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Abstract

Epilepsy affects millions of individuals worldwide and many cases are pharmacoresistant.
Duplication 15q syndrome (Dupl5q) is a genetic disorder caused by duplications of the 15q11.2-
g13.1 region. Phenotypes include in a high rate of pharmacoresistant epilepsy. We developed a
Dup15q model in Drosophila melanogaster that recapitulates seizures in Dup15q by over-
expressing fly Dube3a or human UBE3A in glial cells, but not neurons, implicating glia in the
Dup15q epilepsy phenotype. We compared Dube3a overexpression in glia (repo>Dube3a) versus
neurons (elav>Dube3a) using transcriptomics and proteomics of whole fly head extracts. We
identified 851 transcripts differentially regulated in repo>Dube3a, including an upregulation
glutathione S-transferase (GST) genes that occurred cell autonomously within glial cells. We
reliably measured approximately 2,500 proteins by proteomics, most of which were also
quantified at the transcript level. Combined transcriptomic and proteomic analysis revealed an
enrichment of 21 synaptic transmission genes downregulated at the transcript and protein in
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repo>Dube3a indicating synaptic proteins change in a cell non-autonomous manner in
repo>Dube3a flies. We identified 6 additional glia originating bang-sensitive seizure lines and
found upregulation of GSTs in 4 out of these 6 lines. These data suggest GST upregulation is
common among gliopathic seizures and may ultimately provide insight for treating epilepsy.
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Introduction

Epilepsy affects approximately 1% of humans worldwide in their lifetime (1). Despite
advances in epilepsy treatment, uncontrolled epilepsy remains common and approximately
30-50% of people with epilepsy ultimately develop treatment resistant seizures (2—4).
Investigating the mechanism by which treatment resistant seizures occur, and identifying
molecular commonalities among different genetic causes of seizures, can help fill the gap in
our knowledge about why epilepsy is refractory to many current treatments.

One genetic disorder with a high rate of treatment resistant epilepsy that may serve as an
entry point into investigating treatment resistant seizures is Duplication 15q syndrome, or
Dup15q (5). Dup15q results from maternally derived duplications of chromosome 15q11.2-
g13.1 and individuals with Dup15q harbor 1 to 6 extra copies of this region. A retrospective
survey on seizure in Dup15q indicated that seizure severity was positively correlated with
15911.2-q13.1 copy number as 25% of interstitial duplications (1 extra copy), 64% of
isodicentric duplications (2 extra copies), and 100% of complex duplications (up to 6 extra
copies) presented with seizures. As low as 25% of individuals with isodicentric Dup15q had
a >90% reduction in seizures after the first medication, and seizures were refractory in
roughly 75% of epileptic individuals (6).

The majority of Dup15q research has focused on neuronal overexpression of the E3
ubiquitin ligase UBES3A. Due to the complex imprinted regulation in neurons at the 15g11.2-
q13.1 locus, UBE3A is only expressed from the maternal allele in mature mammalian
neurons (7). Dup15q characteristics other than seizures have been successfully recapitulated
in mouse models, such as social abnormalities and behavioral inflexibility (8), social
interaction deficits (9), and seizure-induced decreased sociability (10). However, modeling
seizure susceptibility itself has been difficult to do in rodent models. A recent mouse model
restricting Ube3a overexpression to excitatory neurons caused slightly reduced threshold to
pharmacologically induced seizures, yet spontaneous seizure behavior was not described
(12).

To develop a seizure model of Dup15q, we turned to Drosophila melanogaster and the
powerful GAL4/UAS system (12,13). This new Dup15q model in flies recapitulates the
seizure phenotype when Dube3a (the fly UBE3A homolog) or human UBE3A is
overexpressed in glial cells (repo>Dube3a), not neurons (elav>Dube3a), implicating glia in
the etiology of Dupl15q seizures (14). Glial cells biallelically express Ube3ain mice (15—
18), and GFAP positive astrocytes in the human brain similarly express UBE3A (19). Based
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on these observations, we propose that Dup15q individuals have elevated levels of UBE3A
in glia and neurons. The contribution of glial cells, particularly astrocytes, to epilepsy is
becoming more apparent (20), and increased UBE3A levels in human glia may cause the
underlying molecular deficits that lead to seizures in Dup15q.

Previously, we identified reduced levels of the Na*/K* exchanger ATPa. in our glial Dube3a
overexpression seizure model that appeared to drive a large portion, but not all, of the
seizure phenotype (14). As such, further characterization of repo>Dube3a seizure sensitive
flies was needed. In this study we employed whole transcriptome analysis through RNA-
sequencing and whole proteome analysis through liquid chromatography coupled to high-
resolution mass spectrometry of whole fly head extracts in order to identify the underlying
changes in glial or neuronal Dube3a overexpression. By combining both transcript and
protein profiling, we were able to identify genes that were altered at either the transcript
level, the protein level, or both the transcript and protein level based on Dube3a cell-type
specific overexpression.

Flies were reared on standard corn meal media (Bloomington Stock Center) and maintained
on a 12-hour light/dark cycle at 2°C. repo-GAL4 was obtained from the Bloomington
Drosophila Stock Center (BDSC # 7415, RRID:BDSC_7415), elav-GAL4 was provided by
Dr. Hugo Bellen (Baylor College of Medicine), and wvas-Dube3awas described previously
(21). The GSTD1-LacZreporter line was provided by Mel Feany and Dirk Bohmann and
has been described previously (22). See Supplemental Table 1 for a complete list of stocks.

RNA sequencing

RNA was isolated from control (vas-Dube3a alone), glial Dube3a overexpression
(repo>Dube3a), or neuronal overexpression of Dube3a (elav>Dube3a) flies by removing 15—
25 fly heads per genotype and homogenizing in TRI Reagent (Applied Biosystems). Total
RNA was extracted with Directzol RNA MiniPrep Plus (Zymo Research Corp) according to
the manufacturer’s instructions which included a DNAse treatment step. Purity and
concentration was verified using NanoDrop spectrophotometer (ThermoFisher Scientific),
and integrity was confirmed using a Bioanalyzer (Agilent). Each genotype was run in
triplicate. RNAseq was performed by PGM sequencing at the UTHSC Molecular Resource
Center (MRC). Each RNA sample was converted to ion torrent sequencing libraries and run
on 318v2 chips using an lon Torrent Proton sequencer. All groups and replicates were run
simultaneously to eliminate chip-to-chip variability.

RNAseq analysis

At least 35M unmapped reads we available per replicate sample for three groups and three
replicates (1) vas-Dube3a, (2) repo>Dube3a, (3) elav>Dube3a. RNAseq alignments and
analysis was performed using a local Slipstream appliance running a GALAXY installation.
All FASTQ files were gathered from the sequencer. Quality assurance was performed using
FASTQC. All reads were trimmed to remove any nucleotide that fails a phred score < Q20.

Neurobiol Dis. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hope et al.

Page 4

The trimmed FASTQ files were aligned to the reference library using RNA STAR. Once
aligned, the SAM files were collected and mined for read count information of each gene
present in the reference file. Read counts were normalized using Transcripts per Million
(TPM) method across the entire experiment. The resulting data was analyzed with DeSeqz2.
All genes that failed to yield at least a 1.5 fold change and a p-value greater than 0.05 were
removed. Benjamini and Hochberg false discovery rate was performed on the trimmed gene
list. All genes that failed to yield a false discovery rate < 0.05 were removed. The final
significant differential gene list were loaded into R for visualization.

Quantitative proteomics

Protein was extracted from fly heads by homogenizing 30-40 fly heads of each genotype in
RIPA buffer plus complete Protease Inhibitor Cocktail (Roche). Lysates were de-salted and
immobilized using a Filter Aided Sample Preparation (FASP) column followed by trypsin
digestion and Tandem Mass Tag (TMT) labeling as described elsewhere (23). All groups
were labeled at once to avoid variance in labeling reactions. The labeled digested peptides
were then were analyzed by LC-MS/MS using an EASY-nLC 1000 UPLC system (Thermo
Fisher Scientific San Jose, CA) with a 50 cm EASY-Spray Column coupled to an Orbitrap
Fusion Lumos (Thermo Fisher Scientific, San Jose, CA) mass spectrometer. Separations
were carried out using a 210 min gradient at a flow rate of 300 nL/min.

Post-acquisition analysis of raw MS data was performed with mass informatics platform
Proteome Discoverer 2.0 and searched with the SEQUEST HT search engine. Precursor
mass tolerance was set to 10 ppm. Fragment ion tolerance was 0.02 Da when using the
Orbitrap analyzer and 0.6 Da when using the ion trap analyzer. Carbamidomethylation on
cysteine (+57.021 Da) and TMT®6 tags on N termini as well as lysine (+229.163 Da) were set
as static modifications. Dynamic modifications included oxidation on methionine (+15.995
Da). Data were searched against a UniProt Drosophila melanogaster database. Peptide
identification data was used for identification and quantification of corresponding parent
proteins; Peptide abundance was calculated using signal to noise (S/N) values from
corrected reporter ion abundances based on the manufacturer’s data sheets. S/N values
where then log transformed and roll up at the protein level by summing the values for all the
peptides to represent protein abundance. An ANOVA test was then performed to determine
statistically relevant differences. For statistical validation of results, the FDR (False
Discovery Rate) was determined and differences were considered statistically significant if
FDR < 0.05.

Combined RNAseq and Proteomic Analysis

RNAseq and proteomics data were combined into a single analysis by selecting proteins that
were significantly differentially expressed that were also detected at the transcript level.
Protein abundance ratios were used to calculate the protein Log, fold change and FPKM
were used to calculate transcript Log, fold change.

Quantitative western blot analysis

Protein was extracted from 30-40 fly heads by homogenization in RIPA buffer plus
Complete Protease Inhibitor Cocktail (Roche). Samples were spun at 10,000 x g to remove
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exoskeleton. 20 pg of protein was loaded into 1.5 mm NuPAGE Bis-Tris 4-12% gels
(Invitrogen) and subsequently transferred to PVDF membranes (Millipore). Membranes
were blocked with Odyssey Blocking Buffer (Li-Cor cat # 927-50000). The following
primary antibodies were diluted in Odyssey Blocking Buffer with 0.2% tween-20: a-
GAPDH (1:5000, Abcam ab157156), a-futsch (1:100, DSHB, 22C10, RRID:AB_528403),
a-synapsin (1:100, DSHB, 3C11, RRID:AB_2313867), a-Sap47 (1:100, DSHB, nc46,
RRID:AB_2617213), a-Syxla (1:100, DSHB, 8C3, RRID:AB_528484), and a.-Nwk
(1:1000, gift from J. Troy Littleton (Picowar Institute at MIT)). The following infrared
secondary antibodies were diluted at 1:15,000 in Odyssey Blocking Buffer with 0.2%
tween-20 and 0.01% SDS: a-goat (Licor Cat# 925-68074, RRID:AB_2650427), a-mouse
(Licor Cat# 926-32212, RRID:AB_621847), and a-rabbit (Licor Cat# 925-32211,
RRID:AB_2651127). Blots were imaged using an Odyssey Infrared Imaging System (Licor)
and analyzed using Image Studio Lite (Licor) normalizing experimental bands to GAPDH as
the loading control for calculating normalized adjusted relative signal intensities. All
samples were run > 3 times to perform statistical analysis, and differences were considered
statistically significant if p < 0.05.

Seizure Susceptibility Assays

Seizure assays were performed as previously described (14). Briefly, flies were collected on
the day of eclosure under CO, anesthesia and aged 3-5 days. On the day of testing flies
were gently transferred by mouth pipette to empty vials. Flies were subjected to mechanical
stress (“bang”) by vortexing for 10 s on a standard laboratory vortexer (LabNet) at full
speed. Recovery time was recorded for each fly as measured by time until the fly righted
itself and was able to walk or groom and no longer displayed paralysis or uncontrolled
muscle movements. To detect seizure sensitive flies, all experimental groups were compared
to the control repo>36303-emptyvector-RNAI by one-way ANOVA followed by Dunnett’s
multiple comparison test. Groups were considered statistically significant if p < 0.05.

Microarray analysis

Total RNA was isolated from control (repo>36303-emptyvector-RNAI) and gliopathic
seizure lines by removing 15-25 fly heads per genotype and homogenizing in TRI Reagent
(Applied Biosystems) and followed by RNA purification with Directzol RNA MiniPrep Plus
(Zymo Research Corp) according to the manufacturer’s instructions. Purity and
concentration was verified using NanoDrop spectrophotometer (ThermoFisher Scientific)
and Qubit (ThermoFisher Scientific). RNA integrity was measured using a Bioanalyzer
(Agilent). mRNA from the gliopathic seizure flies was pooled into a single group by adding
equal amounts of mRNA from each sample. Samples were run on a GeneChip Drosophila
Gene 1.0 ST Array (ThermoFisher Scientific, #902155).

Comma-separated value (CSV) files were retrieved from UTHSC Molecular Resource
Center after normalization performed by Affymetrix Expression Console. Quality assurance
was checked against reference probes to ensure quality of data. Gene names, accession
numbers, and expression were mined from each text file for each sample. All non-annotated
information was removed from the file leaving only annotated gene expression. A Welsh #
test was run for pairwise interactions in order to obtain p-values for significance. Only genes
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with a p-value < 0.05 were considered significant. The mean, variance, standard deviation,
and fold change were calculated for each pairwise comparison. Benjamini Hochberg false
discovery rate method was applied in order to obtain the adjusted p-value for each gene.
Only genes with an adjusted p-value < 0.05 were considered significant.

Quantitative real-time polymerase chain reaction (QRT-PCR)

mRNA was converted to cDNA using a Transcriptor First Strand cDNA Synthesis Kit
(Roche, 04379012001) according to the manufacturer’s instructions. Briefly, 500 ng of total
MRNA was used per genotype with random hexamer primers for cDNA synthesis. Probes
were selected and primers were designed using the Universal Probe Library Assay Design
Center software (Roche). For a complete list of probes and primers see Supplemental Table
2. All assays were performed in triplicate for each cDNA sample. Cycling conditions of the
Roche LC480 were: 95°C for 5 m followed by 40 cycles of 95°C for 10 s, 60°C for 30 s, and
72°C for 10 s during which fluorescence was measured. Crossing point (Cp) values were
calculated for each sample using the absolute quantification algorithm (Roche), and average
Cp values for three technical replicates were calculated. The average Cp values were
normalized to TATA-binding protein (thp). Log, fold change was calculated by first finding
the ACp for each sample, comparing experimental groups to the control group to calculate
AACp, calculating fold change with the equation Fc = (2)"22CP, and finally making the Log;
transformation.

Immunohistochemistry and image acquisition

Immunohistochemistry was performed as described previously (14). Briefly, flies were
anesthetized with CO, and brains were dissected in phosphate buffered saline (PBS) and
fixed with 4% formaldehyde for 1 hour. Brains were blocked and permeabilized with 5%
bovine serum albumin and 0.1% Triton X-100. Primary antibodies used were rabbit a-pGal
(1:100, Thermofisher Scientific 14-6773-81, RRID:AB_468331) and mouse a-repo (1:100,
DSHB 8D12, RRID_AB:528448), incubated overnight at 4°C in the same blocking solution.
Secondary antibodies used were donkey a-rabbit 594 (1:500, Thermofisher Scientific
A21207, RRID:AB_141637) and goat a-mouse 488 (1:500, Thermofisher Scientific
A11029, RRID:AB_2534088) and were incubated for 1 hour at room temperature. Slides
were mounted with Fluoromount-G mounting media (SouthernBiotech, 0100-20) and sealed
with clear nail polish.

Confocal images were acquired using a Zeiss 710 laser scanning confocal microscope
(Zeiss) located in the UTHSC Neuroscience Institute Imaging Core. Images were captured at
1024x1024 resolution with a 63X objective lens at 1 pM Z-section thickness. Detector gain
and offset were optimized for the control group and settings were kept consistent across
treatment groups to allow for comparisons between groups. Images were analyzed using Fiji
(24) by selecting the area of interest and calculating the integrated density using the measure
tool.

Feeding flies picrotoxin (PTX)

A 50 mM stock solution of PTX (Acros Organics) was made in DMSO. Flies were fed 2.5
mM PTX in 5% sucrose (Sigma) with 1% green food color by placing flies in a vial
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containing a Kimwipe saturated with PTX feeding solution. Flies were left to feed for 24
hours, and consumption was confirmed by the presence of green dye in their abdomens.
Control flies were fed DMSO alone.

Data analysis

Results

Data analysis and statistical tests were performed using Prism 6.0 (GraphPad). To determine
differences between multiple samples, one-way ANOVA was used with Tukey’s multiple
comparisons (a was set to 0.05). Heatmaps were generated using R-Studio and figures were
generated in Adobe Illustrator (Adobe).

Transcriptomic profiling reveals an upregulation of glutathione S-transferases in
repo>Dube3a fly heads

We previously demonstrated that repo>Dube3a flies overexpressing Dube3a in all glial cells
display a severe bang-sensitive seizure phenotype, while elav>Dube3a flies expressing
Dube3ain all neurons do not (14). In order to investigate gene expression changes in these
animals at the transcript level we performed RNAseq using RNA extracted from whole fly
heads in control vas-Dube3aalone, glial Dube3a overexpression repo>Dube3a, and neuronal
Dube3a overexpression elav>Dube3a flies. We reliably identified and quantified transcripts
from approximately 11,000 genes across all three groups. We found 851 differentially
expressed genes in repo>Dube3a compared to vas-Dube3a controls and 495 differentially
expressed genes in elav>Dube3a compared to controls (p-adjusted < 0.05). Of these
differentially expressed transcripts, 180 were shared between repo>Dube3a and
elav>Dube3a (Fig. 1A, Supplemental Table 3).

To identify biological enrichments within each portion of the Venn diagram, we utilized the
Database for Annotation, Visualization, and Integrated Discovery (25,26), and plotted
DAVID analysis enrichment groups with an enrichment score (ES) greater than 2 for each
group (Fig. 1B). In the 180 differentially expressed genes shared between repo>Dube3a and
elav>Dube3a, we observed an enrichment in “insect cuticle proteins” (ES = 5.46),
“oxidoreductase” (ES = 2.73), and “neuropeptide” (ES = 2.09), (Fig. 1B). Within the 671
repo>Dube3a specific differentially expressed genes we found the strongest enrichment in
“glutathione S-transferase” (ES = 7.96). For the 315 e/av>Dube3a specific significantly
differentially expressed transcripts we observed an enrichment in “ligand-gated channel
activity” (ES = 2.29) and “positive regulation of NFAT protein import into nucleus” (ES =
2.07) (Fig. 1B, for all enrichment groups see Supplemental Table 3). We plotted the Log,
fold change for GST enrichment observed in repo>Dube3a for repo>Dube3aand
elav>Dube3a compared to controls and observed an upregulation of 13/14 GST genes and a
downregulation of GstE2in repo>Dube3athat remained largely unchanged in elav>Dube3a
(Fig. 1C). We also plotted the Log, fold change for the ligand-gated channel enrichment
from elav>Dube3a for repo>Dube3aand elav>Dube3a compared to controls (Fig. 1D).
These results indicate that overexpression of Dube3ain glial cells has a stronger impact on
the global transcriptome compared to neuronal Dube3a overexpression. Additionally,
overexpression of Dube3ain glia causes both seizures and an upregulation of GST genes.
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Proteomic profiling reveals differential expression of neurotransmitter secretion proteins
in repo>Dube3a fly heads

Next, we investigated global changes at the protein level using quantitative proteomics
through mass spectrometry. We reliably identified and quantified approximately 2,500
proteins across each sample. 364 proteins were differentially expressed (FDR < 0.05) in
repo>Dube3a compared to control vas-Dube3a, and 137 were differentially expressed (FDR
< 0.05) in elav>Dube3a compared to uas-Dube3a flies. Of these differentially expressed
proteins, 85 were shared between repo>Dube3a and elav>Dube3a (Fig. 2A, see
Supplemental Table 4 for proteomics data). The 85 shared differentially expressed proteins
were significantly enriched in three groups with an ES > 2.0; “muscle cell development” (ES
= 4.58), “Sulfation” (ES = 2.55), and “Actin” (ES = 2.72) (Fig. 2B, Supplemental Table 4).
The enrichment of the GO term “muscle cell development” was initially concerning,
suggesting possible contamination in the protein prep. The proteins included in the
enrichment group are futsch, wupa, mf, up, act88f, and prm, all of which were detected in
proteomic analysis of adult Drosophila heads in previous studies (27). Additionally, futschis
found at the neuromuscular junction (NMJ) causing futschto be included in the GO term
“muscle cell development”, however futschis known to be expressed from the neuronal side
at the NMJ and is expressed widely throughout the central nervous system (28), alleviating
any concerns. The 279 repo>Dube3a specific differentially expressed proteins were
significantly enriched in 11 groups with an ES > 2.0, the top two being “neurotransmitter
secretion” (ES = 6.27) and “phototransduction” (ES = 4.45) (Fig. 2B, Supplemental Table
4). Within the 52 elav>Dube3a specific differentially expressed proteins, no enrichment
group was observed with an ES > 2.0, however the top enrichment was “stress response”
(ES = 1.96). Similar to our RNAseq data, these results suggest that overexpression of
Dube3a in glia causes a larger change in the global proteomic landscape of the fly brain
compared to overexpression of Dube3ain neurons. Additionally, we observed an enrichment
in the GO term “neurotransmitter secretion” and “phototransduction” which are
predominantly neuronal processes, suggesting cell non-autonomous effects of glial Dube3a
overexpression in repo>Dube3a flies.

We previously reported downregulation of ATPa upon overexpression of Dube3ain glial
cells (14) and that ATPa. can be ubiquitinated by Dube3a (29). We detected two peptides
that mapped to two different isoforms of ATPa and we observed significantly reduced ATPa
levels in the repo>Dube3a group for both ATPa accession P13607 (p < 0.0005) and for
ATPa accession ELJIR4 (p < 0.01), however we did not observe significant reductions in
either isoform of ATPa in elav>Dube3aflies (Fig. 2C). These results confirm our prior
findings that elevated levels of Dube3a in glial cells results in reduced levels of ATPa
protein (14). Additionally, we checked the levels of other proteins found to be influenced by
Dube3a. Actin, Actin-57B, and apolipophorins were previously reported to be upregulated
following elevated levels of Dube3a protein by our group (29). Here we observed an
upregulation of both Actin and Actin57B in both repo>Dube3aand elav>Dube3a, and
apolipophorins was only upregulated in repo>Dube3a (Fig. 2D), confirming our previous
proteomics results (29). Rpn10 has been reported as a direct Ube3a substrate (30), however
we detected no significant difference in Rpnl0 levels in elav>Dube3a or repo>Dube3a, with
levels slightly, but not significantly, increased in the repo>Dube3a group (Fig. 2D).
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Comparison of the transcriptome and the proteome reveals downregulation of synaptic
transmission proteins in repo>Dube3a fly heads

We compared the proteome and the transcriptome to determine whether expression changes
at the protein level could be explained by changes at the transcript level. We selected all
differentially expressed proteins that were also detected at the transcript level and mapped
the Log, fold change of both the transcript and protein for repo>Dube3a compared to vas-
Dube3a (Fig. 3A, Supplemental Table 5) and for e/av>Dube3a compared to vas-Dube3a
(Fig. 3B, Supplemental Table 6). Quadrants I, I1, I1l, and IV represent genes upregulated at
both the protein and transcript level, genes upregulated at the protein level but
downregulated at the transcript level, genes downregulated at both the protein and transcript
level, and genes downregulated at the protein level but upregulated at the transcript level,
respectively.

Of the 160 proteins upregulated in repo>Dube3a, 130 (81.3%) were also differentially
expressed at the transcript level. In quadrant I, 81 of 130 upregulated proteins (62.3%) were
also upregulated at the transcript level. In quadrant 11, 49 of 130 upregulated proteins
(37.7%) were downregulated at the transcript level. Of the 204 downregulated proteins in
repo>Dube3a, 185 (90.1%) were also differentially expressed at the transcript level. In
quadrant 111, 112 of 185 downregulated proteins (60.5%) were also downregulated at the
transcript. In quadrant 1V, 73 of 185 downregulated proteins (39.5%) were upregulated at the
transcript level (Fig. 3A).

In elav>Dube3a, 67 of the 81 upregulated proteins (82.3%) were differentially expressed at
the transcript level. In quadrant I, 40 of these 67 upregulated proteins (59.7%) were also
upregulated at the transcript level, while in quadrant I, 27 (40.3%) of upregulated proteins
were downregulated at the transcript level. Of the 56 downregulated proteins in
elav>Dube3a, all 56 genes (100%) were also differentially expressed at the transcript level.
Quadrant 111 included 33 of the 56 (58.9%) downregulated proteins that were also
downregulated at the transcript level. Quadrant IV included 23 of 56 (41.1%) downregulated
proteins that were upregulated at the transcript level (Fig. 3B). Combining both
repo>Dube3a and elav>Dube3a datasets for genes in which we detected significant
expression differences at both the transcript and protein level, we observed a concordance of
60.7% for genes changing both transcript and protein levels in the same direction.

In quadrant 111 of repo>Dube3awe observed a significant DAVID enrichment in the GO
term “synaptic transmission” (Enrichment Score = 15.7). This enrichment included 21
genes, and we plotted Log, fold change values for each gene at the protein and transcript
level in both repo>Dube3aand elav>Dube3a (Fig. 3C) all of which are downregulated in
repo>Dube3a but relatively unchanged in elav>Dube3a flies. These data suggest cell non-
autonomous effects of Dube3a overexpression in glia, whereby glial elevation of Dube3a
causes downregulation of neuronal synaptic transmission proteins.

Next, we tried to validate the downregulation of synaptic proteins observed through RNAseq
and proteomics via western blot (Fig. 3D). We observed a significant effect of genotype on
synapsin levels (One-way ANOVA, n = 3, p < 0.005), a vesicle protein that regulates
neurotransmitter release (31), and found that synapsin is downregulated at the protein level
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in repo>Dube3a compared to control uas-Dube3a flies (Tukey’s multiple comparisons; p <
0.005). We found a downregulation of synapsin in elav>Dube3a compared to vas-Dube3a
flies (Tukey’s multiple comparisons; p < 0.01) that was not detected during our proteomic
analysis. In addition to synapsin, we confirmed the downregulation of Sap47, a vesicle
associated protein (32), at the protein level with genotype displaying a significant effect on
Sap47 levels (One-way ANOVA, n = 3, p < 0.005). We observed reduced Sap47 levels in
repo>Dube3a compared to vas-Dube3a flies (Tukey’s multiple comparisons; p < 0.005) and
in elav>Dube3aflies (Tukey’s multiple comparisons; p < 0.005). Although not included in
our analysis comparing the proteome and transcriptome, because fufschwas not detected at
the transcript level, we tested levels of the neuronal microtubule protein futsch and detected
a significant downregulation of futsch protein levels in repo>Dube3a compared to vas-
Dube3a alone (One-way ANOVA, n = 3, p < 0.05, Tukey’s multiple comparisons; p < 0.05).
Syxla mediates vesicle fusion (33), and Syx1la protein expression was also dependent upon
genotype (One-way ANOVA, n = 8, p < 0.05), and levels were significantly reduced only in
repo>Dube3a compared to vas-Dube3a controls (Tukey’s multiple comparisons, n =8, p <
0.05). We also tested levels of Nwk, a protein that regulates synapse morphology and actin
dynamics (34), however there was slightly more variation and no significant differences
were detected between genotypes (One-way ANOVA; p = 0.11). Validating the
downregulation of five synaptic proteins by Western blot supports the results from our
proteomics dataset. These data suggest that synaptic proteins may be downregulated in
repo>Dube3a flies in a cell non-autonomous manner, as we are manipulating Dube3a
expression in glial cells.

Glutathione S-transferase upregulation is common among gliopathic seizure flies

We wanted to know whether any of the molecular changes that occur in our Dup15q fly
model of epilepsy were common to other epilepsies studied in flies and if these “bang
sensitive” genes could cause seizures when manipulated in glial cells. We identified and
selected 54 different UAS lines that covered 34 genes which were associated with the term
“bang sensitive” in FlyBase. We crossed these uas-RNAI or uas-cDNA lines to repo-GAL4
to manipulate gene expression within glial cells. We found lethality in 6 of these lines
(Supplemental Table 7) and identified 6 additional lines that cause a bang sensitive seizure
phenotype when crossed to repo-GAL4 (Fig. 4A, One-Way ANOVA, p < 0.0001; Dunnett’s
multiple comparison test p < 0.05; see Supplemental Table 1 for all lines tested). We called
these flies “gliopathic” seizure flies because they have seizures driven by glial cell
manipulations, most of which were RNAi knockdown of endogenous glial genes. We
collected total head mRNA from 5 of these gliopathic lines along with repo>Dube3a, pooled
them to one group, and performed an MRNA microarray analysis to look for shared
transcriptional changes among all of the lines (repo>COX7A-RNAjwas excluded from the
microarray due to a less severe seizure phenotype, however it was included in subsequent
gRT-PCR analysis). Upon comparing the gliopathic seizure group to a repo>36303-
emptyvector-RNAJ control line, we observed 120 significantly differentially expressed
transcripts (FDR < 0.05, Supplemental Table 8). DAVID analysis of these differentially
expressed genes revealed a significant enrichment in the GO term “Detoxification” (ES =
2.45), comprising the GSTs GSTDZ, GSTD5, and GSTS1. Additionally, we observed an
enrichment in “glutathione S-transferase activity” (ES = 2.31), including the additional gene
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GSTE7 (Supplemental Table 8). Gene expression studies for GS7S51, GSTDZ, GSTE7, and
GSTD5 on each individual line, confirmed an upregulation of these GST transcripts in 5 out
of the 7 gliopathic seizure lines (Fig. 4B). These data indicate that GST upregulation is a
common occurrence in gliopathic seizure and is not a phenomenon specific to our fly model
of Dupl5q epilepsy.

To determine whether the upregulation of GSTs occurred cell autonomously within glia or
non-autonomously within another cell type in the brain, such as neurons, we used a
previously published GSTD1-LacZ reporter line (22). In control repo-GAL4;, GSTDI-LacZ
flies staining for a-BGal was relatively diffuse (Fig. 4C, top row). However, in
repo>Dube3a;GSTDI-LacZ seizure flies we observed a marked increase in a-pGal
immunoreactivity which colocalized strongly with the glial-specific transcription factor repo
(Fig. 4C, bottom row). We quantified LacZ fluorescence in the area surrounding Repo* glial
cell nuclei in control (1518.00 + 563.36 A.U., mean + SD, N = 10 cells) and Dube3a
overexpression brains (4514.73 £ 2270.3 A.U., N = 10 cells), and identified a statistically
significant increase in GSTD1-LacZ signal in repo>Dube3a;GSTDI-LacZ flies (2-tailed #
test, p < 0.01). Finally, we asked whether inducing seizure-like activity alone through
pharmacological means would similarly result in GST upregulation. We fed GSTDI-LacZ
flies 2.5 mM picrotoxin (PTX) or DMSO (control) overnight to induce seizure-like behavior,
and upregulation of GSTD1-LacZdid not occur in PTX fed flies (Supplemental Figure 1).
Taken together, these data suggest that GST upregulation is common among gliopathic
seizure flies and occurs cell autonomously within glial cells.

Discussion

In this study we show that glial Dube3a overexpression causes downregulation of synaptic
transmission genes at the transcript and protein levels. We also demonstrate a cell
autonomous upregulation of GSTs that was shared among multiple gliopathic seizure lines
that we identified. In contrast, Dube3a overexpression in neurons resulted in fewer overall
changes in the transcriptome and proteome, and fewer biologically relevant enrichment
groups compared to Dube3a overexpression in glia. This study demonstrates the utility of
Drosophila for identifying global changes in the transcriptome and proteome depending on
the cell type overexpressing Dube3a (glia or neurons). We went on to show shared molecular
changes across multiple genes causing gliopathic seizure.

Our proteomic experiments identified a sizeable portion of the Drosophila head proteome.
While not exhaustive, we reliably measured peptides corresponding to 2,503 proteins.
Recent efforts to completely identify the Drosophila head proteome revealed peptides
corresponding to 4,559 proteins (27). Despite the lower coverage, we observed synaptic
transmission protein downregulation in repo>Dube3a flies which we confirmed via western
blot. Importantly, these experiments were not designed to detect direct ubiquitin ligase
substrates of Dube3a, only the consequences of Dube3a overexpression in different cell
types. As such, the changes observed at the protein level could be secondary, tertiary, or even
quaternary effects due to Dube3a overexpression. We observed an enrichment of
downregulated proteins in the gene ontology term “synaptic transmission” in repo>Dube3a
flies, suggesting cell non-autonomous effects of Dube3a overexpression in glia. Some of
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these genes are expressed in glia and contribute to the synaptic transmission process, such as
glutamine synthetase 2 (Gs2) which converts glutamate to glutamine (35). However, genes
including futsch (28), synapsin (36), Sap47(32,37), bruchpilot (38), and nervous wreck (34)
are predominantly expressed in neurons. Therefore, our results show that repo>Dube3a has a
cell non-autonomous effect on gene expression in neurons.

Human orthologs of some of the synaptic transmission proteins downregulated in
repo>Dube3a flies are associated with human epilepsy. Nonsense variants in Synapsin 1, the
human ortholog of Drosophila synapsin, were identified in two separate families segregating
epilepsy and in an ASD/epilepsy cohort (39,40). Drosophila SyxZais orthologous to human
STX1B, and mutations in STX1B are associated with febrile seizures and epilepsy (41). The
data from our fly model suggests these proteins may be implicated in Dup15q epilepsy, and
alterations in these synaptic proteins in the Dup15q brain remain to be explored.

Glial GST upregulation may broadly underlie treatment resistant epilepsies. GSTs are
upregulated in the human brain in cases of treatment resistant epilepsy, particularly in
astrocytes surrounding blood vessels (42). While the factor initiating GST upregulation in
seizure remains unknown, we show here that chemical induction of seizure activity did not
result in GST up regulation, implying the neuronal activity alone is not the cause. GST
upregulation occurred within glia in response to oxidative stress in a fly model of Alexander
disease (43,44) and in a mammalian /n vitro culture system during increased neuronal
activity (45). One hypothesis surrounding GSTs in treatment resistant epilepsy is glia of the
blood brain barrier upregulate GSTs, whether from oxidative stress or increased neuronal
activity during seizure, causing antiepileptic drug metabolism before they enter the brain.
Indeed, in cancer, GST upregulation is associated with increased drug metabolism and
chemoresistance (46,47), suggesting GST upregulation as a cause of treatment resistant
epilepsy as well.

While this study clearly demonstrates that glial cells upregulate GSTs in gliopathic seizures,
it remains unclear whether the upregulation of GSTs is a cause of seizure or an effect from
seizure. One possibility is that glial GST upregulation is sufficient to trigger seizure activity.
Alternatively, glia may upregulate GSTs as a response to prevent seizures, or to mitigate
cellular damage resulting from seizures. Future experiments will focus on distinguishing
these two possibilities in order to determine the role (harmful or protective) of GSTs in

epilepsy.

These data suggest that in addition to GST upregulation, glial cell dysfunction itself causes
at least some epileptic pathologies. Glial-specific knockdown of mitochondrial related genes
COX7A or SesBresulted in seizure phenotypes, and mitochondrial dysfunction has been
proposed as a cause of epilepsy (48). Additionally, glial-specific knockdown of comatose
(comi), the gene encoding N-ethylmaleimide-sensitive factor 1, caused bang-sensitive
seizures. Vesicle release machinery and exocytosis occurs in astrocytes (Reviewed in 49).
Our findings suggest that altering vesicle function may also result in seizure susceptibility.

In conclusion, we found cell non-autonomous downregulation of synaptic transmission
proteins in repo>Dube3a flies combined with GST upregulation not only in Dup15q related
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repo>Dube3a animals but across gliopathic epilepsies we tested. Our results highlight the
use of Drosophila for investigating cell-type specific genetic manipulations and provides
novel avenues to investigate in Dup15qg and treatment resistant epilepsy.

Supplementary Material

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

Combining RNAseq and proteomics is a powerful approach to investigate
disease mechanisms.

Glial overexpression of Dube3a causes a cell non-autonomous reduction of
synaptic transmission proteins and cell autonomous upregulation of
glutathione S-transferases.

Glutathione S-transferase upregulation is common among multiple
Drosophila gliopathic seizure lines, suggesting a common molecular
mechanism among seizures originating in glial cells.
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Fig. 1.

Transcript profiling reveals an upregulation of GST genes in repo>Dube3a flies. A) Venn
diagram of differentially expressed transcripts between repo>Dube3a and elav>Dube3a
compared to vas-Dube3a controls. B) DAVID enrichment groups for differentially expressed
transcripts in each portion of the Venn diagram. C) Heatmap indicating an upregulation of
13/14 GST genes in repo>Dube3a. This upregulation was not observed in neuronal
elav>Dube3a overexpression. D) Heatmap illustrating the differential expression for the
“ligand-gated channel” enrichment group observed in elav>Dube3a.
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Fig. 2.

Pr?)teomic profiling reveals differential expression of neurotransmitter secretion proteins in
repo>Dube3aflies. A) Venn diagram of differentially expressed proteins between
repo>Dube3a and elav>Dube3a. B) DAVID enrichment groups with an enrichment score
greater than 2 for differentially expressed proteins for each portion of the Venn diagram. C)
Normalized abundance ratios for the two detected isoforms of the Na+/K+ ATPase ATPa
following overexpression of Dube3ain glia or neurons compared to controls indicates
downregulation of both isoforms only in repo>Dube3a fly heads. D) Normalized abundance
ratios for proteins previously reported to be regulated in a Dube3a dependent manner. Error
bars represent S.E.M, and * = FDR < 0.05, ** = FDR < 0.01, and *** = FDR < 0.005.
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Fig. 3.

C(SII non-autonomous downregulation of synaptic transmission proteins in repo>Dube3a
flies. A) Log, fold change of significantly differentially expressed proteins also detected at
the transcript and protein level in repo>Dube3a and B) Logs fold change of significantly
differentially expressed proteins also detected at the transcript level. The top DAVID
enrichment group is stated in each quadrant of the graph. C) Heatmap of genes at the
transcript and protein level for the “synaptic transmission” enrichment group in both
repo>Dube3a and elav>Dube3a. Note the cell non-autonomous downregulation observed for
neuronal proteins in repo>Dube3a brain. D) Quantitative IR western blot confirmation of
“synaptic transmission” protein downregulation in both repo>Dube3a and elav>Dube3a. N =
3 for each genotype, error bars represent S.E.M., and * = p < 0.05, ** = p < 0.01, and *** =
p < 0.005.
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Fig. 4.

Glgutathione S-transferase upregulation is common among multiple “gliopathic” seizure lines
and occurs cell autonomously within glial cells. A) Recovery times in the bang sensitivity
seizure assay for 6 additional gliopathic seizure lines identified (p < 0.05 compared to
repo>36303). B) Heatmap of glutathione S-transferase expression levels in each gliopathic
seizure line indicates upregulation of glutathione S-transferases in 5/7 lines. Genes were
originally identified by microarray as differentially expressed in a pooled gliopathic seizure
group compared to a control group. C) Immunohistochemistry in repo-GAL4,GstD1-LacZ
or repo>Dube3a;GstD1-L acZ for the glutathione S-transferase reporter GstD1-LacZ reveals
an upregulation of glutathione S-transferases cell autonomously within glial cells. All glial
cells are marked with an a-repo antibody. Error bars represent S.E.M. and scale bars
represent 25 pm or 5 pm (inset).
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