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Tuberous sclerosis complex (TSC) is a multisystem genetic disorder caused by
pathogenic variants in TSCI and TSC2 genes. TSC patients present with seizures
and brain abnormalities such as tubers and subependymal giant cells
astrocytoma (SEGA). Despite common molecular and clinical features, the
severity of the disease varies greatly, even intrafamilially. The second hit
hypothesis suggests that an additional, inactivating mutation in the
remaining functional allele causes a more severe phenotype and therefore
explains the phenotypic variability. Recently, second hit mutations have been
detected frequently in mTORopathies. To investigate the pathophysiological
effects of second hit mutations, several mouse models have been developed.
Here, we opted for a double mutant zebrafish model that carries a LOF mutation
both in the tsc2 and the depdc5 gene. To the best of our knowledge, this is the
first time a second-hit model has been studied in zebrafish. Significantly, the
DEP domain-containing protein 5 (DEPDC5) gene has an important role in the
regulation of MTORCL, and the combination of a germline TSC2 and somatic
DEPDC5 mutation has been described ina TSC patient with intractable epilepsy.
Our depdc5~x tsc2~~ double mutant zebrafish line displayed greatly increased
levels of mammalian target of rapamycin (NTORC1) activity, augmented seizure
susceptibility, and early lethality which could be rescued by rapamycin.
Histological analysis of the brain revealed ventricular dilatation in the tsc2
and double homozygotes. RNA-sequencing showed a linear relation
between the number of differentially expressed genes (DEGs) and the
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degree of mMTORC1 hyperactivity. Enrichment analysis of their transcriptomes
revealed that many genes associated with neurological developmental
processes were downregulated and mitochondrial genes were upregulated.
In particular, the transcriptome of human SEGA lesions overlapped strongly with
the double homozygous zebrafish larvae. The data highlight the clinical
relevance of the depdc5”/~ x tsc2”~ double mutant zebrafish larvae that
showed a more severe phenotype compared to the single mutants. Finally,
analysis of gene-drug interactions identified interesting pharmacological
targets for SEGA, underscoring the value of our small zebrafish vertebrate
model for future drug discovery efforts.

KEYWORDS
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Introduction

mTORopathies defined as a group of
neurodevelopmental diseases characterized by hyperactivity of

are

mammalian target of rapamycin complex 1 (mTORCI1). The
most intensively studied mTORopathy is tuberous sclerosis
simplex (TSC), which is caused by inactivating mutations in
one of the tumor suppressor genes TSCI or TSC2. These genes
encode hamartin and tuberin, respectively, which together with
TBC1D7 form the TSC complex and play a pivotal role in
suppression of mTORCI (Qin et al., 2016; Muhlebner et al.,
2019). mTORCI is involved in many cellular processes and has a
direct impact on the proliferation, differentiation and migration
of neuronal cells in the central nervous system (Yu and Cui, 20165
Muhlebner et al., 2019). In fact, of all TSC patients, 90% suffer
from epilepsy and about two-thirds of them develop drug-
epilepsy  (DRE). addition,
malformations including tubers, subependymal glial nodules

resistant In focal ~ brain
(SEN) and subependymal giant cell astrocytomas (SEGA) are
present in 90%, 80% and 15% of patients, respectively (Henske
et al, 2016). Cortical tubers consist of areas of cortical
dyslamination and white matter abnormalities. The size and
number of tubers can be correlated with the severity of the
epilepsy phenotype (Hulshof et al, 2022). SENs are typically
located around the wall of the lateral ventricles and considered as
the precursor lesion of SEGAs. SEGAs are slow-growing tumours
composed of large ganglion-like astrocytes, with a mixed glio-
neuronal feature, and they correspond histologically to
astrocytomas WHO grade 1 (Louis et al., 2021). Though being
histologically benign, SEGAs can lead to serious neurological
complications, including acute hydrocephalus. The relevance of
hyperactive mTORCI signaling in TSC, or mTORopathies in
general, is further underscored by the clinical use of mTOR
inhibitors for inoperable SEGA lesions and as an add-on
treatment of DRE in TSC (Curatolo et al., 2018; Muhlebner
et al., 2019; Moavero et al., 2021).

The clinical phenotype of TSC and mTORopathies varies
greatly within the patient group, even intrafamilially (Curatolo
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etal,, 2015b). This pleiotropic phenotype can be partly explained
by the second hit hypothesis suggesting that the addition of a
second somatic mutation to a primary mutation causes an
exacerbation of the phenotype. Evidence supporting the
second hit hypothesis has been found in a series of
mTORopathies (Baldassari et al., 2019; Crino et al., 2010;
D’gama et al., 2017; Martin et al., 2017; Ribierre et al., 2018;
Sim et al., 2019). Specifically for TSC, second hit mutations have
been confirmed especially in SEN/SEGA lesions (Bongaarts et al.,
2017; Martin et al,, 2017). However, the availability of more
sensitive sequencing technologies in recent years has made it
possible to detect second hit mutations in tubers as well. For
instance, Martin et al. (2017) identified a second hit mutation in
35% of tuber samples tested by targeted deep sequencing.

To investigate the pathophysiological relevance of second hit
mutations in brain lesions of TSC patients, many mouse models
have been developed (Switon et al, 2017). The first global
knockout (KO) mouse models suffered from early embryonic
lethality that hampered the behavioral or electrophysiological
conditional KO and
electroporation (IUE) models were developed. These biallelic

investigations. Therefore, in  utero
mutant models display frequently mTORC1 hyperactivity, a
disorganized cortex due to the presence of cytomegalic and
ectopic neurons and neuronal hyperexcitability, similarly to
human TSC patients. Albeit, the absence of a clinically relevant
disease phenotype in the monoallelic mice complicates the
interpretation of the pathophysiological effects of the second hit
mutants. Recently, in vitro models using iPSCs from TSC patients
have been derived allowing comparison between the effects
attributable to mono- and biallelic loss of TSC1/2 (Costa et al.,
2016; Sundberg et al., 2018; Zucco et al., 2018; Winden et al., 2019).
Interestingly, the study of Winden et al. (Winden et al.) showed
higher mTORCI activity and a stronger phenotype in biallelic
mutant iPSC derived from TSC patients compared to the
monoallelic ones. Nevertheless, the need for differentiation
protocols (Winden et al., 2019) and the absence of different cell
types in vitro models often fail to properly reproduce the in vivo
context present in a whole organism.
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Over the years, zebrafish models emerged in biomedical
research as a powerful tool to investigate neurological diseases.
In general, their small size, which facilitates maintenance and
with  their
background and thus relatively high genetic and physiologic

experimental procedures, together vertebrate
similarity to humans, may explain their increasing popularity.
Their transparency and ex utero development (Rosch et al., 2019)
facilitates the study of neurological developmental processes and
epileptiform phenotypes compared to mouse models where in
utero development in combination with an early lethal
phenotype complicates detailed phenotypical investigations. In
addition, zebrafish models have also gained interest as drug
discovery platform as they combine the strengths of high-
throughput drug screening with in vivo testing benefits
(Macrae and Peterson, 2015; Stewart et al., 2015).

Importantly, heterozygous tsc2'~ mutant zebrafish with a
monoallelic deletion of the fsc2 gene do not have significantly
altered levels of mTORCI activity and gene expression
(Scheldeman et al, 2017), and do not show any disease
phenotype (Kim et al., 2011; Scheldeman et al., 2017; Kedra
et al., 2020). Thus, TSC disease is recessive in zebrafish, while
showing an autosomal dominant inheritance pattern in humans.
Conversely, biallelic #sc2”~ mutant larvae display a TSC-like
phenotype  with  increased mTORCI
abnormalities  and epileptiform

activity,  brain

spontaneous events,
recapitulating the pathophysiological effects of a first hit
mutation in humans (Kim et al, 2011; Scheldeman et al.,
2017; Kedra et al., 2020).

To investigate the pathophysiological effects of a second hit
mutation resulting in a further increased mTORCI activity, we
generated a double mutant model carrying a LOF mutation in the
depdc5 gene in the fsc2”~ background. We selected the DEP
domain-containing protein 5 (DEPDC5) gene for its involvement
in the regulation of mTORCI. Unlike the TSC complex that
functions in response to growth factors and cellular stress levels,
DEPDCS is part of the GATORI complex and senses cytosolic
amino acid levels. In case of amino acid depletion, the
GATORI complex limits the translocation of mTORClIs to
the lysosome and in this way abolishes its subsequent
activation (Shimobayashi and Hall, 2016). Accordingly, the
mutations present in our depdc5”x tsc2”~ double mutants,
which affect both the growth factor- and amino acid and
sensing arm, may result in a further increase of mTORCls
activity. Moreover, patients with DEPDC5 mutations present
an epilepsy phenotype, with focal familial epilepsy with variable
foci (FFEVF) being the most frequent, and in case of second hit
mutations, they show brain abnormalities such as focal cortical
dysplasia (FCD) type II. The somewhat comparable disease
phenotype to TSC (Scheffer et al., 2014) and the identification
of second hit mutations in this gene (Anderson, 2018), suggest a
similar pathophysiological mechanism caused by DEPDC5 and
TSC2 loss. Finally, from a practical point of view, a depdc5 LOF
zebrafish model has been extensively characterized for
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morphological and functional brain alterations, and displayed
a strong mTORCI-dependence (Swaminathan et al., 2018).

Taken together, the depdc5”x tsc2”~ double mutant
zebrafish larvae showed a more severe phenotype compared to
the single mutants, including neurodevelopmental abnormalities
and an increased susceptibility to seizures. In addition, we
demonstrated a linear relationship between the degree of
mTORCI hyperactivity and the number of differentially
expressed genes (DEGs) in the different mutant zebrafish
larvae used. Overall, our phenotypic and transcriptomic study
shows that the second-hit model in zebrafish recapitulates many
features of the human disease and may be useful for identifying
new treatment options for SEGA.

Material and methods

Zebrafish husbandry

Zebrafish (Danio rerio) adults were maintained at 28 + 2°C
on a 14:10h light/dark cycle under standard aquaculture
conditions. Embryos were collected via natural spawning and
immediately transferred to embryo medium, containing 1.5 mM
HEPES buffer (pH 7.2), 17.4 mM NaCl, 0.21 mM KCl, 0.18 mM
Ca(NOs3),, 0.12 mM MgSOy, and 0.6 uM methylene blue. For all
experiments, larvae at 0-10 days post fertilization (dpf) were
used and kept in an incubator on a 14 h light/10 h dark cycle at
28.5°C. All zebrafish experiments were approved by the Ethical
Committee’s regulations of the University of Leuven (project
number P165/2020, approval number LA1210261).

Zebrafish strains

Heterozygous zebrafish carrying the depdc5“*%?* mutation
(gift from Dr. E. Samarut, University of Montreal) were
outcrossed with heterozygous zebrafish carrying the tsc2"**/*
mutation (gift from Dr. K. Ess, Vanderbilt University). The
offspring was raised to adulthood and genotyped for both
mutations by high resolution melting (HRM) technique.
Subsequently, (depdc5*~ x tsc2*") double heterozygotes
(F1 generation) were selected and in-crossed. The wild-type,
depdc5™, tsc2", and depdc5™~ x tsc2”'~ F2 generation larvae
were produced in a Mendelian ratio of 1:16 (Supplementary
Figure S1A), identified by HRM, and used for the experiments.

Tg[dix5a/dIx6a-EGFP] (Noble et al., 2015) x Tg[vglut2a:loxP-
RFP-loxP-GFP] (Satou et al., 2012) transgenic line was crossed with
(depdc5*~ x tsc2*™) double heterozygous adults. The F1 generation
larvae were screened for the presence of EGFP and RFP fluorescence
and later genotyped to identify double heterozygotes amongst the
fluorescent transgenic adults. For the experiments, double
heterozygote transgenic adults were mated and the genotypes of
interest in the F2 progeny were identified by HRM.
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Genotyping

For genotyping zebrafish larvae or adults were anesthetized in a
solution of tricaine methanesulfonate (MS222, 0.765 mmol/L).
Depending on the experiment performed, a fin clip, the trunks
or whole larvae were used for the extraction of crude genomic DNA.
The samples were lysed in 20 ul 50 mM NaOH by heating them for
10 min at 100°C. Afterwards, the reaction was neutralized by the
addition of 2 pl of 100 mM TrisHCI (pH 8). For genotyping, 2 pl of
genomic DNA was mixed with 5 pL of the Precision Melt Supermix
for HRM analysis (Bio-Rad #172-5112), 0.5l of each primer
(10 uM) and 2 ul milliQ water. The following primers were used;
ATGCGCTGTTTGGTGAGG (depdcs, forward primer), TCCAGG
AGTGGGTGTTTTTG (depdc5, reverse primer), GAGACCTGC
CTGGACATGAT (tsc2, forward primer) and CTTGGGCAGAGC
AGAGAAGT (tsc2, reverse primer). The HRM reaction was
performed in the CFX96 touch RT-gPCR detection system
(BioRad, RRID:SCR_018064) using CFX Maestro™ Software
(Biorad). The melt peaks were automatically clustered by
Precision Melt Analysis™ Software (Biorad).

Survival assay

At 3 dpf zebrafish embryos were arrayed individually in a 96-
cell plate in 100 ul embryo medium per well. Survival was
followed daily from 3 until 10 dpf and general morphology,
heartbeat, and touch response were recorded. The effect of 10 uM
rapamycin (Cayman Chemical) was assessed by treating the
larvae from 4 dpf onwards with the compound by immersion.
The rapamycin solution was replenished daily.

Morphological measurements

5 dpflarvae were immobilized in 3% methylcellulose and the
images were taken using a Leica MZ 10F microscope with a Leica
DFC310 EX digital colour camera and Leica Application Suite
V3.6 software. The jaw, abdominal, eye, and various head
parameters were measured in a blinded way using Image]J
software (RRID: SCR_003070).

Western blotting

For western blot sampling, wild-type, depdc5’/’, tsc2”", or
depdc5”x  tsc2”~ zebrafish larvae were anesthetized and
decapitated at 5 dpf. The trunks were used for genotyping by
HRM and the heads were further processed for SDS-PAGE and
immunoblotting. For each genotype, 8-10 heads per sample were
lysed in RIPA buffer (Sigma-Aldrich) supplemented with protease
inhibitors (Roche). Subsequently, the BCA assay (Thermo Fisher
Scientific) was used to load equal amounts of proteins (20-40 pg) on
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4%-12% Bis-Tris gel (Novex, Life Technologies) and the SDS-PAGE
was performed with MOPS running buffer (Novex, Life
Technologies). The separated proteins were transferred by a dry
transfer (iBlot dry blotting system, Thermo Fisher Scientific) to a
nitrocellulose membrane, which was blocked for 1 h at RT in the
Intercept Blocking Buffer (Li-Cor) and then incubated overnight at
4°C with a primary antibody against pS6 (1:1000 dilution, Cell
Signaling Technology Cat# 2211, RRID:AB_331679) or against
phospho-4E-bpl (1:1000 dilution, Cell Signaling Technology
Cat# 2855, RRID: AB_560835) in Intercept Blocking Buffer. The
next day, the membrane was washed, incubated with Dylight
secondary goat antibody (1:10,000 dilution, (Thermo Fisher
Scientific Cat# SA5-35571, RRID:AB_2556775) in 1xTBST for
1 h at RT, and the proteins were visualized with the ChemiDoc
Imaging System (Bio-Rad). As a loading control, a rabbit antibody
GAPDH  (1:1000 dilution, Sigma-Aldrich, Cat#
SAB2701825) was used. The proteins were semi-quantified using
Image Studio Lite ver 5.2 (RRID:SCR_013715).

against

SUNSET assay

4 dpf larvae were incubated in embryo medium containing
200 pg/ml puromycin (Sigma-Aldrich) (Hornberg et al, 2016).
The next day, they were decapitated, and for each genotype, 8-
10 heads were pooled per sample and homogenized in RIPA buffer
(Sigma-Aldrich) supplemented with protease inhibitors (Roche).
Subsequently, equal amounts of proteins (40 pg) were loaded on
4%-12% Bis-Tris gel (Novex, Life Technologies) and the SDS-PAGE
was performed with MOPS running buffer (Novex, Life
Technologies). The separated proteins were transferred by a dry
transfer (iBlot dry blotting system, Thermo Fisher Scientific) to a
nitrocellulose membrane, which was blocked for 1h at RT in the
Intercept Blocking Buffer (Li-Cor) and then incubated overnight at
4°C with a primary antibody against puromycin (1:1000 dilution,
Millipore, Cat#MABE343, RRID:AB_2566826) in Intercept Blocking
Buffer. The next day, the membrane was washed, incubated with the
goat anti-mouse secondary antibody (1:10,000 dilution, (Thermo
Fisher Scientific Cat# SA5-35571, RRID:AB_2556775) in 1XTBST for
1 h at RT, and the proteins were visualized with the Amersham™
Typhoon™ NIR imager. As a loading control, a rabbit antibody
against GAPDH (1:1000 dilution, Sigma-Aldrich, Cat# SAB2701825)
was used. The proteins were semi-quantified using Image Studio Lite
ver 52 (RRID:SCR_013715).

Confocal imaging

Tg[dix5a/dIx6a-EGFP] x Tg[vglut2a:loxP-RFP-loxP-GFP]
(Satou et al., 2012; Noble et al., 2015) zebrafish larvae with
biallelic loss of the depdc5™, tsc27~, or depdc5” x tsc2™/~
genes were anesthetized at 5 dpf with 0.765 mmol/L MS222,
immobilized in 2% low melting point agarose, and positioned on
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a cover glass for imaging purpose. A two-photon LSM
780 confocal microscope (Zeiss) equipped with an LD LCI
Plan Apo 25x/0.8 objective was used to visualize glutamatergic
and GABAergic fluorescent neurons in the optic tectum. EGFP
and RFP markers were excited at 488 and 561 nm, and emission
was recorded at 493/548 nm and 593/656 nm, respectively.
Analysis of the stacks performed with Imaris
9.6.1 software (RRID:SCR_00737). The software detected
fluorescent objects with a sphere diameter of 3.5um and

was

automatically calculated area and volume parameters.

Histological procedures

Wild-type, depdc5™, tsc2”~, and depdc5™~ x tsc2” larvae
(5 dpf) were anesthetized in 0.765 mmol/L MS222, fin clipped
for genotyping and euthanized with an overdose of MS222.
Immediately afterwards, the larvae were fixed in 4% of PFA
overnight at 4°C and the next day the fixative was replaced with
70% ethanol. Subsequently, at least four larvae per the genotype were
embedded in 1% agarose in 1x TAE buffer blocks. The blocks were
gradually dehydrated in an enclosed automated tissue processor
(Shandon Excelsior ES, Thermo Scientific) and subsequently
embedded in paraffin. The embedded larvae were sectioned on a
HM 325 manual rotary microtome (Thermo Fisher Scientific) at a
thickness of 5 um. The specimens were stained with haematoxylin
and eosin (H&E stain) using Varistain™ Gemini ES Automated
Slide Stainer (Thermo Fisher Scientific) according to laboratory
protocols. The resulting sections were imaged (20x and 40x) by
SPOT 5.1 software (SPOT Imaging, RRID:SCR_014313) using a
SPOT-RT3 camera mounted on a Leica microscope.

Locomotor tracking

Locomotor activity of 5 dpf larvae was investigated using
an automated tracking device (Zebrabox™, Viewpoint, Lyon).
Individual larvae were arrayed in a 24-well plate using 400 pl
embryo medium per well. The protocol consisted of
acclimatization for 5 min followed by one cycle of 10 min
of light and 10 min of dark. Subsequently, the average total
locomotor activity was quantified using the ZebraLab™
software (Viewpoint, Lyon) and expressed in “actinteg”
units. Actinteg is defined as the sum of all image pixel
the of the
experiment. For the PTZ experiments, the 5 dpf larvae were

changes detected during time tracking
arrayed in a 96-well plate containing 50 puL of embryo medium
per well. Subsequently, an equal volume of 10 mM PTZ
(Sigma-Aldrich) was added to obtain a final concentration
of 5mM PTZ. The average total locomotor activity was
quantified during a 30 min tracking period in the dark
using the ZebraLabTM software (Viewpoint, Lyon) and

expressed in actinteg units.
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Non-invasive local field potential
recordings

Direct measurements of the epileptiform brain activity of 5 dpf
wild-type, depdc5™", tsc2”", and depdc5™~ x tsc2”~ zebrafish larvae
were performed by non-invasive LFP recordings. Larvae were
immobilized in 2% low melting point agarose (Invitrogen) and a
glass pipet (recording electrode) filled with artificial cerebrospinal
fluid (124 mM NaCl, 2mM KCl, 2mM MgSO,, 2mM CaCl,,
1.25mM KH,PO,, 26 mM NaHCOs;, and 10 mM glucose) was
positioned on the skin above the optic tectum of the larvae using a
stereomicroscope SZX7 (Olympus). The differential signal between
the recording electrode and the reference electrode was amplified
10,000 times by DAGAN 2400 amplifier (DAGAN corporation),
band pass filtered at 0.3-300 Hz, and digitized at 2 kHz via a PCI-
6251 interface (National Instruments) using WinEDR (John
Dempster, University of Strathclyde, United Kingdom) software.
Analysis of the 10 min recordings was performed in an automated
fashion by power spectral density (PSD) analysis using MatLab
R2018 (MATrix LABoratory, USA) software (Li et al., 2020). The
resulting PSD estimates were normalized against the wild-type
larvae and the data were plotted as mean (+SEM) PSD per
larvae over the 0-120 Hz region. Outliers were identified via the
iterative Rout test (Q = 1%). For the PTZ experiments, the 5 dpf
larvae were arrayed in a 96-well plate containing 100 ul of embryo
medium. Subsequently, an equal volume of 10 mM PTZ (Sigma-
Aldrich) was added for 15 min before recording to obtain a final
concentration of 5 mM PTZ. Electrophysiological recordings were
performed and analyzed as described above.

RNA extractions

RNA extractions were performed on wild-type, depdc5™,
tsc2™~, and depdc5~~ x tsc2™~ zebrafish heads (7-10 heads pooled
per genotype 5 dpf). RNA was extracted at 4°C using TRIzol
(Thermo Fisher Scientific), followed by phenol-chlorophorm
extraction, isopropanol precipitation, and two ethanol washes.
Next, the RNA pellet was air-dried and dissolved in nuclease-free
water (Thermo Fisher Scientific). The concentration and purity
of the purified total RNA was determined spectrophotometrically
using the Nanodrop ND-1000 (Implen) and the samples were
stored at —80°C.

RNA-sequencing

Wild-type, depdc5™", tsc2™~, and depdc5™~ x tsc2”~ zebrafish
larvae (5 dpf) were anesthetized by immersion in 0.765 mmol/L
MS222 and decapitated with a razor blade. 10 heads were pooled
per genotype in quadruplicate and RNA extractions were
performed as described above. Nanodrop ND-1000 (Nanodrop
Technologies) was used to determine RNA concentration and
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purity and Bioanalyser 2100 (Agilent Technologies) was used to
assess RNA integrity. 500 ng of total RNA per sample was used as
input for sample preparation. Library preparation and sequencing
were completed at Macrogen (Europe). Illumina TruSeq Stranded
mRNA-Seq sample preparation kit was used to prepare the mRNA
sequencing library according to the manufacturer guidelines. This
library was subjected to paired-end sequencing using the
Novaseq6000.  Sequencing  data the
ArrayExpress  database  (http://www.ebi.ac.uk/arrayexpress)
under accession number E-MTAB-11776.

are available in

Bioinformatic analysis

Read quality was assessed using FastQC v0.11.8 software. Low
quality reads were filtered out using Trimmomatic v0.38 (Bolger et al,,
2014): low quality leading and trailing bases were removed, and the
quality of the body of the reads was assessed with a trimming sliding
window of 4 and a Phred score threshold of 20 bases. Reads shorter
than 75 nucleotides, reads with no associated forward or reverse read,
and reads that aligned to phix illumina were excluded. Reads that
passed quality control were aligned to the zebrafish reference genome,
GRCz11, using STAR (Dobin et al, 2013). The number of reads that
align to each gene in accordance to the Ensembl GRCz11 zebrafish
reference annotation were calculated using featureCounts (Liao et al,,
2014) from the Subread package. Differential expression analysis was
carried out using the R package DESeq2 (Love et al, 2014). Gene
expression changes with a Benjamini-Hochberg adjusted p-value <
0.05 were considered statistically significant. For comparing the
transcriptomes of the double hit zebrafish mutant and human
SEGA lesions (Bongaarts et al., 2020), zebrafish identifiers of genes
differentially expressed in the double homozygous larvae were
converted to their human orthologs using BioMart (Smedley et al,,
2015).

Gene ontology and pathway enrichment
analysis

The Kyoto Encyclopedia of Genes and Genome (KEGG)
(Kanehisa and Goto, 2000) for zebrafish and Reactome Pathway
Database for human were queried to test DEGs in zebrafish larvae
and human SEGA lesions for pathway enrichment, respectively,
using the Enrichr (Chen et al., 2013) and ReactomePA package (Yu
and He, 2016). The Gene Ontology (GO) knowledgebase
(Ashburner et al, 2000) for zebrafish and human were queried
to test DEGs in zebrafish larvae and human SEGA lesions for gene
ontology enrichment, respectively, using the Enrichr package (Chen
et al,, 2013). Enriched GO term lists containing the top 10 or top
20 terms amongst cellular component and biological process were
processed using the “Enrichment Map” plugin for Cytoscape
(http://www.cytoscape.org/) to create a visual representation of
the GO enrichment (Isserlin et al., 2014).
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Hypergeometric testing and prediction of
potential pharmacological targets for
SEGA

Hypergeometric testing of mitochondrial genes present in
the Human MitoCarta3.0 dataset (Rath et al, 2021) was
performed using the phyper() function in R. For this,
zebrafish identifiers of differentially expressed genes in the
double homozygotes, fsc2”~ and depdc5”~ larvae were first
converted to their human orthologs using BioMart (Smedley
et al., 2015). For the identification of potential pharmacological
targets, the overlap between SEGA DEGs and the human
orthologs of the double homozygous zebrafish DEGs was
imported into the “Drug Gene Interaction Database” (DGIdb)
version 4.2.0 (Freshour et al., 2021).

RT-qPCR analysis

Reverse-transcription was performed using 0.5 ug of total
purified RNA with the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems) according to the
manufacturer’s protocol. Subsequently, the cDNA was diluted (1:
20) and amplified using 5 ul of 2x SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad), 2.4 pl of milliQ water, and 0.3 pl of both
primers for each RT-qPCR reaction. In each well of Hardshell” Low
Profile Thin-wall 96-well skirted PCR plates (Bio-Rad) per sample
8 ul of this mastermix was mixed with 2 pl of diluted cDNA and
processed on a CFX96 touch RT-qPCR detection system (Bio-Rad,
RRID:SCR_018064) under cycling conditions according to the
manufacturer’s protocol. The relative expression levels were
quantified using the comparative Cq method (AACq) with CFX
Maestro software (Bio-Rad). The transcripts were normalized
against housekeeping gene atf4a using specific primers. The list
of primers and their sequences are included in Supplementary
Table S1.

Electron microscopy procedure

5 dpf zebrafish were fixed with paraformaldehyde and
glutaraldehyde. After sampling of the head these were
further post-fixed and stained with 1% osmium tetroxide
for 1 h. Subsequently, zebrafish heads were dehydrated in a
series of 70, 80, 90, 96 and 100% ethanol. Next, the zebrafish
heads were incubated in 1:1 resin-alcohol (LX112) mixture for
2-3 h, followed by 100% resin for 2-3 h. Finally, samples were
polymerized at 65°C and sectioned in ultrathin sections
(70 nm) using a Leica FC6 ultramicrotome. The sections
were placed on copper slot grids and visualized with an
FEI/Thermo Fisher Tecnai T12
Microscope (Thermo Fisher Scientific) using a Xarosa

Transmission Electron

camera with an integrated Radius software.
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Mitochondrial copy number

Total DNA was extracted from individual wild-type, depdc5™",
tsc2™", or depdc5™"x tsc2”" zebrafish head at 5 dpf with the DNeasy
Blood and Tissue Kit (Qiagen) according to the manufacturer’s
protocol. Subsequently, the relative mitochondrial copy number was
determined by RT-qPCR using the following primers amplifying a
mitochondrial fragment of 198 bp; CAAACACAAGCCTCGCCT
GTTTAC (forward primer), CACTGACTTGATGGGGGAGAC
AGT (reverse primer) (Hunter et al, 2010) and normalized to
the nuclear gene polgl using the primers GAGAGCGTCTATAAG
GAGTAC (forward primer) and GAGCTCATCAGAAACAGG
ACT (reverse primers) (Artuso et al., 2012).

ATP measurement

The protocol used for ATP measurements was based on the
protocol described in (Byrnes et al., 2018). At 5 dpf wild-type,
depdc5™, tsc27, or depdc5™x tsc2”~ zebrafish were anesthetized in
0.765 mmol/L MS222 and decapitated. For each sample, 5 zebrafish
heads were pooled per genotype, the E3 medium was removed and
replaced with 30 pl mitochondrial respiration medium, MiR05
(Oroboros instruments, Bioblast) per head. The samples were
then homogenized for 10s using a Pellet mixer with 1.5ml
disposable pestles (VWR). 50 pL of the obtained homogenates
was transferred to a 96-well plate. For each sample, two technical
replicates were loaded and at least three biological replicates per
condition were included. To each of these wells, 50 pl MiR05 was
added. Additionally, 6 negative control wells containing 100 pl
MiR05 and a three-point serial dilution of ATP in MiR05 from
1 uM to 10 nM of ATP was prepared as a standard curve. Next, the
CellTiter-Glo® Luminescent Cell Viability assay (Promega) was
performed in accordance with the manufacturer’s protocol. The 96-
well plate was incubated for 30 min at RT. Subsequently, 100 ul of
CellGlo reagent per well was added and the plate was placed on an
orbital shaker for 2 min. Next, after 10 min incubation at RT,
luminescence was recorded with the Synergy™ HI1 multi-mode
microplate reader (BioTek).

Statistical analysis

For statistical analyses GraphPad Prism 9 (RRID:SCR_002798)
was used. Generally, one-way or two-way ANOVA followed by
Bonferroni’s or Sidak’s multiple comparison test was used for the
comparison of the means between the four groups. For the
comparison of the survival curves the log rank (Mantel-Cox) test
was used followed by Bonferroni correction. For RT-qPCR
experiments the Kruskal-Wallis test was used followed by Dunn’s
correction for multiple testing. Data are presented as mean + SEM.
For the comparison of the overlapping DEGs between SEGAs and
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tsc2 homozygotes with the overlapping DEGs between SEGA and
double homozygous zebrafish, a chi square test was used.

Results

Double homozygous larvae die
prematurely and show strong
upregulation of mTORC1

First, we investigated the viability of the wild-type, depdc5™",
tsc2”", and depdc5™ x tsc27'" larvae (hereafter called depdc5, tsc2
and double homozygotes, respectively). Between 6 and 7 dpf all
double homozygous larvae died, which was significantly earlier
than the depdc5 and tsc2 homozygotes (Figure 1A, p < 0.000001).
Importantly, the treatment with the mTOR inhibitor rapamycin
could reverse the early lethal phenotype with 87% of double
10 dpf (Figure 1B, p >
0.05 compared to wild-type larvae).

homozygotes surviving until

From 5 dpf onwards, the double homozygous larvae started to
exhibit morphological abnormalities (Figure 1C). Morphologically the
double homozygotes displayed a significant increase in jaw (Figure 1D,
p = 00102 compared to tsc2 homozygotes) and abdomen size
(Figure 1E, p = 0.0276 compared to tsc2 homozygotes). On the
contrary, eye size was decreased in the double homozygotes
(Figure 1F, p < 0.0001 compared to tsc2 homozygotes).

Next, as mMTORCI hyperactivity has shown to be a key feature of
TSC in vitro models, animal models and resected human tissue
(Meikle et al., 2007; Crino et al., 2010; Magri et al., 2011; Magri et al.,
2013; Winden et al, 2019), the degree of mTORCI activity was
quantified in zebrafish heads by measuring phospho-S6 (pS6) levels,
a well-known downstream substrate of mMTORCI, at 3 and 5 dpf. At
3 dpf the double homozygotes already displayed significantly
increased pS6 levels as compared to age-matched wild-type
larvae (Figure 1G, p = 0.0286). Subsequently, elevation of
pS6 was also observed in the depdc5 and tsc2 homozygotes at
5 dpf. At 5 dpf, the double homozygotes also showed
significantly higher pS6 levels compared to the depdc5 and tsc2
homozygotes, and wild-types, respectively (Figure 1G, p < 0.05).
Interestingly, this increase was 4.95-fold compared to that in the
wild-type larvae, an outcome that exceeds the sum of the increments
seen in the depdc5 (1.5-fold) and #sc2 homozygotes (2.4-fold).
also the levels of phospho-4E-bpl,
downstream target of mTORCI (Ben-Sahra and Manning, 2017),

Accordingly, another
were significantly higher in the double homozygous zebrafish larvae
compared to the single homozygotes (Figure 1H, p < 0.0001 and p =
0.0441 compared to the depdc5 and tsc2 homozygotes, respectively)
and the wild-types (Figure 1H, p < 0.0001). Finally, we investigated
the difference in total protein synthesis at 5 dpf between the different
genotypes using the SUnSET assay. Our results show a significant
reduction of total protein synthesis in the tsc2 homozygotes
(Figure 11, p = 0.0075), while the level of protein synthesis was
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Survival analysis and morphological alterations in double homozygous larvae. (A) Kaplan-Meier curves of wild-type, depdc5~, tsc27/-, and

double homozygous larvae. Viability of larvae was assessed daily from O dpf until 10 dpf. Significant values (Log rank test) are noted as ****p < 0.0001.
(B) Survival proportions at 10 dpf of wild-type, depdc5~'-, tsc2~'-, and double homozygous larvae with or without 10 uM rapamycin treatment.
Significant values (one-way ANOVA) are noted as ****p < 0.0001. (C) Representative images of 5 dpf wild-type, depdc5~~, tsc2~~, and double
homozygous larvae. (D)-(F) Quantification of jaw size (D), abdominal area (E) and eye size (F) in (C). Data are presented as mean + SEM, n =
8-10 larvae/condition. Significant values (one-way ANOVA) are noted as ***p < 0.001, **p < 0.01 and *p < 0.05. (G) Relative quantification of
pS6 protein levels at 3 and 5 dpf in zebrafish heads of wild-type, depdc5 ', tsc2”~, and double homozygous larvae, normalized to Gapdh and
represented as fold change expression versus wild-type. Representative blots for pS6 and Gapdh are shown below the graph. Data are presented as
mean + SEM, n = 3. Significant values (one-way ANOVA) are noted as ***p < 0.001, **p < 0.01 and *p < 0.05. (H) Relative quantification of phospho-
4E-bpl protein levels at 5 dpf in zebrafish heads of wild-type, depdc5~, tsc2”~, and double homozygous larvae, normalized to Gapdh and
represented as fold change expression versus wild-type. Representative blots for phospho-4E-bpl and Gapdh are shown below the graph. Data are
presented as mean + SEM, n = 4. Significant values (one-way ANOVA) are noted as ****p < 0.0001, **p < 0.01 and *p < 0.05. (I) Representative blot of
SUNSET assay following the incorporation of puromycin into newly synthesized proteins in wild-type, depdc5~", tsc27/~, and double homozygous
larvae at 5 dpf. Gapdh was used as loading control and a representative blots for Gapdh is shown below the anti-puromycin blot. (J) The average
intensity of puromycin signal, normalized to Gapdh signal and represented as fold change expression versus wild-type. Data are represented as +
SEM, n = 3. Significant values (one-way ANOVA) are noted as **p < 0.01.

somewhat similar in the double homozygotes (Figure 11, p = 0.5532)
compared to the wild-type larvae.

Double homozygous larvae display mild
brain alterations

mTORCI plays a critical role in neurodevelopment and
the development of brain malformation as observed in the
majority of TSC patients (Curatolo et al., 2015a; Lu et al,
2018), therefore the brain shape and anatomy of the double
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homozygotes were investigated. As visual inspection at 5 dpf
indicated a divergent brain shape in the double homozygotes
(Figure 1C), the width, length, and height of the heads were
quantified (Figure 2A). The measurements revealed a
significant increase in head height but reduced head length
in the double homozygotes (Figures 2B-D, p > 0.05 for head
width, p < 0.0001 for head length and p < 0.0001 for head
height) and suggest that the brain shape has altered. The
significant increase of the perimeter of the head helmet
(Figure 2E, p = 0.0319) illustrates further an enlargement of
the brain in the double homozygous larvae.
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double homozygous larvae, with arrows indicating the head width (B), head length (C), head height (D) and head helmet (E). (B—E) Quantification of
the head width (B), head length (C), head height (D) and helmet perimeter (E) of wild-type, depdc5~'~, tsc27/~, and double homozygous larvae at 5 dpf.
Absolute lengths were normalized against the wild-type group and relative lengths are reported. Data are presented as mean + SEM, n =

8-11 larvae/condition. Significant values (one-way ANOVA) are noted as****p < 0.0001, *p < 0.05. (F) Quantification of the median cell size of EGFP-
labelled GABAergic cells in the optic tectum. Data are presented as median +SEM, n = 12-20 larvae/condition. Significant values (one-way ANOVA)
are noted as **p < 0.001. (G) Representative 40x images of the anterior diencephalon in wild-type, depdc5~", tsc2”~ and double homozygous larvae
at 5 dpf. n = 4 larvae/group. Black arrow indicates the protrusion of cells into the ventricle. (H) Quantification of the ventricle area in the pallial and
posterior diencephalic area. Data are presented as mean + SEM, n = 4 larvae/condition. Significant values (one-way ANOVA) are noted as ***p <

0.001.

Subsequently, as enlarged cell size is often observed in TSC-
deficient models (Meikle et al., 2007; Goto et al., 2011; Magri
et al., 2011; Magri et al., 2013; Winden et al,, 2019), cell size
measurements were performed by confocal imaging of the
transgenic line Tg[dlx5a/dix6a-EGFP] x Tg[vglut2a:loxP-RFP-
loxP-GFP] homozygous for the depdc5, tsc2 or both genes.
Analysis of the fluorescent glutamatergic and GABAergic
neurons in the optic tectum revealed a significant increased
cell size in the fsc2 homozygotes as reported in Kim et al
(2011) increase in the double
homozygotes (Figure 2F, p = 0.0032 and p > 0.05,
respectively). Furthermore, the amount of glutamatergic and
GABAergic cells was not affected in any of the mutants
(Supplementary Figures S1B,C, p > 0.05).

and a non-significant

Histological analysis further showed that all subregions in
the forebrain and other major brain regions were present and
that gross abnormalities were not present in tsc2 and double
homozygotes (Supplementary Figure S1D). However, the
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ventricles were enlarged in the fs¢2 and double
homozygous larvae, while they were not dilated in the
depdc5 homozygotes (Figure 2G). In particular, the

diencephalic ventricles were significantly larger in tsc2 and
double homozygotes than in controls, although the increase of
the telencephalic ventricle was non-significant (Figure 2H, p >
0.05 for the telencephalic ventricle, p < 0.05 and p < 0.001 for
the diencephalic ventricle in tsc2 and double homozygotes,
respectively). Of interest, two out of four double homozygotes
also showed small cellular protrusions invading the ventricle
(Figure 2G).

Double homozygous larvae exhibit
increase seizure susceptibility

Since 80%-90% of TSC patients display epilepsy (Henske
etal., 2016), seizure-like behaviour was studied at 5 dpf using a
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FIGURE 3

Locomotor behaviour and electrophysiology assessment of double homozygous zebrafish larvae. (A) Locomotor activity (average total
movement, expressed in actinteg units) tracked during light (5 min) and dark (10 min) periods of wild-type, depdc5™", tsc2”~, and double
homozygous larvae at 5 dpf. Data are presented as mean + SEM, n = 13-29 larvae/condition. Significant values (two-way ANOVA) are noted as
****pn < 0.0001. (B,C) Power spectral density (PSD) ranging from 0 to 120 Hz normalized against the wild-type group. The PSD per 10 Hz (B) and

per larvae (C) over the 20-100 Hz region are plotted as mean + SEM, n = 6-23 larvae/condition. No significant values (one-way ANOVA) were
detected, ns p > 0.05. (D) Locomotor activity tracked in the dark (30 min) in the presence of 5 mM PTZ of wild-type, depdc5~'~, tsc2~~, and double
homozygous larvae at 5 dpf. Data are presented as mean + SEM, n = 816 larvae/condition. Significant values (two-way ANOVA) are noted as ****p <
0.0001, **p < 0.01. (E,F) Power spectral density (PSD) ranging from 0 to 120 Hz normalized against the wild-type group. Allanimals were treated with
5 mM PTZ. The PSD per 10 Hz region (E) and per larvae over the 30—90 Hz region (F) are plotted as mean + SEM, n = 17-26 larvae)/condition.
Significant values (one-way ANOVA) are noted as **p < 0.01 and *p < 0.05. (G) Representative 10-mins recordings (scale bar; 0.5 mV - 2 min) of wild-
type, depdc5'-, tsc2”~, and double homozygous larvae at 5 dpf after 5 mM PTZ immersion for 15 min.

dark-light protocol (5 min light, 10 min dark) to investigate
the epilepsy phenotype of the double homozygous larvae.
During the dark phase, the double homozygotes displayed
significant hypoactivity when compared to the depdc5
0.001),
similarly as observed in the tsc2 homozygotes (Figure 3A, p =

homozygotes and wild-type larvae (Figure 3A, p =

0.0150). Next, the epileptiform brain activity was investigated
by non-invasive LFP recordings. At 5 dpf the electrographic
brain activity was recorded from the optic tectum.
Surprisingly, the double homozygotes did not show any
increase in spontaneous epileptiform activity compared to
the wild-types (Figures 3B,C). Also, the depdc5 and tsc2
homozygotes did not display spontaneous epileptiform
events at 5 dpf.
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Subsequently, seizure susceptibility was investigated by
exposing the mutants to a subthreshold dose (5mM) of
pentylenetetrazole (PTZ), a y-aminobutyric acid type A
(GABA,) receptor antagonist, commonly used to chemically
induce seizures (Afrikanova et al., 2013). In the presence of
5mM PTZ, the tsc2 and double homozygotes showed a
significant increase in the locomotor activity in comparison to
wild-types (Figure 3D, p < 0.0001). The double homozygotes
moved more when compared to the tsc2 homozygotes, although
this increase was statistically non-significant. Importantly, LFP
recordings revealed a significant increase of epileptiform activity
in the double homozygotes compared to wild-types (Figures
3E-G, p = 0.0277) and tsc2 homozygotes (Figures 3E-G, p =
0.0484 compared to tsc2 homozygotes). Locomotor and brain
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FIGURE 4

Comeparison of the transcriptome profiles of depdc5, tsc2 and double homozygous zebrafish larvae. (A) Spearman’s rank correlation matrix of

the RNA-Seq data showing separate clustering of wild-types, depdc5~'~, tsc2™/~, and double homozygous larval samples. Areas of the circles show

absolute values of corresponding correlation coefficients. Different genotypes are indicated in distinct color codes. Scale bar indicates the strength

of the correlation. (B) Linear and significant relationship between the levels of pS6 protein and the amount of DEGs. (C) Volcano plot showing
(Continued)
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FIGURE 4 (Continued)

the differentially expressed genes (DEG) (padj <0.05) between depdc5~'~and wild-type larvae. (D) Volcano plot showing the DEGs (padj <0.05)
between tsc2”~ and wild-type larvae. (E) Volcano plot showing the DEGs (padj <0.05) between double homozygotes and wild-type larvae. (F)
Overlap of differentially expressed genes between depdc5~'~, tsc2™~, and double homozygous zebrafish larvae. For the depdc5~~ and tsc2™/~
homozygotes 90% and 80% of the total DEGs, respectively, were found to overlap with that of the double homozygotes. The proportion
overlapping DEGs with the double mutant were dependent on the genotype of the zebrafish (Chi-squared test, p-value = 3.648e-13). (G) Enriched
KEGG pathways from differentially expressed genes between double homozygous zebrafish larvae and wild-types. Pathways enriched amongst
upregulated genes are indicated in red, pathways enriched amongst downregulated genes are indicated in blue. The x-axis represents the log10 (1/
p-value), nindicates the number of genes appearing in each pathway. (H) GO enrichment map from up and downregulated genes between double
homozygous zebrafish larvae and wild-types and (1) tsc2/~ zebrafish larvae and wild-types. Each node represents a different GO term, the red and
blue outside of nodes indicate enrichment in up or downregulated genes, respectively. Green node indicating GO term enriched in both up and
downregulated gene lists. The larger the node the greater the number of genes in the enriched GO term. Connecting lines indicate common genes
shared between nodes, the thicker the line the more genes in common.

activity of depdc5 homozygotes was not altered by subthreshold
doses of PTZ.

Pathway and GO enrichment analysis of
the tsc2 and double homozygotes reveals
differential pathological mechanisms

To investigate the transcriptional perturbations underlying the
observed phenotypes, RNA-sequencing was performed on the
heads of depdc5, tsc2, and double homozygous 5 dpf zebrafish
larvae. On average, 31 million paired-end reads were produced per
sample, of which over 28 million remained after quality assessment
and filtering. 67% of the filtered reads aligned to the zebrafish
reference genome GRCz11. Overall, 24436 genes were expressed in
at least one of the three genotypes. Spearman’s rank correlation
matrix of gene expression showed distinct clustering of 4 groups,
resembling the 4 distinct genotypes: wild-type, depdc5, tsc2 and
double homozygotes (Figure 4A). Moreover, the analysis revealed a
greater correlation between tsc2 and depdc5 larvae compared to
double homozygous larvae.

Differential gene expression analysis showed a strong relation
between the number of DEGs and the level of pS6, represented by an
increase of pS6 levels compared to wild-types (Figure 4B). In fact,
depdc5 zebrafish larvae, having the lowest pS6 levels, displayed
704 DEGs compared to wild-types, of which 294 were down and
410 were upregulated (Figure 4C; Supplementary Table S2),
whereas, tsc2 zebrafish larvae, having higher pS6 levels, displayed
3177 DEGs compared to wild-types, of which 1370 were down and
1807 were upregulated genes (Figure 4D; Supplementary Table S2).
Accordingly, double homozygous zebrafish larvae, expressing the
highest pS6 levels of all genotypes, displayed 9349 DEGs compared
to wild-types, of which 4644 were down and 4705 were upregulated
(Figure 4E; Supplementary Table 52). Comparison of the DEGs of
the different genotypes, demonstrated that a great percentage of
DEGs of depdc5 and tsc2 homozygotes (respectively 90% and 80%)
were differentially expressed in double homozygotes as well
(Figure 4F).

To further interpret the biological implications of the large
number of DEGs, pathway and GO enrichment analysis was
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performed. Generally, all three genotypes demonstrated that both
aminoacyl tRNA synthesis and amino acid biosynthesis, which are
biological processes directly related to mTORCI hyperactivity, were
enriched amongst differentially expressed genes (Supplementary
Table S3). Subsequently, pathway and GO enrichment analysis of
the transcriptome of the double homozygotes (Figures 4G,H)
identified 19 enriched pathways amongst upregulated genes in
double wild-types,  which
predominantly catabolism and  mitochondrial

homozygotes  versus were
related  to
functioning. For the downregulated genes, 10 enriched pathways
were identified, amongst which the notch signalling pathway, a key
player in neurodevelopmental processes. GO enrichment analysis
showed a large number of GO terms enriched amongst both up and
downregulated genes in the double homozygotes versus wild-type
(Supplementary Table S3). Enrichment map analysis of the top
20 GO terms (Biological Process and Cellular Component) of
upregulated genes demonstrated clusters related to ER stress,
predominantly stimulating catabolism by the proteasome and
inhibiting translation, and other nucleus-, Golgi apparatus- and
mitochondrial-related processes (Figure 4H, right side). For the
downregulated genes, most top 20 GO terms belonged to the two
big clusters related to neuronal morphogenesis/projections and
phototransduction (Figure 4H, left side).

Finally, enriched GO terms identified in fsc2 and double
homozygous zebrafish were compared (Figures 4H,]). Similarly to
double homozygotes, Enrichment Map analysis of the top
10 enriched GO terms amongst upregulated genes in the fsc2
homozygotes versus wild-types demonstrated clusters related to
cellular

mitochondria

stress levels (response compound),
autophagy/lysosomes.  Nevertheless, the

mitochondrial-related cluster identified in the fsc2 homozygotes

to nitrogen
and

was more restricted to the respiratory chain (RC) while in double
homozygotes the cluster also encompasses terms related to
mitochondrial organisation. Moreover, autophagy-related terms
amongst upregulated genes were less significantly enriched in the
double homozygotes compared to the tsc2 homozygotes
(Supplementary Tables S3, S4). Remarkably, the cluster related to
synapses and synaptic transmission was enriched among
upregulated genes for fsc2 homozygotes, while it was enriched

amongst downregulated genes for the double homozygotes.
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Comparison of the transcriptome of double homozygous zebrafish larvae and human SEGA samples. (A) Overlap of differentially expressed

genes between tsc2~/~ zebrafish larvae, double homozygous zebrafish larvae (after conversion to human orthologs) and SEGA samples. 38% and 13%
of total DEGs in the SEGA transcriptome were found to overlap with the double and tsc2 homozygotes transcriptome, respectively. A Chi-square test
indicated that there was a statistically significant association (p = 2.2e-16) between the zebrafish genotype and the proportion of overlapping

genes. (B) Enriched GO terms from up and downregulated genes that are shared between double homozygous zebrafish larvae and human SEGA
samples. Terms enriched amongst upregulated genes are indicated in red, terms enriched amongst downregulated genes are indicated in blue. The
x-axis represents the log10 (1/p-value), n indicates the number of genes appearing in each category. (C) Representative electron microscopy images
(scale bar; 500 nm) visualizing mitochondria in wild-type, depdc5~', tsc2™/~, and double homozygous zebrafish larvae at 5 dpf. n = 1 larvae/group (D)
Mitochondrial copy number in wild-type, depdc5~'~, tsc2~~, and double homozygous zebrafish heads at 5 dpf. Data are presented as mean + SEM,
n = 3-6 larvae/condition. Significant values (one-way ANOVA) are noted as *p < 0.05. (E) ATP Levels in wild-type, depdc5~/~, tsc2™~, and double
homozygous zebrafish heads at 5 dpf. Data are presented as mean + SEM, n = 15-20 larvae/condition. No statistical significant differences were
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Additionally, a cell cycle-related cluster was only enriched in the #sc2
homozygotes.

For RT-qPCR validation of the RNA-sequencing data, a set of
10 genes was used. Amongst upregulated genes, genes belonging
to aminoacyl tRNA synthesis (farsal), inflammatory (rnfI4 and
ctsh) and mitochondrial (stoml2 and phb) pathways were
selected. For downregulated genes, genes belonging to Notch
signalling (neurll and hdac5), synaptic transmission (tspoapl)
and extracellular matrix (reelin and col28a) were selected.
Altogether, the expression pattern of all selected genes
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mirrored the results obtained by RNA seq (Supplementary
Figures S2A, B).

Mitochondrial abnormalities in double
homozygous zebrafish larvae overlap with
human SEGA lesions

As second hit mutations are most frequently detected in
SEN/SEGA lesions (Martin et al., 2017), the transcriptome of
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the double homozygous larvae and human SEGA lesions
(Bongaarts et al., 2020) was compared to identify clinically
relevant mechanisms. Both datasets displayed a similar amount
of DEGs. Significantly, a substantial amount (38%) of the DEGs
present in SEGA lesions was also found in the double
zebrafish the
transcriptome analysis of SEGA and fsc2 homozygotes

homozygous larvae, while in contrast,
revealed a lower overlap, ie., 13%. (Figure 5A, p < 2.2e-16).
Next, pathway enrichment analysis of the overlapping genes
revealed terms related to the immune system to be enriched
amongst upregulated genes and terms related to synaptic
(glutamatergic) signalling and cell morphology and neuronal
projections  enriched amongst downregulated genes.
Additionally, pathways related to neurodevelopment, Notch
and Wnt-signalling showed to be enriched amongst down
DEGs

(mitochondrial

and  upregulated respectively.  Interestingly,

mitochondrial aspects translation and
mitochondrial gene expression) were again strongly enriched
amongst the overlapping upregulated genes (Figure 5B;
Supplementary Table S5).

To

significantly overrepresented in the zebrafish and SEGA

confirm whether mitochondrial genes were
transcriptional profiles, several DEG lists (tsc2™~, depdc5~~
x tsc2”7, SEGA, overlap of tsc2”~ and SEGA, overlap of
depdc5”~ x tsc2”~ and SEGA) were compared to the
Human MitoCarta3.0 dataset (Rath et al., 2021), consisting
of an extensive list of nuclear and mtDNA genes encoding
proteins with strong support of mitochondrial localization.
Hypergeometric testing showed a significant increment of
mitochondrial genes within the SEGA transcriptome and in
the overlap of DEGs in double homozygous zebrafish and
SEGA (respectively p = 1.09518e-10 and p < 1.427117e-05,
Supplementary Table S6).

Consequently, we examined ultrastructural aspects of the
mitochondria by electron microscopy. In general, no gross
mitochondrial abnormalities were observed at 5 dpf (Figure 5C).
Next, the mitochondrial copy number was investigated by
extraction of mitochondrial DNA and, as expected, only the
double

mitochondrial content compared to wild-type larvae (Figure 5D,

homozygotes displayed a significant increase in
P < 0.01). Subsequently, the mitochondrial function was assessed by
measuring the ATP levels in all homozygotes. This functional
analysis revealed a trend towards increased ATP levels in the
tsc2 and double homozygotes (Figure 5E, p > 0.05).

Finally, to illustrate the value of the double mutant
zebrafish model in the identification of possible new
pharmacological targets for SEGA, the overlapping DEGs of
the double mutant zebrafish and human SEGA transcriptome
were subjected to drug-gene interaction analysis using the
DGIdb database. Of 2061 overlapping genes, 339 were
associated with 4439 drug-gene interactions. We found
numerous MAPK inhibitors, but also mTOR inhibitors

amongst the reported interactions.

Frontiers in Cell and Developmental Biology

14

10.3389/fcell.2022.952832

Discussion

To assess the biological effects of hyperactive mTORCI in
vivo conditions, we were interested in a double mutant zebrafish
model that carries mutations both in the tsc2 and another
relevant mTOR-related gene. Significantly, gain of function
(GOF) mutations have been described in RHEB, MTOR and
RPS6 (Pelorosso et al.,, 2019; Zhao et al, 2019). However,
corresponding GOF models in zebrafish have yet to be
generated and their phenotype with anticipated stimulatory
effects on the mTORCI1 pathway to be fully characterized. On
the other hand, loss of function (LOF) mutations have been
discovered in TSCI and DEPDC5 (Martin et al., 2017; Sim et al,,
2019). For example, combined TSCI and TSC2 mutations have
been detected in patients and functionally characterized using a
TSCIP";hGFAP-Cre x TSC2";hGFAP-Cre
Unfortunately, these double mutant mice did not show an

mouse model.
enhanced activation of mTORCl compared to the single
mutants (Mietzsch et al., 2013), an outcome that is likely
explained by the strong interdependence of the proteins
encoded by the TSCI (hamartin) and TSC2 (tuberin) genes
for the stability and functioning of the TSC complex. In
addition, also the generation of a tscl zebrafish mutant is
complicated by the presence of two zebrafish paralogues for
the human TSCI gene.

As a result, we opted for a double mutant zebrafish model
that carries a LOF mutation both in the tsc2 and the depdc5 gene.
To the best of our knowledge, this is the first time a second-hit
model has been studied in zebrafish. Significantly, the DEPDC5
gene has an important role in the regulation of mTORCI
(Shimobayashi and Hall, 2016), and the combination of a
germline TSC2 and somatic DEPDC5 mutation has been
described in a TSC patient with intractable epilepsy (Sim
et al,, 2019). Finally, a depdc5 LOF zebrafish model has been
extensively characterized for brain-related manifestations and
hyperactivity of mTORCI1 has been observed (Swaminathan
et al.,, 2018).

As anticipated, by interfering with two distinct negative
of the mTORCl1
hyperactivation of mTORCI in the double homozygotes that
exceeded those found in the depdc5 and tsc2 mutants. The double
homozygotes showed premature lethality that could be almost

regulatory arms pathway, we found

completely reversed by rapamycin treatment, an outcome that
has also been observed in other TSC models (Meikle et al., 2007;
Zeng et al., 2008; Di Nardo et al., 2009; Goto et al., 2011; Magri
etal, 2011; Magri et al., 2013) and which unequivocally identifies
the enhanced mTORCI effects as the cause of the biological
response. Evidently, because we used a global KO strategy that
affected all cells, a more dramatic consequence was expected
compared to a conditional KO strategy used in some TSC-
deficient animal models where the loss of TSC1/2 was limited
to a specific number of cells from a specific point in time.
However, this outcome also demonstrates the power of ex
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utero developing zebrafish as a model system to study pathogenic
processes (Rosch et al., 2019) especially when compared to global
KO mouse models where in utero development in combination
with a possible early lethal phenotype hinders a full study of the
disease.

In line with other mTOR-related models with shorter
(Yu Cui, 2016), the
mTORCI dysregulation in the double homozygotes translated

lifespan and strong
into a clear reduction of their survival compared to the tsc2
homozygotes. This result can be explained by a dramatic
disruption of cellular homeostasis, as inappropriate nutrient
sensing, anabolism and reduction of autophagy are all affected
by mTORCI hyperactivity with a documented negative effect on
lifespan (Weichhart, 2018). In fact, the transcriptional profile of
the double homozygotes reveals more anabolic metabolism

supporting cell proliferation compared to the tsc2
homozygotes. Accordingly, at transcriptional level GO terms
related to translation are upregulated amongst the

downregulated DEGs in the tsc2 homozygotes. In the double
homozygous zebrafish larvae, the situation is more complex with
GO terms as “peptide biosynthetic process” and “protein
that
upregulated amongst the upregulated DEGs. Thus, it is likely

catabolic  process” are significantly and strongly
that in the double homozygotes these biological processes keep
each other in balance, which explains the total protein levels
found that are similar to those in the wild-types. The results
underline the divergent phenotypes resulting from the different
degrees of mMTORCI hyperactivity. Also, the mitochondrial copy
number in the double homozygotes was upregulated, likely to
cope with higher cellular ATP demands as reported in certain
cancers (Reznik et al., 2016). In addition, as mitochondria are the
major contributors to the production of reactive oxygen species
(ROS), the increased mitochondrial functioning in our tsc2 and
double homozygotes might result in oxidative stress (OS). This is
supported by our transcriptional findings from the tsc2 and
double homozygote ZF that showed an upregulation of NFE2-
like BZIP transcription factor 2 (NFE2L2) and heme oxygenase 1
(HMOX1) (the later

downregulation of catalase (CAT), and enrichment of the GO

only in double homozygotes), a
cell redox homeostasis which are all indicative of OS. Moreover,
also human epileptogenic cortical samples and TSC1/2-deficient
models showed increased OS levels (Nie et al., 2015; Arena et al.,
2019), suggesting that OS contributes to the disease pathology, a
mechanism conserved in zebrafish. This, combined with a clear
indication of compromised catabolism as shown by reduced
double
compared to tsc2 homozygotes, infers a highly disturbed

autophagy-related GO terms in homozygotes
metabolism present in the double homozygotes.

When investigating seizure-related behavioral aspects and
electrographic signatures, we observed that the tsc2 and double
homozygotes exhibited spontaneous locomotor hypoactivity
when exposed to a dark-light cycle, but both became equally

hyperactive after the treatment with 5mM PTZ, a GABA-
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antagonist. Conversely, the depdc5 homozygotes showed
behavioral responses in line with control larvae. In case of the
double homozygotes, these behavioral changes were clearly
supported by abnormal brain discharges, as evidenced by
increased PSD-values, while this was not the case for the tsc2
homozygotes. It is likely that the tsc2 homozygotes displayed
fewer generalized electrographic seizures as compared to their
double homozygous counterparts that consequently were not
recorded by the electrode monitoring signals generated only by a
small population of superficial optic tectal neurons. A similar
inconsistency between the outcome of locomotor assays and
brain recordings have been reported before (Zhang et al., 2017).

Despite reports of neuronal hyperactivity in TSC-deficient
models (Uhlmann et al., 2002; Goto et al., 2011; Magri et al., 2011;
Magri et al., 2013; Winden et al., 2019) spontaneous epileptiform
activity was not detected in the tsc2 nor in the double
homozygous larvae. While somewhat surprising, our results
are in line with a recent study showing that of the 40 single-
gene mutant zebrafish lines representing catastrophic childhood
epilepsies, only 20% exhibited unprovoked electrographic
seizures (Griffin et al., 2021). In contrast, as revealed by the
results obtained with subthreshold concentrations of PTZ, the
double homozygotes showed augmented seizure susceptibility.
As epilepsy is considered a disease of abnormal brain networks,
our findings can be explained by the role of mTORCI in the
formation of neuronal circuits. Of interest, between 2-3 dpf
zebrafish experience a second wave of neurogenesis in which
the basic neuronal network is replaced by a mature and more
extensive neuronal circuitry (Tropepe and Sive, 2003). Since we
showed that the mTORCI activity became highly active during
the 3-5 dpf period, and increased mTORCI activity results in
accelerated axon growth (Gong et al., 2015) and guidance defects
(Nie et al., 2010), dendritic hypertrophy (Kumar et al., 2005;
Tavazoie et al., 2005) and spine abnormalities (Kumar et al.,
2005), it is tempting to speculate that mTORCI hyperactivity
resulted in pathological neuronal wiring diagrams in 5 dpf
zebrafish brain and thus increased susceptibility to seizures.
Accordingly, the transcriptional profile of double mutant
demonstrated  abnormalities in  neuronal  projection
morphogenesis, regulation of neuronal projections and axon
guidance. Moreover, mTORCI is also thought to have indirect
effects on the expression of ion channels and receptors, affecting
the membrane potential (Raab-Graham et al.,, 2006; Li et al,
2010). In fact, GO enrichment analysis showed a reduction of
GABAergic signalling in the double homozygous zebrafish
compared to ftsc2 homozygotes which further might explain
their hypersensitivity towards PTZ.

Our data on neuronal cell size and brain anatomy did not
reveal differences in depdc5 homozygotes compared to wild-type
larvae, likely inferring that cellular and histopathological changes
can only be expected above a threshold of mTORCI activity.
Accordingly, in the fsc2 and double homozygotes enlarged cell
size and ventricular dilatation were noticed. Dilatation of the
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brain ventricles is a feature occurring in humans with SEGA
lesions (Mei et al, 2017) and rodent TSC models displaying
SEGA-alike lesions (Magri et al., 2011; Zhou et al.,, 2011; Magri
et al, 2013). Surprisingly, despite the varying degrees of
mTORCI hyperactivity between these mutants, no major
histological differences were detected. We hypothesize that the
limited time available (i.e., 5 dpf) before the double homozygotes
became moribund, dramatically impeded the development of
more severe histopathological features such as giant cells and
SEGA lesions. Accordingly, in other TSC-deficient models, giant
cells and SEGA lesions were observed only after significant
development time (Goto et al, 2011; Zordan et al., 2018;
Nguyen et al,, 2019).

A solid argument for the clinical relevance of the double
homozygous zebrafish model is the strong overlap between the
transcriptome of SEGA lesions with our double mutant model
but less so with the tsc2 homozygotes. In line with other
studies, inflammatory and immune system-related GO terms
were highly enriched among the upregulated genes (Martin
etal., 2017; Bongaarts et al., 2020), while neurodevelopmental
genes were downregulated (Bongaarts et al., 2017; Shin et al,,
2017). Interestingly, the transcriptional profile of the double
homozygotes, as well as the overlap with SEGA lesions,
demonstrated signs
Notch
development as it

of dysregulated Notch signaling.

Appropriate signalling is pivotal for brain

influences neuronal differentiation,
among other crucial processes (Lasky and Wu, 2005).
Significantly, tubers and SEGA lesions encompass cells with
dysregulated neuroglial expression patterns, and reduced
expression of the Notchl receptor has been observed in an
astrocyte-specific TSCI conditional KO mice model (Ess et al.,
2004). Moreover, analysis with DGIdb, an R package that
integrates available data sources describing drug-gene
interactions and druggable genes, identified numerous
interactions with inhibitors of MAPK signaling (e.g.,
trametinib, MEK1/2 inhibitor). This outcome together with
reports of activated MAPK signaling in SEGA lesions (Jozwiak
et al, 2007; Tyburczy et al., 2010; Siedlecka et al., 2015;
Bongaarts et al., 2020) make inhibition of these pathways a
possible new and compelling clinical treatment option for
double hit lesions. Significantly, mTOR inhibitors, the only
approved pharmacological therapy for SEGA, were also
observed in the gene-drug list, further validating our
approach and supporting the potential of our model to
detect clinically relevant therapies.

In conclusion, we demonstrate a strong relationship
between the degree of mTORCI hyperactivity and number
of DEGs and thus a proportionally stronger disruption of
normal development in the double homozygous larvae.
Accordingly, the double homozygotes displayed a higher
seizure susceptibility which might indicate a role for second
hit mutations in the exacerbation of the clinical epilepsy
phenotype. Conversely, no gross histological differences
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were observed, while the comparison of the transcriptomes
of the double homozygous larvae and human SEGA lesions
revealed strong overlap. As strong pS6 labeling has been
reported in SEGA lesions, we found further evidence for a
causal role of hyperactive mTORCI in SEGA formation.
Moreover, of gene-drug interactions
identified inhibitors of the MAPK pathways as possible
interesting pharmacological tools for the treatment of
SEGA lesions. Taken together, the data show that our
double mutated zebrafish model could be cost-effective in

by analysis

we

value for future drug discovery efforts.
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