1994). Panglial 
Bchs overexpression significantly increased the number of 
repo+ nuclei in the total CNS but not their density (Figure 
5(C), S8D). Considering repo+ nuclei in the VNC and the 
brain lobes, separately, revealed a gain of nuclei in both 
regions (Figure S8D). We additionally observed an increased 
number of glial nuclei in the peripheral nervous system 
(Figure S10). In conclusion, Bchs overexpression can act on 
glial nuclei number inside and outside the CNS.

Since the VNC is involved in Drosophila locomotion 
behavior (Berni et  al., 2012; Gowda et  al., 2021; Pulver 
et  al., 2015), the abnormal VNC morphology in glial Bchs 
overexpression animals and the ref(2)P accumulation in the 

VNC observed in both overexpression conditions, prompted 
us to test larval crawling. Both panglial and panneuronal 
Bchs overexpression decreased larval crawling velocities indi-
cating a locomotion deficit (Figure 5(D)). Importantly, larval 
length was not altered by glial or neuronal Bchs overexpres-
sion implying that crawling velocity was not diminished due 
to reduced animal size (data not shown). Overexpressing 
Bchs only in the subset of motoneurons (ok6-Gal4) was suf-
ficient to slow larval movement (Figure S5C). Notable, phe-
notypical abnormalities in the peripheral nervous system, 
which were not investigated in the present study, could also 
be the underlying cause of the crawling deficit. This is sup-
ported by previous studies reporting that neuronal Bchs 
overexpression disturbs the morphology of larval motoneu-
rons and the structure of neuromuscular junctions (Kraut 
et  al., 2001; Lim & Kraut, 2009). To conclude, glial Bchs 
overexpression increased VNC length and glial nuclei num-
ber. Additionally, both, glial and neuronal Bchs overexpres-
sion led to a locomotion deficit.

Figure 5. VNC length was elongated by glial Bchs overexpression. (A) Quanti"cation of larval VNC length normalized to the larval length. Increased VNC length 
was observed in glial Bchs overexpression (left, green, repo > bchs) larvae but not neuronal overexpression (right, blue, nSyb > bchs). n = 5. (B) Quanti"cation of 
adult VNC length normalized to the #y length. Overexpression of Bchs in glial cells (left, green, n ≥ 15), but not in neurons (right, blue, n ≥ 6), elongated the VNC 
length. (C) Glial nuclei in the larval CNS were counted by staining against repo. Glial Bchs overexpression raised the glial nuclei number. n = 5. (D) Overexpression 
of Bchs in glial cells (left, green) or neurons (right, blue) reduced the crawled distance in a given time. n > 29. (A–D) Controls: UAS-bchs/+ (gray) and repo-Gal4/+ 
or nSyb-Gal4/+ (white), respectively. Mann-Whitney Rank Sum tests were performed for statistical comparison of adult VNC length/#y lengthUAS-bchs/+ vs repo>bchs (B) 
and crawlingrepo-Gal4/+ vs repo>bchs (D). All other comparisons were done with Student’s t-tests. Data are shown as mean ± SEM.

https://doi.org/10.1080/01677063.2025.2465536
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4.  Discussion

Neuronal Bchs overexpression was previously demonstrated 
to impact synaptic morphology, eye morphology, and larval 
CNS size (Khodosh et  al., 2006; Kraut et  al., 2001; 
Kriston-Vizi et  al., 2011; Lim & Kraut, 2009; Simonsen 
et  al., 2007). Here, we further characterized the phenotypic 
outcomes of Bchs overexpression. Ubiquitous Bchs overex-
pression was lethal (Figure S1), suggesting that Bchs expres-
sion levels are highly relevant also in non-neural tissues. We 
then overexpressed Bchs in different cell types of the ner-
vous system to understand how dysregulation in different 
cells impacts neural function. The present study indicates 
that besides neuronal also glial Bchs overexpression can be 
detrimental.

4.1.  Neuronal Bchs overexpression impairs wing and 
thorax development

We detected a prolonged developmental time for flies over-
expressing Bchs in glial cells, but not for panneuronal over-
expression, indicating a role of glial Bchs for developmental 
processes (Figure 1(A)). On the other side, neuronal Bchs 
overexpression caused higher rates of wing and thorax 
defects (Figure 1(D,E)). Driving Bchs overexpression only in 
CCAP neurons was sufficient to cause these morphological 
phenotypes, implicating that CCAP neurons are involved in 
the pathomechanism which provokes wing and thorax 
abnormalities (Figure S3). However, we cannot exclude the 
additional involvement of other neurons in the observed 
phenotype. CCAP neurons are well known to have a major 
role in postecdysis development (Luan et  al., 2006; Park 
et  al., 2003). Suppressing their activity disrupts tonic 
abdominal contractions and air swallowing, a motor pro-
gram necessary to pump hemolymph into wings to unfold 
them (Peabody et  al., 2009). Further, CCAP neurons secrete 
the hormone bursicon, required for wing expansion and 
tanning, into the hemolymph (Dewey et  al., 2004; Loveall & 
Deitcher, 2010; Luo et  al., 2005). Interestingly, similar wing 
and thorax abnormalities were noticed upon misexpression 
of TBPH or knockdown of Gclc in CCAP neurons (Mercer 
et  al., 2016; Vanden Broeck et  al., 2013). The human ortho-
log of TBPH is TDP-43, an RNA-binding protein associated 
with amyotrophic lateral sclerosis and frontotemporal 
dementia (Arai et  al., 2006; Kabashi et  al., 2008; Neumann 
et  al., 2006). Knockdown or overexpression of TBPH 
reduced the number of CCAP neurons in the late pupal 
and young adult phase (Vanden Broeck et  al., 2013). 
Rescuing the CCAP neuron number through overexpression 
of the apoptosis inhibitor p35 also rescued the wing and 
thorax defects. Similarly, a premature degeneration of CCAP 
neurons was hypothesized to induce the wing and thorax 
defects in flies depleted of Gclc, which is involved in gluta-
thione synthesis (Mercer et  al., 2016). Therefore, we suspect 
that also Bchs overexpression might have contributed to a 
degeneration of CCAP neurons. Importantly, WDFY3 is 
involved in the removal of mutant TDP-43 (Han et  al., 
2015), suggesting that Bchs overexpression might lead to a 
misregulation of TBPH in CCAP neurons which induces 

the wings misfolding and thorax malformations. In our 
transcriptomic analyses, we did not identify TBPH or Gclc 
to be differentially expressed in flies overexpressing Bchs in 
neurons. However, protein levels do not necessarily cor-
relate with mRNA levels. Hence, Bchs overexpression could 
affect the translation of TBPH and Gclc mRNA or provoke 
other post-transcriptional effects on TBPH and Gclc, e.g. 
impacting their degradation. Moreover, performing RNAseq 
from whole heads might not detect genes which are only 
differentially expressed in a small subset of cells. On the 
other side, Pburs, a subunit of the hormone bursicon was 
upregulated (Table S2) (Luo et  al., 2005). Null mutants of 
Pburs were similarly described to have a wing expansion 
deficit (Lahr et  al., 2012). The observed weak penetrance of 
the wing and thorax abnormalities in glial Bchs overexpres-
sion flies may indicate that in a small number of flies glial 
Bchs overexpression provoked a misfunctioning of CCAP 
neurons (Figure 1(D,E)). Similarly, the weak penetrance of 
abnormalities in motoneuronal Bchs overexpression could 
be explained by its expression in CCAP motoneurons but 
not in CCAP interneurons (Figure S3). To sum up, while 
glial Bchs overexpression affects developmental time, neuro-
nal Bchs overexpression impacts wing and thorax 
development.

4.2.  Bchs overexpression impairs autophagic "ux

Bchs is an adaptor between ref(2)P and the autophagosomal 
membrane, therefore, a gain of Bchs could be assumed to 
increase autophagic flux (Clausen et  al., 2010; Filimonenko 
et al., 2010; Sim et al., 2019; Simonsen et al., 2004). However, 
our data showing ref(2)P aggregation and a shifted ratio 
towards non-acidic autophagic vesicles when Bchs was over-
expressed in glia suggest that the overexpression disrupts the 
autophagy pathway (Figures 3,4). Nevertheless, we cannot 
rule out that the formation of non-acidic autophagic vesicles 
was increased but the downstream autophagy pathway was 
limited by the fusion step, leading to an excessive build-up 
of non-acidic vesicles. Further, we cannot conclude on the 
nature of the accumulated cargo. For neuronal Bchs overex-
pression, the enriched GO terms related to mitochondria 
could imply that the degradation of those organelles was 
impaired, which would be in accordance with previous stud-
ies demonstrating that WDFY3 haploinsufficiency in mice 
impairs mitophagy (Napoli et  al., 2018, 2021). However, this 
remains purely speculative and needs further investigation in 
future studies.

Additionally, neuronal and glial Bchs overexpression 
decreased mRNA levels of the autophagy-associated genes 
Iml1 and Rab32 (lightoid) (Table S1,2), further supporting a 
perturbed autophagic flux (Wang et  al., 2012; Wu & Tu, 
2011). Interestingly, rab32, encoding a small GTPase, was 
previously proposed as a potential interaction partner of 
Bchs because a rab32 mutation (ltd-1) enhanced the abnor-
mal eye morphology induced by Bchs overexpression using 
GMR-Gal4 (Simonsen et  al., 2007). The downregulation of 
rab32 in glial and neuronal Bchs overexpression flies further 
implies that Bchs levels influence rab32 transcription. Iml1, 
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encodes a protein that is involved in the negative regulation 
of the activity of mTORC1 (mechanistic target of rapamycin 
complex 1), an inhibitor of autophagy (Wei et  al., 2014). 
Noteworthy, levels of mTor, encoding the major component 
of mTORC1, are similarly decreased in neuronal Bchs over-
expression flies, as well as several other modulators of 
mTORC1 signaling (Nprl1, Nprl3, AMPKα, Nup44A, Rheb, 
RagA-B, PRAS40) (Table S2). Thus, while Lu et  al. suggested 
that mTORC1 inhibition increases expression of Bchs (Lu 
et  al., 2021), future studies should explore the effect of dys-
regulated Bchs levels on mTORC1 activity.

In both, larval and adult CNS, glial Bchs overexpression 
compared to neuronal Bchs overexpression resulted in a 
ref(2)P aggregation pattern that was more widely spread in 
the CNS (Figure 3). Noteworthy, fly heads of glial Bchs over-
expression animals displayed a higher increase of the 
mRNA-fold change of Bchs than heads of neuronal Bchs 
overexpression flies (Figure 2(A)). Therefore, a stronger 
overexpression in the glial compared to the neuronal condi-
tion could contribute to the more prominent autophagic 
defect in glial Bchs overexpression flies. However, from ref(2)
P accumulation it is not possible to conclude on the impact 
on neuronal function. Yet, recent research has shown that 
glial autophagy impacts neuronal health, for example., in 
neurodegenerative diseases like Parkinson’s disease and 
Alzheimer’s disease (Bankston et  al., 2019; Cho et  al., 2014; 
Choi et  al., 2020; Damulewicz et  al., 2022; Kreher et  al., 
2021; Tu et  al., 2021; Szabó et  al., 2023). In conclusion, our 
data indicate that overexpression of Bchs can negatively 
impact autophagic flux.

4.3.  Glial Bchs a#ects VNC morphology

In our study, only glial, but not neuronal, Bchs overexpres-
sion caused an elongated VNC (Figure 5). The elongation of 
the adult VNC might be an artefact caused by an abnormal 
tissue integrity like the observed fragility of the VNC in glial 
Bchs overexpression flies, which could lead to stretching of 
the VNC during dissection or mounting. Kadir et  al. men-
tioned similar observations of atypical fragile and malformed 
brains of Drosophila pharates ubiquitously expressing mutant 
human WDFY3 (Kadir et  al., 2016). Although, the expres-
sion of mutant WDFY3 is scarcely comparable to our Bchs 
overexpression condition, it indicates that WDFY3/Bchs can 
affect the texture of CNS tissue. Nevertheless, an increase in 
cell number or cell size could also contribute to the VNC 
expansion. Importantly, glial Bchs overexpression resulted in 
a gain of glial nuclei number (Figure 5, S8D). This gain 
could have been caused by increased proliferation of 
Drosophila neural stem cells (neuroblasts), intermediate pro-
genitor cells or glial cells. It is well known that glial cells can 
regulate neuroblast proliferation (Kanai et  al., 2018; Yang 
et  al., 2021; Nguyen & Cheng, 2022). For example, the 
expression of Scarface, a nutritionally sensitive gene, in sub-
perineural glia modulates not only perineural glia prolifera-
tion but also neuroblast proliferation (Contreras et  al., 2021). 
However, reduced glial cell death could also have provoked 
a cell number increase. Furthermore, the glial subtype in 

which Bchs overexpression was sufficient to promote an 
elongated larval VNC, the subperineural glia, undergo 
nuclear divisions without a subsequent cytokinesis to turn 
into multinucleated cells, hereafter referred to as endomitosis 
(Unhavaithaya & Orr-Weaver, 2012; Orr-Weaver, 2015). 
Typically, only subperineural glia in brain lobes are multinu-
cleated. However, it was demonstrated that endomitosis in 
subperineural glia of the VNC can be induced by reduced 
Notch signaling (Von Stetina et  al., 2018). Therefore, 
enhanced endomitosis of glia represents another possible 
mechanism for generating a gain in glial nuclei number. 
Further studies are needed, to determine whether the 
increased nuclei number is caused by alteration of prolifera-
tion, cell death or endomitosis. In addition, it would be 
interesting to design future experiments to test to which 
extent the glial nuclei number is impaired in adult flies, 
given the fact that in humans we observe an attenuation of 
the head circumference alteration with increasing age (Le 
Duc et  al., 2019).

Several genes have been previously associated with elon-
gated VNC as seen in glial Bchs overexpression larvae 
(Figure 5(A)), for example, glial overexpression of the genes 
mmp2 or kuz, encoding metalloproteases (Kato et  al., 2011; 
Pandey et  al., 2011; Meyer et  al., 2014; Losada-Perez et  al., 
2016; Skeath et  al., 2017; Dai et  al., 2018; Luong et  al., 2018; 
Winkler et  al., 2021). Both proteases likely regulate BBB 
integrity (Kanda et al., 2019; Petri et al., 2019). Subperineural 
glia form an essential part of the BBB by producing septate 
junctions. Additionally, in our transcriptomic analyses we 
found a dysregulation of genes associated with septate junc-
tions (Tsf2, kune, cold, gli, hoka, udt, Table S1) in flies over-
expressing Bchs in glial cells (Schulte et  al., 2003; Nelson 
et  al., 2010; Tiklová et  al., 2010; Hijazi et  al., 2011; Kanda 
et  al., 2019; Izumi et  al., 2021). This suggests that glial Bchs 
overexpression impairs proper septate junction formation 
and BBB integrity, which could contribute to the increased 
VNC length.

Our data suggest that both, neuronal and glial Bchs 
upregulation contribute to neural defects. The overexpres-
sion approach employed in this study did not include a tem-
poral control of the upregulation of Bchs. Hence, observed 
phenotypic impairments could have been provoked during 
any prior developmental stage. Future investigations could 
utilize Gal80 fly strains for conditional Bchs overexpression 
to investigate more immediate effects of the overexpression 
on neural function (Mcguire et  al., 2003). Further studies 
should address whether WDFY3 upregulation is similarly 
disadvantageous in other model organisms and human indi-
viduals. Moreover, glial dysregulation of WDFY3/Bchs should 
gain more attention when investigating WDFY3-associated 
pathologies.
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