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ABSTRACT

Alexander disease (AxD) is a rare leukodystrophy caused by heterozygous mutations in the
GFAP gene. Various in vitro and in vivo models have been developed so far in an effort to
uncover the key mechanisms driving this complex. However, none of these models is suitable
for investigating the global dysregulation caused by AxD. To address this shortcoming, | have
generated a stable transgenic zebrafish line (zAxD) carrying the human GFAP p.R239C
mutation, that is associated with severe phenotypes of AxD type | patients. Then, | performed
transcriptomics and proteomics analyses on the whole larvae of our zAXD model, confirming the
involvement of several pathways such as the immune system response and inflammation,
oxidative stress, extracellular matrix, lipoxidation and lipid metabolism, which have previously
emerged in more limited omic studies. Interestingly, new pathways emerged as well, including
tyrosine and butanoate metabolic processes, and angiogenesis. Biochemical assays confirmed
alterations in cell respiration and lipid metabolism as well as elevated oxidative stress. These
findings confirm the reliability of the zZAxD model to apply a whole-organism approach not only
to investigate the molecular basis of the disease. but also, to search for drugs effective in

counteracting the emerging pathogenetic pathways.







1. INTRODUCTION



1.1 Alexander disease (AxD)

Alexander Disease (AxD) is a rare degenerative disorder of astrocytes, classified under
leukodystrophies. An estimation of AXD prevalence has been reported in a Japanese population study,
as 1 in 2.7 million of people (Yoshida et al., 2011). The first case of AxD was documented in 1949
when it was diagnosed in a 15-month-old boy exhibiting psychomotor delay and hydrocephalus
(Alexander, 1949). Since then, numerous cases of AXD have been identified, leading to the most
recent and accepted classification which divides this disease into Type | and Type I, based on the
onset and clinical symptoms (Prust et al., 2011). Type | is further classified as infantile (0-2 years
old) and juvenile (3-12 years old), also named Type Il (Yoshida et al., 2011). Both Type I and Il
are characterized by early onset, seizures, abnormal myelination, and developmental delay (Figure
1), while Type Il presents late onset (from 13 years old along lifespan) and hindbrain dysfunction
such as ataxia, dysphagia, and dysphonia (Russo et al., 1976). Moreover, a neonatal subgroup (less
than 30 days of age) has been introduced under the infantile classification (Springer et al., 2000).
Type | AxD is the most severe, with a reported two-fold mortality compared to Type Il (Prust et al.,
2011). AxD is a genetically dominant disease and is caused by mutations in the Glial Fibrillary
Acidic Protein (GFAP) gene, encoding the GFAP protein, the specific Type Il Intermediate
Filaments of astrocytes (Brenner et al., 2001).

The disease-causing mutations occur in heterozygosity and in most cases de novo (Messing, 2018),
although rare cases of inherited mutations have been reported (Messing et al., 2010). Moreover,
almost half of the AxD cases are due to mutations affecting either the p.R79 or p.R239 codons
(Quinlan et al., 2009) (Figure 2). A recent systematic review pointed out that 73% of R239C
mutation cases are infantile; the remaining 27% are belonging to the juvenile form, while no adult
case is reported carrying this mutation, which is also a mutation causing one of the most severe
phenotype (Grossi et al., 2024).

AxD patients, even when sharing the same mutation, show phenotypic variability and excepting for
the R239H mutation, which have been associated only to early onset AxD, there is no clear
correlation between genotype and disease symptoms and severity. The cause of this variability is
still under investigation, even if the major hypothesis is that it is due to genetic modifiers of the
disease (Messing, 2018).

To date, there is no cure for AXD except symptomatic treatments.




Figure 1. Anexample of clinical manifestations of Alexander disease: in this figure is particularly evident the

hydrocephalus (Brenner et al., 2009).
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Figure 2. Protein structure with the locations of the

known GFAP mutations in Alexander disease. The four
rectangular boxes represent the helical coiled-coil rod domains of GFAP. On the right, wild-type amino acid
is reported, and amino acid replacements within symbols on either side (on the left, for early onset mutations

and on the right for late onset AxD) (Messing et al., 2012).
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1.2 GFAP protein and its role in Alexander disease

Although GFAP protein is largely considered an astrocytic marker, during development the gfap gene
is expressed by radial glia (Levitt and Rakic, 1980), which generates not only astrocytes, but also
neurons and oligodendrocytes (Brenner and Messing, 2021). Moreover, several GFAP mRNA
isoforms exist: the most abundant and conserved among species is GFAPa. Two more isoforms are
generated due to different transcriptional start site, namely GFAPPB and GFAPy, while GFAPS and
GFAP«x are isoforms generated by alternative splicing (Blechingberg et al., 2007; Brenner and
Messing, 2021). GFAPS and GFAP«x which, in contrast with GFAPa, are not able to form mature
intermediate filaments (Nielsen and Jorgensen, 2004; Blechingberg
et al., 2007). Moreover, C-terminal sequences of GFAPS and GFAP«x are highly variable among
species (Singh et al., 2003).

GFAP structure, like other intermediate filament proteins, is characterized by a central a-helical rod
domain, containing the cysteine residue C294, flanked by head and tail domains. Interestingly, all the
mutations causing AxD occur in the rod and tail domain (Messing, 2018) suggesting a role of these
regions in the correct formation and assembly of filaments. In normal conditions, the assembly of
type Il intermediate filaments consists in the parallel alignment of the rod domains of two monomers
leading to dimers.

Then, dimers associate in an antiparallel fashion to generate tetramers, that, in groups of eight, will
assemble into unit length filaments. Adjacent length filaments connect the head to tail to form mature
filaments (Etenne-Manneville, 2018).

When mutated, GFAP filamentous structure collapses into aggregates containing GFAP itself, both
mutated and wild-type, af-crystallin, ubiquitin, and some proteasome subunits (Heaven et al., 2016;
Iwaki et al., 1993). These aggregates, named Rosenthal fibers (RF, Figure 3), are the main feature of
AxD and accumulate into the cytoplasm and processes of astrocytes, finally leading to
neurodegeneration likely due to impairment in the neuron-astrocyte crosstalk. The origin of RF
formation is not yet completely clear, but there are some evidence about the role of stress granules in
RF formation (Heaven et al., 2016).

Moreover, further confirming the heterogeneity of AxD, it has been reported that even adjacent
astrocytes are characterized by different GFAP accumulation (Sosunov et al., 2013). The exact
mechanism by which GFAP mutations cause their pathogenic effect is still not completely
understood. One of the proposed explanations is that GFAP mutations cause a reduction in the rate

of GFAP polymerization with the consequent accumulation of toxic intermediates (R. Li et al., 2002).
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Moreover, it has been reported that p.R239C GFAP oligomers have an inhibitory effect on the
proteasomal activity (Tang et al., 2010), an increase
in autophagy (Tang et al., 2008) and activation of caspases 3 and 6 (Chen et al., 2011, 2013). In
particular, caspase 6 has recently been linked to increased phosphorylation of GFAP Serl3 in the
early-onset forms of disease (Battaglia et al., 2019). Furthermore, it has been proven that Cys294 is
prone to lipoxidation and may be considered a sensor for oxidative stress in response to GFAP
mutation (Viedma-Poyatos et al., 2018).

Together, these evidences suggest that astrocytes themselves activate a positive loop, leading to an
increased expression of GFAP, a condition known as gliosis.

In addition, it has been reported that even wild-type GFAP overexpression does exert pathogenetic
effects, leading to astrocyte hypertrophy and RF formation, resembling the AxD phenotype (Words,
2003). Nevertheless, analysis on autopsy tissues from three patients reveals that the mutant form of
the protein is not the most abundant GFAP  present in the brain,
suggesting that the mutant form may be less stable than the wild type
(Heaven et al., 2019).

How GFAP mutations affect astrocytes is still under investigation. One of the proposed mechanisms
is the decrease in glutamate transporters expression (Hagemann et al., 2009; Tian et al., 2010),
impaired mitochondria transfer between neurons and astrocytes (Gao et al., 2019) and inhibition of
oligodendrocyte progenitor cells proliferation (Li et al., 2018). Another question still under
investigation is whether GFAP mutations affect brain development. Indeed, it has been reported that
a mouse model of AxD shows a decrease in neuronal progenitors’ proliferation (Hagemann et al.,

2013).

Figure 3. Rosenthal fibers located at the level of the astrocytic endfeet surrounding a blood vessel (V) in the

12



brainstem of a 1-year-old child with Alexander disease (Messing et al., 2012).

1.3 Existing models of Alexander disease

Several in vitro and in vivo studies have attempted to investigate Alexander disease, though both
approaches have their limitations. In vitro models lack the complexity arising from the interaction
between different cell types in the brain, while in vivo mouse models are characterized by long
gestation times and are difficult to manipulate. Although not exhaustive, these studies allow to

disclose several important aspects of AxD.

1.3.1 Invitro models of Alexander disease

Several studies have been conducted on in vitro models, trying to clarify the pathogenetic mechanisms
of AxD. Among them, in 2022 Viedma-Poyatos and collaborators, using an astrocytoma cellular
model of R239C AxD demonstrated that mutant GFAP displays altered assembly of filaments,
mitochondria alteration with increased oxygen production leading to higher oxidative stress and
susceptibility to lipoxidation.

Additionally, studies using neurosphere cultures have shown that AxD is associated with a deficiency
in the differentiation of oligodendrocyte precursor cells (OPCs) into mature oligodendrocytes
(Gomez-Pinedo et al., 2017). A study using co-culture system of human iPSC-derived astrocytes and
OPCs assessed that mutant astrocytes impair oligodendrocytes progenitor proliferation and
myelination (Li et al., 2018) suggesting that the white matter loss in AxD patients is more likely due
to defect at the level of OPCs differentiation and proliferation rather than myelin disruption.

A study performed on iPSCs with R88C or R416W mutations, found alterations in astrocytic
intracellular vesicle trafficking, calcium waves and
ATP release (Jones et al., 2018).

Furthermore, talking about organelles distribution and functioning, another iPSCs model of AxD
carrying R239C or R79C mutations, revealed that mutant astrocytes fail in astrocytic transfer of
mitochondria (Gao et al., 2019). Also, another (iPSC)-derived astrocytes AXD model has been
developed to investigate the hypothesis the role of post-translational modifications (PTMs) on mutant
GFAP tendency to aggregation (Battaglia et al., 2019).

Lastly, the most recent study on iPSCs-derived astrocytes carrying the R239C mutation in co-culture
with neurons has been performed by Matusova et al., 2024. In this study scRNA-seq revealed the

presence of a specific AxD cluster characterized by an increased susceptibility to stress, and a

13



prevalence of less mature astrocytes and neurons. Moreover, sSCRNA-Seq on AxD organoids
confirmed the differentiation defects highlighting a prevalence of mesenchymal-like and muscle cells
(Matusova et al., 2024).

1.3.2 In vivo models of Alexander disease

Several in vivo models for Alexander disease have been generated, trying to decode key aspects of
this disease. Among them, a fly model has been generated using Gal4/UAS system by Wang and
collaborators: in this study oxidative stress and misfolded GFAP have been shown to promote
activation of autophagy (Wang et al., 2011). Also, nitric oxide has been pointed out as key molecule in
glial-derived neuronal cell death signalling (Wang et al., 2015). Moreover, in a following study, the
fly model for AxD has been used to conduct a pharmacological screening taking advantage of the
Spectrum Compound library, from which cholinergic signalling has been identified as a possible
therapeutic target (Wang et al., 2016).

Furthermore, Wang and collaborators shown that increasing expression of the glial glutamate
transporter protects from GFAP toxicity without altering protein aggregation or autophagy suggesting
that glutamate transport defects may be a downstream mechanism of cellular toxicity, a result in line
with the finding shown by Hagemann et al., 2009 in a transgenic mouse model of AxD. Moreover,
Wang and collaborators performed a genome-scale forward genetic screen on their fly model of AxD
from which mechanotransduction pathways involvement emerged, together with an increased
expression of Lamin A in AXD mutant compared to the control (Wang et al., 2018), leading to an
increased stiffness in CNS tissues. These results are in line with the reported relevance of brain
microenvironment stiffness in influencing OPS functionality (Segel et al., 2019).

Although fly model allowed to uncover several aspects of AxD, Drosophila presents several
consistent differences compared to vertebrate, including the absence of intermediate filaments. Trying
to overcome this limitation, several mouse model of AxD have been generated. For instance,
Hageman and collaborators created mouse models carrying the R76H and R236H mutations in which
they detected an increased expression of GFAP associated with an antioxidant stress response
(Hagemann et al., 2005). Moreover, abnormal iron accumulation has been observed in areas where
Rosenthal fibers accumulate, while no myelin defects have been observed (Hagemann et al., 2006).
Also, Hagemann ad collaborators manage to create a rat model for AXD which shows myelin defects.
The mutant rats have been treated with antisense oligonucleotide (ASO) resulting in a recovery from
much of the pathology symptoms (Hagemann et al., 2021). ASO therapy is now undergoing clinical

trials on AxD patients.
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Furthermore, by examination of hippocampal astrocytes from an R236H mutant mouse modelling
AXD, it has been shown that astrocytes become multinucleate and hypertrophic and shown areduced
glutamate transport current (Sosunov et al., 2013). To investigate whether the reactive gliosis typical
of AxD may contribute to seizures after traumatic brain injury (TBI), EEG recordings have been
performed on R239H AxD mouse. Unexpectedly, high GFAP expression and/or gliosis seems not to
be a risk factor for developing seizures in AxD models (Cotrina et al., 2014).

Lastly, the first proteomic study on the brain of a mouse model of R236H AxD has been performed
by Heaven et al., 2022. From this study emerged glutamate metabolism, upregulation of the
peroxisome proliferator-activated receptor (PPAR) signaling pathway and defect in astrocytes
maturation. The upregulation of PPAR signaling is probably linked to the found increased fatty acid
synthesis, which in turn could explain the glutamate dysregulation (Heaven et al., 2022).

Lastly, have been demonstrated that zebrafish is a reliable model for AxD, since it shows propensity
to form aggregates, when transiently injected with construct for mutant GFAP (Lee et al., 2017;
Candiani et al., 2020). Moreover, the zebrafish model transiently expressing the R239C mutation has
been tested for heat shock and ceftriaxone treatment, confirming the reliability of this organism model
for generating stable transgenic lines suitable to undergo further experiments (Candiani et al., 2020).

1.4 Why Zebrafish for modelling Alexander disease

In the past decades, Danio rerio, a simpler vertebrate model also known as zebrafish, has been largely
used to model human pathologies, including tumour and neurodegenerative diseases (Chia et al.,
2022; Corallo et al, 2020). Zebrafish is a small teleost that offers several advantages compared to
other in vivo models: it is characterized by a fast life cycle, at around 3 months of age fish are sexually
mature and can produce up to 400 eggs for each mating (Figure 4). In addition, the external
development and transparency of the eggs allow the embryos to be easily manipulated and the
expression of fluorescent reporters to be followed (Dooley & Zon, 2000). Moreover, the comparison
between the human and zebrafish genomes revealed that 76% of genes implicated in genome-wide
association studies (GWAS) for human disease and 82% of morbid genes present in the Online
Mendelian Inheritance in Man (OMIM) database are present in the zebrafish genome (Howe et al.,
2013). Apart from the genomic likeness, the similarity of body organs and organ systems in both
humans and zebrafish (Figure 5) make this organism model suitable for the creation of several human

disease models (Teame et al., 2019).
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Figure 4. Graphical representation of the embryonic development stages of the zebrafish (from

BioRender.com).
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Figure 5. Some of the organ systems conserved between zebrafish and humans (Teame et al., 2019).
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Zebrafish represents a promising model for AxD; indeed, it has been reported that the intron-
exon organization of the GFAP gene is highly conserved between zebrafish and mammals and

the alignment of the amino acid sequences shows 67% identity (Nielsen & Jargensen, 2003).

Moreover, the zebrafish gfap expression along development starts from tail bud stage and
continues in the brain from 12 hpf, spreading to the developing spinal cord (15 hpf). Then,
gfap expression can be detected in lens and retina (24 hpf) and reaches strong levels of
expression at 72 hpf, localizing in the glia, neural retina, spinal cord and spinal nerves. Lastly,
a weak expression is detectable in the olfactory sensory placode and otic capsule (Bernardos
et al., 2006).

Furthermore, it has been shown that zebrafish Gfap protein maintains the same functional
properties as protein belonging to type Il intermediate filament (Nielsen and Jargensen, 2003).
The zebrafish brain shows structural and functional features common with the mammalian brain
and presents the same cell types of mammals, such as neurons, radial glia, and other glial cell
types and microglia (Schmidt et al., 2013). Interestingly, the zebrafish glia also maintains its
radial glia identity and neurogenic ability in adults (Jurisch-yaksi, 2020). Moreover, it has
been recently extensively reviewed that zebrafish is particularly suitable to study nervous
system function and structure in both health and pathological conditions, such as AD and PD,

as well as for the study of the enteric nervous system (ENS) (Markert, 2023).

Recent papers demonstrated the validity of zebrafish for AxD modeling by transient
transgenesis (Candiani et al., 2020; S. H. Lee et al., 2017). However, mosaic expression is not
suitable for several studies due to the variability in integration efficiency and, consequently,

GFAP expression levels.

In this work, | have generated a stable transgenic zebrafish model of AxD (from now on named
zAXD) carrying the human p.R239C mutation and exploited it to investigate the main pathways
involved in the pathogenesis of this disease by performing the first whole-animal multi-omics
analysis on an in vivo model of AXD. Our results pave the way for further investigation into the

involvement of metabolic processes in AxD.
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2. MATERIALS AND METHODS
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2.1 Overview of GFAP-GFP expression plasmids

For this work, as control line we used the zebrafish transgenic line Tg(gfap:GFP)mi2001
previously described by Bernardo and Raymond (2006) and obtained by University of Padua,
Italy. The construct used to obtain this line was formed by the gfap regulatory elements
containing 3 kb of sequence 5-upstream from the initiation codon of gfap, the first 16 bp of exonl
and 4.3 kb of intron 1. This regulatory region has already been established to drive expression
specifically within glial cells (Bernardos & Raymond, 2006). To generate the
Tg(gfap:hGFAP(R239C)-GFP) line we used the plasmid pTol2-gfap:hGFAP(R239C)-GFP,
kindly provided by Prof. Choi (Department of Biomedical Sciences and Neurology, Chonnam
National University Medical School in Gwangju, Republic of Korea), containing the human
mutant GFAP-coding region cloned downstream to the zebrafish gfap regulatory elements
described above and in frame with 3XFLAG-GFP epitopes (Lee et al., 2017). Such construct
(Figure 6) was also used to generate the transient transgenic line previously reported by Candiani
and coworkers (2020).

‘ pGFAP hGFAP !F! EGFP !pA ‘

Figure 6. Schematic picture of the construct used to generate the transgenic line for AXD (from Lee et
al., 2017).

2.2 Zebrafish Care and Breeding

All experiments were performed in compliance with the Italian and European legislation
(Legislative Decree 26/2014 and Directive 2010/63/EU) and following authorization from the
Ethics Committee of the University of Genoa (local Ethic Committee on Animal
Experimentation - protocol n°12804; approval date: 21 February 1997) and the Italian Ministry
of Health (authorization release n°837/2023-PR).

Zebrafish were bred in the animal facility of the Developmental Neurobiology Laboratory of
DISTAV (Prof. Candiani) - University of Genova. This facility is equipped with water filtration
systems (Tecniplast, Buguggiate, Italy) (Figure 7) ensuring the waste removal and low levels of
ammonia and nitrate. Moreover, adjustable lighting systems and incubators for eggs are present
in the facility.

Care and breeding of zebrafish in laboratories require the maintenance of specific conditions to
ensure the health and prolificacy of these organisms. Here are listed the main aspect involved in
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care and breeding of zebrafish:

1. Environmental parameters:

e Water is usually kept at a constant temperature between 28° and 30 °C.

e Lighting is set to simulate standard light/night zebrafish cycles, consisting in 14 hours
of light and 10 hours of darkness per day.

2. Feeding:

e Zebrafish were fed three times per day, with a balanced diet that included basic

granular food (Zebrafeed, Sparos Ltd., Olh&o, Portugal) and Artemia nauplii.

Spawning of adult zebrafish was performed according to standard methods.
The wild-type fish (AB strain) used to generate the transgenic line, as well as the reporter line
Tg(gfap:GFP)mi2001 were obtained from the zebrafish Facility of the University of Padua, Italy.
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Figure 7. Husbandry system for zebrafish breeding (Tecniplast, Buguggiate, Italy) from DISTAV -

University of Genova.

2.3 Generation of zebrafish transgenic line

We successfully generated stable, non-mosaic mutant transgenic line Tg(gfap:hGFAP(R239C)-
GFP) by using the Tol2 transposon system which is known to be active in all vertebrates
(Kawakami, 2007). For the transgenesis the mMMESSAGE mMACHINE Kit (Thermo Fisher
Scientific, Monza, Italy, Cat. No. AM1344) was used to synthesize the transposase-capped mMRNA,
using the linearized pCS-TP plasmid as a template. Briefly, using FemtoTip Il capillaries an MP-
1 micromanipulator (Figure 8), zebrafish eggs, at the stage of one cell (0-0.5 hours post
fertilization, hpf), were microinjected with 0.5 nL of a mix solution as follow: 280 ng/pL of a
GFAP expression construct, 280 ng/uL Tol2 transposase capped mRNA, and 10% phenol red
(Sigma Aldrich, St. Louis, MO, USA, Cat. No0.143-74-8). 50 of the FO microinjected embryos
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were raised to adulthood and were outcrossed with the wild-type AB strain. Due to the random
segregation of the transgene in the FO germline, the transgene integration has been evaluated
through fluorescence microscopy (following protocol of Mosimann & Zon, 2011). Subsequently,
the screening involved examining both the intensity of fluorescence, which should be uniform, and
the percentage of fluorescent embryos that must adhere to the Mendelian ratio (50% in the case of
heterozygous mutations) (Figure 9). Only F2 fish showing homogeneous fluorescence, and a
Mendelian ratio of fluorescence were utilized in our experiments. All the experiments were

performed on the F2 progeny for both transgenic lines.

Figure 8. On the left, schematic view of the injection set up. On the right, one-cell of zebrafish egg during
injection.
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Figure 9. A schematic representation of the transient and stable transgenic line selection in zebrafish

injected with Tol2 constructs (from Suster et al., 2009).

2.4 Confocal imaging

Pigment-reduced 10-days post fertilization (dpf) larvae of both Tg(gfap:GFP)mi2001 and
Tg(gfap:hGFAP(R239C)-GFP) were raised in 0.003% 1-phenyl-2-thiourea (Sigma Aldrich, St.
Louis, MO, USA, Cat. No. 103-85-5) and fixed in 4% PFA/PBS (Thermo Fisher Scientific, Monza,
Italy, Cat. N0.30525-89-4) for 3 hours at room temperature. After thorough rinsing with PBS, the
samples were dissected to remove the eyes and the pharyngeal arches, permeabilized with 0.5%
Triton X-100 (Sigma Aldrich, St. Louis, MO, USA, Cat. No. 9036-19-5) in PBS, and incubated in

Hoechst (Thermo Fisher Scientific, Monza, Italy, Cat. No. 62249) for nuclear counterstaining. For

imaging, the samples were mounted on a microscope slide using Scotch tape as spacers (Bozzoet




al., 2020). Confocal images were acquired with a Nikon AX microscope (access granted by CEBR
of the University of Genoa) and raw data were analyzed with Fiji (Schindelin et al., 2012). Then,

single images were assembled into a table using Adobe Photoshop CS4.

2.5 Immunohistochemical Analysis

Larvae of 10 dpf were collected and fixed in 4% PFA/PBS (Thermo Fisher Scientific, Monza,
Italy, Cat. N0.30525-89-4) for 3 hours at 4°C for immunohistochemical analysis. After fixation,
samples were washed in PBS, sequentially cryoprotected in 30% sucrose in PBS at 4°C overnight
and then embedded in Tissue-Tek OCT (Electron Microscopy Sciences; Fort Washington, PA).
Transverse cryostat sections (10 um thick) were preincubated in Blocking Buffer (BB) containing
10% normal goat serum, 0.1% Triton X-100, and PBS for 1 hour at room temperature. Then,
sections were incubated overnight (O/N) at 4°C with the following primary antibodies: polyclonal
rabbit anti-GFAP (dilution 1:200, Sigma Aldrich, St. Louis, MO, USA, Cat. No. G-9269), mouse
anti-HUC/HuD (dilution 1:100, Invitrogen, Milan, Italy, Cat. No. A24271), and mouse anti-GFP
(dilution 1:200, Invitrogen, Milan, Italy, Cat. No. A11120). Sections were washed three times, for
5 minutes each, in PBS and incubated with secondary antibodies: Alexa-546-tagged anti-rabbit
and/or Alexa-568-tagged anti-mouse 1gG antibody (Invitrogen, Milan, Italy, Cat. No. A-11035
and Cat. No. A-11004) dilution 1:500 in BB. Controls were performed by omitting primary
antibodies. Omission of primary antibodies resulted in no immunofluorescence (data not shown).
Sections were washed three times in PBS and incubated with Hoechst (Invitrogen, Milan, Italy,
Cat. N0.33342) for nuclei staining. Images were taken with a Thunder Imaging System (Leica,
Milan, Italy) equipped with a LasX advanced image analysis software, and then processed using

ImageJ.

2.6 Whole mount in situ hybridization

We conducted whole-mount RNA in situ hybridization on zebrafish following previously
established protocols (Corallo et al., 2020, Candiani et al., 2011). Briefly, fixed embryos were
permeabilized using 10 pg/ml of Proteinase K (Sigma Aldrich, St. Louis, MO, USA, Cat.
N0.39450-01-6) and preincubated for 5 hours in Hybridization Mix (containing 50% Formamide,
5X SSC, 0.01% Tween-20, 50 ug/ml of heparin, and 500 pg/ml of t-RNA; all of them are Sigma
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Aldrich, St. Louis, MO, USA, Cat. No. respectively 75-12-7; S6639; 9041-08-1).

Expression patterns of miR-124 were determined by using Locked Nucleic Acid (LNA)-modified
oligonucleotide probes (WM-LNA-ISH). LNA-modified probe labeled with DIG at both 5’ and 3
was purchased from Exiqon (Denmark). The sequence of LNA probe for miR-124 is the following:
5-GGCATTCACCGCGTGCCTTA-3'. Embryos were exposed to a final concentration of 5 nM
of the LNA probe at 60 °C. The following day, embryos underwent extensive washing and were
incubated in Blocking Solution (2% sheep serum, 2 mg/ml of BSA in PBS/0.1% Tween-20) for 2
hours. Then, anti-digoxigenin antibody (anti-digoxigenin-AP Fab fragment, Roche, Switzerland;
Cat. No. 11207733910) at a 1:3000 dilution was added. After several washes in PBTw, embryos
were stained using a Staining solution containing NBT/BCIP (Roche, Switzerland; Cat. No.
11681451001). Stained embryos were mounted in 80% glycerol and imaged using a Olympus
IX70 microscope.

2.7 RNA isolation and sequencing

Total RNA extraction was carried out using 25 larvae from both lines at the 10-dpf stage using a
standard Trizol protocol followed by purification with the RNeasy Mini Kit (Qiagen, Milan, Italy,
Cat. No. 74134) as previously reported by Peterson & Freeman, 2009. RNA was then quantified
using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Monza, Italy) and its
integrity was evaluated by running on a denaturing agarose gel. RNA-Seq and transcriptomic
analysis were carried out by the CRS4-NGS Core (Cagliari, Italy). For the library preparation,
MRNA was isolated from 0,5 pg of total RNA using poly-T oligo-attached magnetic beads and
using two rounds of purification (positive selection) as suggested in the TruSeq Stranded mRNA
Reference Guide (Illumina, Milan, Italy). Purified samples were processed using TruSeq Stranded
MRNA Library Preparation Kit (lllumina, Milan, Italy, Cat. N0.20020595). After AMPure XP
beads purification (Beckman, Milan, Italy, Cat. No. A63881), DNA fragments were adenylated in
their 3’ ends, and then IDT for lllumina-TruSeq RNA UD Indexes adapters (Illumina, Milan, Italy)
were ligated. A double clean-up of ligated fragments was carried out before library amplification
with a 12-cycle PCR. PCR library products were purified with AMPure XP beads (Beckman,
Milan, Italy) and quantified using Tecan Infinite F200Pro plate reader (Tecan Trading AG,
Switzerland) and Qubit BR dsDNA reagent (Invitrogen, Milan, Italy, Cat. No. Q32850). Quality
check and insert size were evaluated using Agilent DNA 1000 assay (Agilent, Cat. No. 5067-1504)
on an Agilent Technologies 2100 bioanalyzer (Agilent, Santa Clara, CA, United States). The
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indexed individual libraries were pooled to obtain equimolar concentrations for each sample and
then were loaded on a Paired End Flow Cell using the cBot System (lllumina, Milan, Italy) and
the HiSeq 3000/4000 PE Cluster Kit (Illumina, Milan, Italy, Cat. No. PE-410-1001). At the end of
the run, around 100M of 76 bp paired-end reads per sample were generated on a HiSeq3000
instrument (lllumina, Milan, Italy) using HiSeq 3000/4000 SBS Kit reagents (lllumina, Milan,
Italy, Cat. No. FC-410-1002).

Finally, demultiplexed FASTQ files were generated according to the Illumina Pipeline data
analysis. To identify differentially expressed genes (DEGS), the EdgeR software was used and p-
value <0.05 and |logFC| > 1 were set. P-values were calculated by the standard normal distribution
based on the log2FC mean and standard deviation estimated on all the transcripts.

Then, to identify the involved pathways, ClusterProfiler was used. ClusterProfiler is a package in
R, able to implement methods such as GSEA (Gene Set Enrichment Analysis) to analyze and
visualize functional profiles (GO and KEGG) of gene and gene clusters (Bindea et al., 2009, 2013;
Wu et al., 2021; Yu et al., 2012). In the case of the present study, we used a CSV file containing a
list of gene names and log2 fold change values, resulting from differential expression analysis.
Since the sample data is from Danio rerio, the library containing gene annotation “org.Dr.eg.db "
was installed, specifying the source of annotation (symbol). The gene ontology (GO) analysis was
performed with the gseGO function, resulting in different dot plots for activated or suppressed
pathways, number of genes per ontologies, and adjusted p values.

RNAseq.raw data are available at the Biosample repository of National Institute of Health with
the BioSampleAccession: SAMN38050941 ID: 38050941 (for Tg(gfap:hGFAP(R239C)-GFP
line) and BioSampleAccession: SAMN38050940 1D: 38050940 (for Tg(gfap:GFP)mi2001 line).

2.8 Gene Expression Analysis by gRT-PCR

RNA template (1 pg) was prepared as reported previously, and reverse transcription reaction was
performed with SuperScript IV Kit (Invitrogen, Milan, Italy, Cat. N0.18091050) according to the
instruction manual. The StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA) was used for RT-qPCR. For gRT-PCR, 10 ul of iQ Supermix (Biorad, California, USA;
Cat. No. 1708860), 1 ul of 20 X Gene Expression Assay, 5 ul of cDNA template, and 4 pl of sterile
distilled water were used as the reaction solution, for a total of 20 ul per sample dispensed in each
well. Tagman Gene Expression Assay was used as the primer for the following genes: Ifit8
(Applied Biosystems, Cat. No. 4448892), Ifi27.1 (Applied Biosystems, Cat. No. 4448892) and
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beta-actin as housekeeping (Applied Biosystems, Cat. N0.4453320). For the reaction conditions,
initial activation was performed at 95 °C for 3 minutes, followed by 40 cycles of thermal
denaturation at 95 °C for 10 s, and annealing and elongation at 55 °C for 30 s. All reactions were
performed in triplicate and carried out in the MJ Mini Biorad Real Time PCR (Biorad, California,
USA). The delta—delta CT method was used to determine the fold change for relative gene
expression. Statistical analysis was performed using Prism 8 Software as reported in the paragraph
2.20 (GraphPad Software Inc., Boston, MA, USA).

2.9 Proteinisolation

For proteomics analysis, 50 embryos at 10 dpf and 20 dpf for each line were collected. The number
of animals was the one sufficient to guarantee at this stage at least 100 pg of protein preparation,
necessary for the following MS analysis. Zebrafish embryos were pottered and passed through a
70 um diameter filter before undergoing a wash with PBS added with protease (20 g/ml leupeptin,
25 g/ml aprotinin, 10 g/ml pepstatin, 0.5 mM benzamide) and phosphatases inhibitor (1 mM
NaszVOs4, Merck, Darmstadt, Germany, Cat. No. 13721-39-6) followed by centrifugation at 4°C,
1500 rpm for 15 min. The pellet was then lysed by RIPA buffer incubated at 4°C for 60 min,
vortexed every 15 min four times and then sonicated for 30 s with pulse [at approximately 10 watts
output]. Samples were centrifuged at 13,850 rcf for 10 min. Then, supernatants were collected,
their volumes were measured, and the same amount of 20% SDS-6% DTT was added.
Subsequently, they were incubated at 95 °C for 5 min. Once cooled, five volumes of MATF
(Methanol, Acetone, and Tributyl phosphate, 1:12:1) were added, and samples were incubated for
1 h with agitation. The total proteins were finally pelleted by centrifugation at 12,000 rcf for 15
min, the supernatants were removed, and the protein precipitates dried for about 30 min at RT in
a Savant SpeedVac apparatus (Thermo Fisher Scientific, Waltham, MA, USA). The dried pellets
were resuspended in 250 puL of 5% SDS in 50 mM Ammonium Bicarbonate [AMBIC]. Then,
using the QuantiPro BCA Assay Kit (Sigma-Aldrich, St. Louis, MO, USA), each sample was
processed to determine its protein concentration. Later, 20 mM DTT was added to 50 ug of each
total protein extract, and the samples were incubated at 95 °C for 10 min. Then, when cooled to
RT, lodoacetamide was added to a final concentration of 40 mM, and the reaction mixtures were
incubated for a further 30 min in the dark. Finally, orthophosphoric acid was added to a final 1.2%
concentration. After reduction and alkylation, the acidified protein samples were loaded onto S-
Trap mini columns, washed four times, and successively trypsin-digested as suggested by the
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manufacturer at 37°C for 1h and blocked with 50% acetic acid (Sigma Aldrich, St. Louis, MO,
USA, Cat. No. 64-19-7) in a 1:10 ratio. Following agitation for 10 min at RT, proteins have been
dried under vacuum and stored at -80°C until use.

(Protifi, Farmingdale, NY, USA). The eluted mixtures were dried under vacuum at RT in a Savant
SpeedVac apparatus (Thermo Fisher Scientific, Waltham, MA, USA).

2.10 Mass spectrometry

An Ultimate 3000 chromatography system (Thermo Scientific Instruments, Waltham, MA, USA),
equipped with a PepMap RSLC C18 EASY spray column (Thermo Scientific, Waltham, MA,
USA, Cat. No. 13294749) was used to analyze the tryptic digests at a flow rate of 250 nl/min and
a temperature of 60°C. Eluate was analyzed by mass spectrometry (MS) using a Q Exactive™ Plus
Hybrid Quadrupole-Orbitrap™ mass spectrometer equipped with an Easyspray source (both
Thermo Scientific Instruments, Waltham, MA, USA). The data were acquired, in the mass range
between 200 and 2,000 m/z, in data-dependent (DDA) mode alternating between MS and MS/MS
scans, using the software Xcalibur (version 4.1, Thermo Scientific Instrument, Waltham, MA,
USA). MS scan resolution was 70,000 with an automatic gain control (AGC) target of 3.0E6 and
a maximum injection time (maxIT) of 100 ms. MS/MS spectra resolution was 17,500, with an
AGC target of 1.0E5 and a maxIT of 50 ms. The precursor isolation window was 2.0 m/z and
higher-energy collisional dissociation has been performed using 30 normalized collision energy
(NCE).

2.11 Mass Spectrometry Data Analysis

Data from mass spectrometer analysis in *.RAW format was deposited to the ProteomeXchange
Consortium via the PRIDE (Perez-Riverol et al., 2022) partner repository with the dataset identifier
PXD040214 (DOIl: 10.6019/PXD040214; Pride: https://www.ebi.ac.uk/pride/archive/,
https://www.ncbi.nlm.nih.gov/sra/SRX22318631, https://
https://www.ncbi.nlm.nih.gov/sra/SRX22318630.

Bioproject: https://www.ncbi.nlm.nih.gov/bioproject/).

Mass spectrometer data was processed with ProteomeDiscoverer® (v. 2.4.1.15) (Thermo
Scientific Instrument, Waltham, MA, USA) using a workflow adapted to LTQ ORBITRAP label-
free quantification. Briefly, in the processing step we used Danio rerio - tr_canonical v2022-03-
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02 database for peptide spectral matches identification in MS/MS spectra and concatenated decoy
(Target False Discovery Rate strict = 0.01, Target False Discovery Rate relaxed = 0.05 for proteins,
peptides and peptide spectral matches). Protein quantification was calculated by peptides summed
abundances, and the differential analisis was performed pairwise ratio-based and t-test
background-based using the IMP-apQuant node (Doblmann et al., 2018). After conducting a
proteome differential analysis, differentially expressed proteins (DEPs) were identified for each
experimental point. These DEPs were then used in a Kolmogorov-Smirnov test to calculate the top
20 most significant Gene Ontology-Biological Process (GO-BP) enrichment annotations. The
Kolmogorov-Smirnov test was performed using the topGO package (Alexa A, 2023) and the
org.Dr.eg.db package, both of which are Bioconductor packages in the R environment. All the
proteomic analysis has been performed at the U.O. of Proteomic and Mass Spectrometry of IRCCS

Ospedale San Martino of Genoa.

2.12 Gene-set enrichment analysis

GO enrichment analysis was performed for both RNAseq and MS data by using ClueGO v 2.5.9,
the Cytoscape plugin developed for GO analysis, and ClusterProfiler. GO enrichment was
investigated by selecting Biological processes, Immune System, Molecular Functions, and KEGG
databases by applying the following scores: p value<0.05, K score=0.3, GO levels between 8-20.
Differentially expressed proteins were evaluated for both their presence in GO terms and their
cellular localization.

The Reduce+visualize Gene Ontology REVIGO web tool (http://revigo.irb.hr/) was used to cluster
the GO-BP groups with a K score<0.05 (Supek et al., 2011). The size of each GO was determined
by a bubble chart in which the quantity of genes in each GO term is represented by the size of the
bubble. The color scale from yellow to red indicated the increasing extent of significance. The
two-dimensional space is derived by applying multidimensional scaling to a matrix of the GO
terms’ semantic Similarities.

Moreover, KEGG enrichment bubble and bar diagram of differentially expressed genes (DEGS) at
10 dpf (days post fertilization) stage in the Tg(gfap:hGFAP(R239C)-GFP) mutant compared to the
control was performed with ShinyGO 8.0 (Appendix Figure  3).
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2.13 High-density Microelectrode Array (HD-MEA) recordings

Embryos at 48 hours post-fertilization (hpf) were raised in an incubator at 28.5°C. Prior to the
experiment, each embryo was anesthetized in tricaine (0.3 mg/ml) for approximately one minute
and then transferred to the recording chamber of the high-density microelectrode array (HD-
MEA). Using a Pasteur pipette, the embryo was carefully placed onto the dried chip surface, and
any excess of tricaine-containing solution was gently removed with a P100 pipette and fish water
was added to the chamber.

Recordings were performed using HD-MEAs (Berdondini et al., 2009) on control
(Tg(gfap:GFP)Mi2001) embryos (n=4) and Tg(gfap:hGFAP(R239C)-GFP) mutant embryos
(n=4). Each HD-MEA contained 4096 square microelectrodes (21 x 21 pm) within a 3.8 x 3.8
mm? area, with all electrodes sampled simultaneously at 20 kHz per electrode using the BiorCAM
Duplex system (3Brain AG, Switzerland). The data were pre-filtered using a 5 Hz high-pass filter
to effectively record and characterize both spiking and field potential signals. To enhance the
quality of electrophysiological measurements, a 15 mg platinum anchor was gently placed on the
embryo to improve contact between the embryo and electrodes, while also minimizing movement.
After positioning the anchor, 2 mL of fish water was added to the chamber, ensuring the embryo
remained in place. The embryo was then allowed to rest for 10 minutes before a 5-minute baseline
recording was performed.

At the end of the recording session, an image of the embryo on-a-chip was acquired with a camera
mounted on a stereomicroscope. The embryo's vitality was then assessed by removing the platinum
anchor and visually verifying the presence of a heartbeat. Experiments where the embryo was not
viable were excluded from further analysis. The electrophysiological analyses have been
performed in collaboration with Dr. Donatella Di Lisa and Prof. Laura Pastorino (DIBRIS,
University of Genoa).

2.14 HD-MEA Data Analysis

Data analysis of basal firing and field potential activities was performed using BrainWave5
software (3Brain AG). To accurately distinguish activity between the head and trunk regions, an
image of the embryo-on-a-chip was superimposed onto the corresponding activity heat map. Based

on the anatomical regions identified, the electrodes were categorized into three groups: head, trunk,
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and tail. Data from each region were then analyzed to extract the main electrophysiological
parameters specific to those areas. For spiking activity characterization, data was filtered at 300Hz
with a second order Butterworth high pass filter. Spikes were detected by using the PTSD (precise
timing spike detection) algorithm as described in (Maccione et al., 2009). A peak-lifetime period
of 2 ms, a refractory period of 1 ms, and a standard deviation factor 8 for HD-MEAs, were used
as detection settings.

Active electrodes were defined as electrodes showing a mean firing rate > 0.1spike/sec. For both
transgenic lines, an average 59.33 £ 3.77 electrodes for the head, 59.5 + 5.42 for the trunk and 242
+ 8.45 for tail, for each animal were considered for the analysis.

In terms of burst behaviour, a burst is defined as a sequence of five consecutive spikes, with each
spike occurring no more than 100 ms apart from each other. The mean burst rate (MBR) was
calculated by summing all detected bursts in an active channel and dividing this by the total
recording time. Electrodes were bursting if they had an MBR greater than 0.2 bursts per minute.
The mean burst duration (MBD) was determined by averaging the duration of all detected bursts
across the entire culture. Synchronous network events, referred to as network bursts (NBs), were
identified when bursts occurred in at least 10% of active channels, with a bin size of 100 ms. The
duration of these events was labeled as network burst duration (NBD). Additionally, field
potentials were characterized using the following parameters: a low threshold of -200 uV, a
refractory period of 5 ms, a maximum waveform duration of 500 ms, and an energy window of 50

ms.

2.15 Zebrafish homogenate preparation for biochemical assays

Metabolic analyses were carried out by Prof. Silvia Ravera (DIMES, University of Genoa) on the
homogenate of whole zebrafish at different time points post-fertilization. The homogenate was
obtained by borosilicate glass Potter-Elvehjem Homogenizers, resuspending the animals in 0.5 ml
of PBS, and the sample protein concentration was evaluated by the Bradford method (Bradford,
1976).

2.16 Oxidative phosphorylation metabolismevaluation

Oxygen consumption rate (OCR) and ATP synthesis through FoF1 ATP-synthase were evaluated
at 10 and 20 dpf as markers of oxidative phosphorylation (OxPhos) metabolism. For each of these
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analyses, 50 pg total protein of whole zebrafish homogenate was used. OCR was measured with
an amperometric electrode (Unisense Microrespiration, Unisense A/S, Aarhus, Denmark) in a
closed chamber at 25°C. 10 mM pyruvate + 5 mM malate (P/M; Merck, Darmstadt, Germany Cat.
No. P4562 and Cat. No. M8304, respectively) or 20 mM succinate (Succ; Merck, Darmstadt,
Germany Cat. No. S7501) were added to stimulate oxygen consumption and the pathways
composed by respiratory complexes I, Ill, and IV or II, Il and IV, respectively. In both
experiments, 0.1 mM ADP (Merck, Darmstadt, Germany Cat. No. A5285) was added after the
addition of the respiratory substrates.

ATP synthesis was evaluated by luciferin/luciferase  chemiluminescent method
(luciferin/luciferase ATP bioluminescence assay kit CLS |Il, Roche, Switzerland, Cat.
N0.11699695001), with a luminometer (GloMax® 20/20 Luminometer, Promega ltalia, Italy), for
2 min every 30 sec. 10 mM pyruvate + 5 mM malate or 20 mM succinate were employed as
respiratory substrates. The reaction was observed after the addition of 0.1 mM ADP.

To evaluate the OxPhos metabolism efficiency, P/O values were calculated as the ratio between
the aerobic synthesized ATP and the consumed oxygen, both expressed as nmol/min/mg. Efficient
mitochondria display a P/O value of around 2.5 and 1.5 when stimulated with pyruvate and malate
or succinate, respectively (Hinkle, 2005). A P/O ratio lower than 2.5 or 1.5 indicates that oxygen
is not completely devoted to energy production, contributing to reactive oxygen species (ROS)
production (Ravera et al., 2019).

2.17 Antioxidant enzyme activities evaluation

Catalase (CAT), Glutathione reductase (GR), and Glutathione peroxidase (GPx) were assayed as
markers of cellular antioxidant defences. For each assay, 50 pug of zebrafish homogenate protein
were used. CAT activity was assayed spectrophotometrically following the H>O> decomposition
at 240 nm (Bertola et al., 2022). GR activity was assayed spectrophotometrically at 340 nm,
following the NADPH oxidation (Bertola et al., 2022). GPx activity was evaluated following the
H20. decomposition at 240 nm, in the presence of 5 mM GSH (Merck, Darmstadt, Germany Cat.
No. G6529). Since H20: is also a substrate of catalases, GPx activity is obtained by subtracting

the result of this assay from the catalase activity values (Bergmeyer, 1974).
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2.18 NADPH Oxidase Activity Assay

The enzymatic activity of NADPH oxidase (NADPHox) was assessed following the cytochrome
C reduction on 50 pg of zebrafish homogenate total protein. The assay mixture contained: 60 mM
cytochrome C (Merck, Darmstadt, Germany Cat. No. C5499), 1 mM CacCl,, and 1 mM MgCl, with
(for the samples) or without (for the blank) 20 mg/ml SOD (Merck, Darmstadt, Germany Cat. No.
S9697) in a total volume of 400 pl of phosphate buffer saline (PBS, pH = 7.4). After incubation at
37°C for 5 minutes, the samples were centrifuged at 800x g for 5 minutes at 25°C, and the

absorbance was monitored at 550 nm (Veskoukis et al., 2018).

2.19 Superoxide Anion Assay

The production of superoxide anion was measured by the mean of the difference between total and
SOD-inhibitable cytochrome C reduction on 50 pg of zebrafish homogenate total protein. Samples
were incubated in a solution containing: 100 mM Tris-HCI, pH 7.4, 100 uM cytochrome C, and
300 U SOD, if present. After 10 minutes of incubation at 37°C, samples were centrifuged at
12,000x g for 8 minutes and reduced cytochrome C was measured in the supernatant by

spectrophotometry at 550 nm (Signorello et al., 2023).

2.20 Lipid peroxidation evaluation

Malondialdehyde (MDA) concentration was assessed spectrophotometrically at 532 nm, using the
thiobarbituric acid reactive substances (TBARS) assay on 50 pg zebrafish homogenate total

protein to evaluate lipid peroxidation damages (Cappelli et al., 2020).
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2.21 Fatty acid metabolism evaluation

The activity of 3-hydroxyacyl-CoA dehydrogenase and p-ketoacyl-ACP reductase were assayed
as markers of fatty acids f-oxidation and synthesis, respectively.

3-hydroxyacyl-CoA dehydrogenase assay was performed spectrophotometrically at 340 nm,
following the oxidation of NADH in the presence of acetoacetyl-CoA (Cappelli et al., 2020).
B-ketoacyl-ACP reductase was assayed following the oxidation of NADPH in the presence of
acetoacetyl-CoA (Cappelli et al., 2020).

2.22 Synapto-gliosomal preparation

Gliosomes (purified astrocyte processes) and synaptosomes (purified nerve terminals) have been
prepared by dissected zebrafish brains using a revised and optimized version of Nakamura's
protocol (Stigliani et al., 2006) in collaboration with Prof. Ernesto Fedele, prof. Marco Milanese
and Dr. Matilde Balbi (DIFAR, University of Genoa). In brief, the zebrafish brains have been
homogenized in a sucrose-Tris buffer solution. Purified preparations are washed and resuspended
in a HEPES-buffered physiological medium for experimental applications. Gliosomes are purified
astrocyte processes capable of gliotransmitter release and uptake, while synaptosomes are purified
nerve terminals capable of neurotransmitter release and uptake. Synapto-gliosomal preparations
have been characterized by cytofluorimetric protocols and specific cellular markers (Trebesova et
al., 2022). The preparations have been used to investigate the production, release and uptake of
specific neurotransmitters (namely, glutamate and GABA) relative content and release in our
synapto-gliosomal preparations. The neurotransmitter release from synaptosomes and gliosomes
have been measured, by superfusion technique as previously reported (Milanese et al. 2013; Raiteri
& Raiteri, 2000) and represent the method of choice to measure neurotransmitter release without
the influence of bio-synaptic phase dynamics (receptor activation, uptake mechanisms, ionic
currents and transporter kinetics). Briefly, synaptosomes and gliosomes have been layered on
microporous filters at the bottom of parallel thermostatic chambers and superfusion will be
maintained in standard physiological medium at 37°C. The spontaneous neurotransmitter release
fraction has been collected and the excitatory or inhibitory neurotransmitter content quantified by

high-performance liquid chromatography (HPLC).
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2.23 Statistical analysis

Biochemical data are expressed as mean = standard deviation (SD), and errors with a probability
of p < 0.05 were considered significant. Statistical analyses were performed using the unpaired t-
test or analysis of variance (one-way ANOVA) followed by Tukey’s multiple comparison test, by
Prism 8 Software (GraphPad Software Inc., Boston, MA, USA). gRT-PCR data are expressed as
mean * standard deviation (SD) and errors with a probability of p < 0.05 were considered
significant. The normality of the data was verified by the Shapiro-Wilk test. The presence of
outliers was determined by the ROUT test and no data were excluded. Statistical analyses were
performed using the unpaired t-test for Ifit8 validation, and unpaired t-test with Welch’s correction
for Ifi27.1, by Prism 8 Software (GraphPad Software Inc., Boston, MA, USA).

Statistical analysis of electrophysiological recordings was performed to assess the data distribution
and the difference between the control Tg(gfap:GFP)mi200 andthe mutant
Tg(gfap:hGFAP(R239C)-GFP) groups (n=4 larvae for each conditions). Data distribution was first
assessed using the Shapiro-Wilk test for normality. For comparisons, two-way Anova, *p<0.5,
**p<0.01, *** p<0.001 followed by Tukey's multiple comparisons test was applied to data with
normal distribution, while the Kruskal-Wallis test with Dunn's multiple comparisons test was used
for non-normally distributed data. A p-value of <0.05 was considered statistically significant. All
analyses were performed using GraphPad Prism 9.0.1 (GraphPad Software, LLC). Statistical
methods also referenced Prism 8 Software, as outlined in section 2.20 (GraphPad Software Inc.,
Boston, MA, USA).

Neurotransmitters quantification was performed on 3 whole brains, for 4 replicates and for
statistical analysis One-way ANOVA with Tukey post-hoc test was applied (GraphPad Software
Inc., Boston, MA, USA).
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3.RESULTS
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3.1 GFAP aggregation characterization by confocal imaging and
immunohistochemistry

Our zAXD has been created by inserting the human GFAP gene with the missense mutation
p.R239C, which causes one of the most severe phenotypes of the disease, under the transcriptional
control of the zebrafish gfap promoter. To validate the model, we assessed the presence of
fluorescent aggregates in F2 larvae of the Tg(gfap:hGFAP(R239C)-GFP) line. The p.R239C-GFP
aggregates were clearly visible throughout the central nervous system of zAxD larvae at 20 dpf
and particularly abundant at the level of the telencephalon and cerebellum (Figure 10 d-f). Some
brain regions of the zAxD also contain GFAP with an elongated pattern as shown by the
Tg(gfap:GFP)mMi2001 control line (Figure 10 f and a-c). The structure of plasmids utilized for

transgenic lines is illustrated in Figure 10g.

tg[gfap:GFP]

(@)

tglgfap:hGFAP(R239C)-GFP]
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Name of the plasmid Plasmid structure Transgenic line

Tglgfap:GFP]mi2001
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(zebrafish) o L
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gfap promoter p.R239C el .p ( ) !
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Figure 10. Confocal images of Tg(gfap:GFP)mi2001 and the Tg(gfap:hGFAP(R239C)-GFP) transgenic
zebrafish lines at 10 dpf. (a) Whole brain of a control Tg(gfap:GFP)mi2001 zebrafish larva at low
magnification in dorsal view. (b,c) Enlargement of the telencephalic (b) and spinal cord (c) regions of the
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Flag

Flag
Flag
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same larva showing the elongated pattern of GFP-positive cells (arrows). (d) Whole brain of a
Tg(gfap:hGFAP(R239C)-GFP) zebrafish larva at low magnification in dorsal view. (e,f) Enlargement of
the telencephalic (e) and spinal cord (f) regions of the same larva showing the presence of both GFP-positive
aggregates (arrowheads) and the elongated pattern. In all panels, nuclei are shown in blue. The scale bar is
100 pm in panels a and d, and 10 um in all other panels. Abbreviations: Ch, cerebellum; MO, medulla
oblongata; OB, olfactory bulb; SC, spinal cord; Tel, telencephalon; TeO, tectum opticum. Plasmids used to
generate transgenic lines are shown in ().

In line with the findings of Bernandos and colleagues regarding the transgenic line
Tg(gfap:GFP)Mi2001 (Bernandos and Raymond, 2006), our mutant transgenic line
Tg(gfap:hGFAP(R239C)-GFP) exhibits a comparable temporal and spatial distribution pattern in
the nervous system, as illustrated in Figure 11. Specifically, GFP expression became prominently
evident in the developing brain and spinal cord by the 24 hpf stage, as depicted in Figure 1la.
Concurrently, GFP-expressing cells were discernible in the retina and lens at this stage. This
expression pattern persisted through subsequent developmental stages, However, as mentioned
before, the mutant line Tg(gfap:hGFAP(R239C)-GFP), exhibited a heightened presence of
p.R239C-GFP aggregates during later stages, particularly notable at 10 dpf (Figure 11b and c¢) and
20 dpf. These aggregates, previously characterized by TEM in our work (Candiani et al., 2020),
likely resemble the Rosenthal fibers found within astrocytes. Additionally, our
immunohistochemical analysis revealed that p.R239C-GFP expression in larvae of 10 dpf and 20
dpf is specific to glial cells, as it displayed co-localization with anti-GFAP antibodies (Figure 11h-
k), while showing no co-localization with neuronal antibodies such as HUC/D (Figure 11d-g). To
confirm the specificity of endogenous GFAP expression in zebrafish we used the same antibodies
against HuC/D (Figure 111-0) and GFAP (Figure 11p-s) on Tg(gfap:GFP)mi2001 controlline.

In conclusion, the data unequivocally demonstrate the central nervous system-specific expression

of pR239C-GFP, notably characterized by glial-specific expression.
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R239C-GFP

R239C-GFP

GFAP:GFP

Figure 11. Expression of GFP in the Tg(gfap:hGFAP(R239C)-GFP) transgenic zebrafish line at 24 hpf and
10 dpf. (a) Side view of a 24 hpf embryo. The yellow and orange lines indicate the level at which
immunostaining have been performed, respectively for panels d-g and I-0, and h-k and p-s.(b) anterior
dorsal view of a 10 dpf larva, while (c) is a lateral view of the posterior part of the same larva. Larvae in
panel a,b and c are oriented with the anterior part on the left and the posterior one on the right (d-s) All
the sections in Figure are oriented with the dorsal part up and the ventral part below. GFP expression in
larvae of Tg(gfap:hGFAP(R239C)- GFP) (indicated as R239C-GFP) and Tg(gfap:GFP)mi2001 (indicated
as gfap:GFP) at 10 days post- fertilization (dpf) was analyzed alongside comparisons to glial and neuronal
markers in cryosections of the brain. (d) Immunostaining with anti-HuC/D (red) revealed labeling of
ventrolateral neurons in the brain, distinct from GFP-positive cells (e). Merged imaging in (g) confirmed
the absence of colocalization between anti-HuC/D and GFP signals. (h) Anti-GFAP staining (red)
highlights intermediate filaments in the brain. (t) Cells labeled with anti-GFAP also exhibited GFP
expression (green), as depicted in the overlay image (k), indicating co-localization of anti-GFAP and GFP
signals. (I-o) Immunostaining with anti-HUC/D (I, red) revealed labeling of ventrolateral neurons in the
brain of gfap:GFP control line, distinct from GFP- positive cells lining the ventricle and extending
processes towards the pial surface (m, green). Neither colocalization was visible in merged images (0). (p-

s) Cells in the brain stained with the GFAP antibody
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(p) colocalized with GFP expressing cells (q,s). Labeled nuclei by Hoechst are shown in panels f, j, n, r.

The scale bar is 50 pm in panels a, d-s and 100 um in panels c, b.
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3.2 RNA-seq and Gene Ontology analysis

RNA-seq highlighted 503 differentially expressed genes (DEGs) among which 294 are down-
regulated and 209 are up-regulated in zAxD larvae compared to controls (see Appendix Table la
for the complete list of DEGs). To validate RNA-seq we performed gRT-PCR for two of the most
downregulated genes (Appendix Figure 1). Our pathway enrichment analyses revealed that the
most represented biological process was the response to lipid (26,96%), followed by the response
to external biotic stimulus (20,87%), calcium-sensitive guanylate cyclase activator activity
(16,52%), and GTP binding (12,17%) processes (Figure 12a, Appendix Figure 2a-b). Less but still
significantly differentially expressed pathways were the transition metal ion binding (8,7%),
response to viruses (6,96%), intracellular pathways (4,35%), and DNA binding and NAD+ ADP-
ribosyl transferase activity (1,74%). A scatterplot in Figure 12b showed the most significant GO
terms related to lipid homeostasis, storage and localization, fatty acid catabolic processes, and

ubiquitin-dependent protein catabolic processes.
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Figure 12. (a) ClueGO network of pathways emerging from the RNA-seq analysis of 10-dpf
Tg(gfap:hGFAP(R239C)-GFP) and control lines. Each pathway is color-coded, and the size of bubbles
correlates with the number of DEGs. The analysis was conducted with ClueGO in Cytoscape. (b)
Scatterplot showing the most significant GO terms emerging from the RNA-seq in the zebrafish
Tg(gfap:hGFAP(R239C)-GFP) larvae compared to Tg(gfap:GFP)mi2001 controls. Analysis was performed
with Revigo, which uses multidimensional scaling (MDS) to reduce the dimensionality of a matrix of the
GO terms pairwise semantic similarities. The resulting projection may be highly nonlinear. Connected
similar GO terms remain close together in the plot; the semantic space units have no intrinsic meaning.
Bubble color indicates the p-value for the false discovery rates; circle size indicates the frequency of the
GO term in the underlying GO database, where bubbles of more general terms are larger. (c) Lipid
peroxidation accumulation during animal development. The graph shows the intracellular MDA level in
wild-type (wt), Tg(gfap:GFP)mi2001 (indicated as gfap:GFP), and Tg(gfap:hGFAP(R239C)-GFP)
(indicated as R239C-GFP) larvae from 24 hpf to 20 dpf. Data represent 3 independent experiments (n=3),
and, for each experiment, n =25 larvae were employed for each sample group). Statistical analysis between

42



the three sample groups was performed with one-way ANOVA followed by Tukey's multiple comparisons
test, for each time point analyzed. The difference between a time points and the previous one in the R239C-
GFP sample was assessed with the t-test. Statistical significance between groups is reported as follows:
*rxx[HH# < 0.0001; * indicates comparisons between R239C-GFP and wt; # indicates comparisons
between the animal's age and previous age in the same condition.

Several DEGs are expressed in the nervous system of zebrafish, as documented in the ZFIN
database (https://zfin.org/) and reported in Appendix Table 1a. Among the 504 DEGs identified,
120 are expressed in the zebrafish nervous system (indicated in pale orange and in yellow in the
Appendix Table 1a), with 56 being upregulated and 64 downregulated in the mutant compared to
the control line. ShinyGO analysis indicates that some of these genes are part of the visual
phototransduction KEGG pathway, including gucala and pde6ga (upregulated in the mutant) and
opnlmw, gngtl, gucalc, gucale, and gucald (downregulated in the mutant) (see Appendix Figure
3). This finding could be associated with the relevant expression of GFAP in the retina and the

presence of several GFAP aggregates in the mutant line in thisregion.

By examining zebrafish DEGs specific to the nervous system, we also identified homologous
genes in humans that are involved in brain diseases (https://www.genecards.org/). In particular, 40
DEG (13 upregulated, 27 downregulated) are genes associated with several types of nervous

system diseases.

Within the DEGs, we identified 17 miRNAs with altered expression. Of these, 10 are expressed in
the nervous system, with 7 showing upregulation (miR-9, miR-196b, miR-30d, miR-457b, miR-
133c, miR-10d, miR-194b) and 3 displaying downregulation (miR-182, miR-150, miR-124).

In particular, by using WM-ISH we evaluated the expression of miR-124 in the mutant line
compared with the control line. As suggested by RNA-seq analysis, the WM-ISH shows a reduced
level of miR-124 expression in the mutant compared to the control at all stages analyzed (Figure
13). Specifically, at the 24 and 72-hour stages, there is also a noticeable lack of expression in the
spinal cord (Figure 13a,b,d,e), and at 10 dpf, the expression is shifted more anteriorly in the mutant

compared to the control line (Figure 13c,f).

43


http://www.genecards.org/)

gfap:GFP

R239C-GFP

Figure 13. Whole-mount in situ hybridization (ISH) with miR-124 LNA (Locked Nucleic Acid) probe on
24-hpf, 72-hpf and 10 dpf. Black arrows show presence (a, b, ¢) or absence (d, e, f) of miR-124 expression.
Scale bar is 50 pm. All the animals are oriented with the anterior part on the left and the posterior one on
the right. Moreover, the dorsal part is up and the ventral part below.

3.3 Evaluation of lipid peroxidation from 72 dpf

Given the increased susceptibility to lipoperoxidation in model organisms carrying the R239C
mutation (Viedma-Poyatos et al., 2022), we examined the malondialdehyde (MDA) concentration
at various stages of the animal development of our model to gain insights into the timing of the
onset and progression of damage. Data reported in Figure 12c show that MDA in the
Tg(gfap:hGFAP(R239C)-GFP) line was significantly higher at 72 hpf compared to the wild-type
and Tg(gfap:GFP)mi2001 samples, suggesting that this age could correspond to the onset of the
disease, at least from the point of view of oxidative stress. MDA accumulation continued to
increase progressively with age until reaching a peak at 10 dpf, which remained constant through
20 dpf. It is important to note that the gfap-GFP insertion alone did not result in MDA

accumulation, as the observed values were identical to those of the wild-type.
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3.4 Proteomics analysis

Mass spectrometry (MS) analyses revealed 270 differentially expressed proteins (DEPS) between
the Tg(gfap:hGFAP(R239C)-GFP) and control lines at 10 dpf. Among these, 128 proteins were
up-regulated and 142 down-regulated in the Tg(gfap:hGFAP(R239C)-GFP) mutant line. The same
comparison made at 20 dpf highlighted 154 up-regulated proteins and 267 down-regulated proteins
(see Appendix Table 1b for the complete list of DEPs). To identify the dysregulated pathways in
the mutant line compared to the reporter line, gene ontology (GO) enrichment analysis was
performed using Cytoscape. The analysis of GO terms at 10 dpf pointed out that the most abundant
groups are the actin cytoskeleton GO (27,27% of terms), followed by cellular transition metal ion
homeostasis (15,15% of terms), as shown in Figure 14a and Appendix Figure 4a-b. Other involved
pathways are: tyrosine metabolic processes (9,09%), haemoglobin complex (9,09%),
endopeptidase activity (9,09%), Chromatin GO (6,06%), establishment of mitotic sister chromatid
cohesion (6,06%), RNA transport (6,06%), nuclear part GO (3,03%), fatty acid beta-oxidation
using acyl-CoA oxidase (3,03%), ATP binding (3,03%), and protein transporter activity (3,03%)
(Figure 14a).

Interestingly, the GO terms related to lipid metabolic processes and lipid homeostasis were present
in both RNA-seq and MS datasets at 10 dpf and persisted at the 20 dpf stage. Focusing on the fatty
acid beta-oxidation terms, the bubble chart in Figure 14b shows the most significant terms, such
as cellular lipid metabolic processes, lipid homeostasis, and lipid modification, emerging from MS

analyses on 10-dpf larvae.

At 20 dpf, the highest percentage of terms (23,08%) belonged to the endochondral bone
morphogenesis GO, followed by focal adhesion (13,46%) and nuclear part (11,54%) GO terms.
Other involved terms are the following: protein import into the nucleus (9,62%), regulation of
cholesterol esterification (7,69%), skeletal myofibril assembly (5,77%), neuron development
(5,77%), PPAR signaling pathway (5,77%), endoplasmic reticulum part (3,85%), insulin signaling
pathway (3,85%), cytoskeletal part (1,92%), ATP binding (1,92%), butanoate metabolism (1,92%),
collagen type XI trimer (1,92%), GTP binding (1,92%) (Figure 14c and Appendix Figure4c-d).

While the enrichment of the pathways linked to lipid metabolism at 10 dpf persisted at 20 dpf,the
response to stress and immune response were found in the RNA-seq analysis at 10 dpf and in

proteomics analysis only at 20 dpf (Figure 15).
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Interestingly, pathways associated with the nervous system (such as neuro- and gliogenesis and
oligodendrocyte differentiation) and angiogenesis, never described in in vivo models, appeared at
20 dpf (Figure 15). Furthermore, a Venn diagram comparing the GO emerging from RNA-seq
and MS at 10 dpf is reported in figure 16, showing that lipid homeostasis GO appears already at
10 dpf and is common between RNA-seq and MS, suggesting that it could be a possible target of
AXxD.
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Figure 14 (a) Network of pathways related to the proteomic analysis of 10-dpf Tg(gfap:hGFAP(R239C)-
GFP) and Tg(gfap:GFP)mi2001 larvae. Each pathway is color-coded, and the size of bubbles correlates
with the number of differentially expressed genes (DEGs). The analysis was conducted with ClueGO in
Cytoscape. (b) Scatterplot showing the most significant GO terms related to the lipid metabolism emerging
from proteomic analysis in the zebrafish Tg(gfap:hGFAP(R239C)-GFP) larvae compared to
Tg(gfap:GFP)mMi2001 controls. Analysis was performed with Revigo, which uses Multidimensional Scaling
(MDS) to reduce the dimensionality of a matrix of the GO terms pairwise semantic similarities. The
resulting projection may be highly nonlinear. Connected similar GO terms remain close together in the plot;
the semantic space units have no intrinsic meaning. Bubble color indicates the p-value for the false
discovery rates; circle size indicates the frequency of the GO term in the underlying GO database, where
bubbles of more general terms are larger. (c) Network of pathways emerging from proteomic analysis of
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20-dpf Tg(gfap:hGFAP(R239C)-GFP) and Tg(gfap:GFP)mi2001 larvae. Each pathway is color-coded and
the size of bubbles correlates with the number of differentially expressed genes (DEGSs). The analysis was
conducted with ClueGO in Cytoscape.
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Figure 15. Venn diagram, obtained with InteractiVenn, illustrating the pathways emerging from proteomics
analysis at 10 and 20 dpf in the mutant Tg(gfap:hGFAP(R239C)-GFP) compared to the control. Patterns
related to lipid metabolism, which represents one of the principal focus of our analyses, are highlighted in

red boxes.

DEGs 10dpf (49)

G0 exclusive DEGs T 60 common DEGs_DEPs 10dpf

animal organ regeneration 1. carbohydrate derivative catabolic process
biological process involved in interspecies interaction between organisms 2. lipid homeostasis
carbohydrate homeostasis
columnar/cuboidal epithelial cell differentiation
defense response
defense response to virus
deoxyribonucleoside diphosphate metabolic process
deoxyribonucleoside triphosphate biosynthetic process
. deoxyribonucleoside triphosphate metabolic process
0. deoxyribonucleotide metabolic process
. deoxyribose phosphate metabolic process
. endocrine pancreas development
3. fatty acid derivative catabolic process
4. fatty acid derivative metabolic process
5. glucose homeostasis
6. lipid droplet organization
7. lipid localization
8. lipid storage
9. nucleoside bisphosphate catabolic process
0. organophosphate biosynthetic process
1. pancreas development
2. pancreas regeneration
3. peptidyl-amino acid modification
peptidyl-serine modification
5. peptidyl-serine phosphorylation
. positive regulation of cell activation
7. positive regulation of cell adhesion
8. positive regulation of leukocyte proliferation
9. positive regulation of nitrogen compound metabolic process
0. positive regulation of Wnt signaling pathway
1. proteasome-mediated ubiquitin-dependent protein catabolic process
2. purine nucleoside bisphosphate catabolic process
. purine-containing compound catabolic process
. pyrimidine deoxyribonucleoside diphosphate metabolic process
. pyrimidine deoxyribonucleoside triphosphate metabolic process
6. pyrimidine nucleoside diphosphate metabolic process
7. regeneration
8. regulation of cell morphogenesis
9. regulation of protein catabolic process
0. regulation of proteolysis
1. regulation of proteolysis involved in protein catabolic process
2. response to biotic stimulus
3. response to external stimulus
. response to stimulus
5. response to stress
6. response to virus
7. sulfur compound catabolic process

I RN

B R R R R R
o U AW R O

[
~

DEPs 10dpf (19)

GO exclusive DEPs 10dpf

apoptotic process

catabolic process

cell death

cell junction organization

cellular lipid catabolic process

cellular lipid metabolic process

chordate embryonic development

fatty acid beta-oxidation using acyl-CoA oxidase
generation of precursor metabolites and energy

. lipid metabolic process

. macromolecule catabolic process
. neutral lipid metabolic process

. organic acid catabolic process

. regulation of apoptotic process

. regulation of cell death

. response to toxic substance

. small molecule catabolic process

Figure 16. Venn diagram, obtained with InteractiVenn, illustrating the pathways emerging from RNA-seq
and proteomics analysis at 10 dpf in the mutant Tg(gfap:hGFAP(R239C)-GFP) compared to the control.




3.5 Comparison with the in-silico zebrafishmatrisome

To better investigate the role of endochondral bone morphogenesis, which was identified as a new
pathway by proteomics at 20 dpf (Figure 14c), we compared our DEPs with the in-silico zebrafish
matrisome (Nauroy et al., 2018) (http://igfl.ens-lyon.fr/equipes/f.-ruggiero-matrix-biology-and-
pathology/ZF-m@trix). In this work, Nauroy and collaborators used an in-silico gene-orthology-
based approach to identify the zebrafish extracellular matrix (ECM) proteins and, with this
approach, they were able to identify 1002 genes encoding the matrisome component. Moreover,
they divide the entire matrisome into two main categories (core matrisome and matrisome-
associated), each one composed of three subcategories (ECM glycoproteins, collagens, and
proteoglycans for the core matrisome and ECM-affiliated proteins, ECM regulators and secreted
factors for the matrisome-associated). From this comparison, 42 of our DEPs (at 10 and 20 dpf)
are present in the matrisome, representing 3,25% of the matrisome’s proteins. Among them, the
majority (~24%) belongs to the collagens and ECM glycoproteins, followed by ECM regulators
(~22%) and, lastly, proteoglycans and ECM-affiliated proteins (~15%).

3.6 Biochemical analysis for aerobic metabolismevaluation

To validate some of the data obtained by the omics approach, we investigated the impact of GFAP
aggregation on OCR, ATP synthesis, and their ratio (P/O) in wild-type zebrafish,
Tg(gfap:GFP)mi2001 reporter line and in the Tg(gfap:hGFAP(R239C)-GFP) line. Both the
reporter line and wild-type zebrafish larvae produced energy and consumed oxygen (Figure 17a)
through oxidative phosphorylation at both 10 and 20 dpf. In contrast, Tg(gfap:hGFAP(R239C)-
GFP) zebrafish larvae showed a decrement about of 63% of ATP synthesis and OCR in the
presence of both pyruvate/malate (P/M) and succinate (Succ), suggesting an alteration in the
mitochondrial metabolic functions. The ATP synthesis and OCR were further decreased by about
35% in the mutant line at 20 dpf compared to 10 dpf. In addition, the efficiency of mitochondrial
metabolism, calculated as the ratio of produced ATP to consumed oxygen (P/O ratio), showed
lower values in Tg(gfap:hGFAP(R239C)-GFP) mutant zebrafish than in the reporter line and wild-
type zebrafish (Figure 17a), suggesting an uncoupling between energy production and cellular
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respiration, a condition that could explain the oxidative stress and damage increment associated
with GFAP mutation. In addition, the OxPhos efficiency appeared more severe at 20 dpf than at
10 dpf, although only for the P/M-induced pathway. Since the proteomics data indicated alterations
in the lipid metabolism, the activity of 3-hydroxyacyl-CoA dehydrogenase and p-ketoacyl-ACP
reductase were assayed as markers of fatty acids beta-oxidation and synthesis, respectively. While
the activity of these two enzymes remained similar in wild-type and Tg(gfap:GFP)mi2001 larvae,
Tg(gfap:hGFAP(R239C)-GFP) larvae showed a decrease of about two-fold in 3-hydroxy acyl-
CoA dehydrogenase activity and an increase of about 50% in B-ketoacyl-ACP reductase activity
(Figure 17Db), both more marked at 20 dpf than 10 dpf. These data are indicative of a metabolic

switch from fatty acid catabolism to synthesis.
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Figure 17. (a) ATP synthesis, oxygen consumption rate (OCR), and the ratio between ATP synthesis and
oxygen consumption (P/O) in wild-type (wt), Tg(gfap:GFP)mi2001 (indicated as gfap:GFP), and
Tg(gfap:hGFAP(R239C)-GFP) (indicated as R239C-GFP) larvae at 10 and 20 dpf, induced by pyruvate
plus malate (P/M) or succinate (Succ) as respiring substrates. Each panel is representative of n=3
independent experiments and, for each experiment, n =25 larvae were employed for each sample group. (b)
3-hydroxyacyl-CoA dehydrogenase and [-ketoacyl-ACP reductase activity in wild-type (wt),
Tg(gfap:GFP)mMi2001(indicated as gfap:GFP), and Tg(gfap:hGFAP(R239C)-GFP) (indicated as R239C-
GFP) larvae at 10 and 20 dpf. Each panel is representative of n=6 independent experiments and, for each
experiment, n =25 larvae were employed for each sample group. (c) Superoxide levels (n=3 independent
experiments), and NADPH oxidase activity (n=6 independent experiments) in wild-type (wt),
Tg(gfap:GFP)mMi2001 (indicated as gfap:GFP), and Tg(gfap:hGFAP(R239C)-GFP) (indicated as R239C-
GFP) larvae at 10 and 20 dpf. For each experiment, n =25 larvae were employed for each sample group.
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(d) Catalase activity, glutathione reductase activity, and glutathione peroxidase activity in wild-type (wt),
Tg(gfap:GFP)mMi2001 (indicated as gfap:GFP), and Tg(gfap:hGFAP(R239C)-GFP) (indicated as R239C-
GFP) larvae at 10 and 20 dpf. Panels are representative of n=6 independent experiments, and, for each
experiment, n =25 larvae were employed for each sample group. Statistical analysis between the three
sample groups was performed with one-way ANOVA followed by Tukey's multiple comparisons test, for
each larvae stage. Statistical analysis on Tg(gfap:hGFAP(R239C)-GFP) between 10 or 20 dpf stages was
performed by t-test. Statistical significance between groups is reported as follows: ns= not significant; */#
=0,01; **/## =0,001; ***/### =0,0001; ****/#### <0,0001. * = p value vs wt; # =p value R239C-GFP 10
dpf vs 20 dpf.

3.7 Oxidative stressevaluation

The altered OxPhos function and the partial uncoupling between respiration and ATP synthesis are
usually associated with an increment in reactive oxygen species (ROS) production, as altered
monoelectronic transfers occurring in the electron transport chain are more likely to give rise to
reactive oxygen species (Ravera et al., 2019, 2021). We, therefore, investigated oxidative stress

levels in our zAXD.

In addition to the lipid peroxidation accumulation reported in Figure 12c,
Tg(gfap:hGFAP(R239C)-GFP) larvae showed elevated levels of superoxide anion compared to
wild-types and the Tg(gfap:GFP)mi2001 line (Figure 17c). Moreover, Tg(gfap:hGFAP(R239C)-
GFP) mutant zebrafish displayed an increment of about 57% of NADPH oxidase activity (Figure
17¢), which represents another source of oxidative stress. As with the alteration of aerobic and
lipid metabolism, superoxide levels and NADPH oxidase activity also appeared to be higher in
animals at 20 dpf than in those at 10 dpf. Interestingly, Tg(gfap:hGFAP(R239C)-GFP) mutant
zebrafish were able to activate an adaptive response to increased oxidative stress by enhancing
approximately twice the activity of catalase, glutathione reductase, and glutathione peroxidase,
three enzymes involved in ROS detoxification (Figure 17d). Again, the differences are more
pronounced in the 20 dpf larvae than in the 10 dpf ones. However, the activation of these
antioxidant defenses appeared insufficient to counterbalance oxidative stress as
Tg(gfap:hGFAP(R239C)-GFP) mutant zebrafish showed a lipid peroxidation accumulation.

3.8 Synapto-gliosomal characterization and neurotransmittersquantification

To investigate whether the R239C mutation may alter the neurotransmission, preparations from
both Tg(gfap:hGFAP(R239C)-GFP) and Tg(gfap:GFP)mi2001 have been stained with calcein and
analysed by flow cytometry to assess the viability of the preparation. As shown in Figure 18B and
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C, both preparations resulted highly viable (97,71% for the reporter control line and 97,8% for the
R239C mutant line). Once viability has been assessed, endogenous neurotransmitter quantification
has been performed using HPLC. Since it has been previously reporter that glutamate transport is
impaired in AxD, we decided to quantify glutamate and GABA in both Tg(gfap:hGFAP(R239C)-
GFP) and Tg(gfap:GFP)mi2001 synapto-gliosomal preparations. In particular, both intra- and
extra-vesicle amount of glutamate and GABA has been quantified. The intra-vesicle
neurotransmitters’ amount has been evaluated after lysis and as shown in Figure 19A glutamate
levels are increased in the mutant, while GABA resulted decreased in the mutant compared to the
control, a result in agreement with the proteomic data from which reduced expression of Gadlb
emerged. The extra-vesicle neurotransmitters amount has been evaluated after 30 minutes-
incubation and as shown in Figure 19B, glutamate resulted significantly reduced in the mutant line
compared to the control, while GABA showed no differences between the two conditions. Overall,
the obtained results confirmed an impairment at the level of glutamate transport, although to
discriminate whether the observed reduction of glutamate in the extracellular medium is due toan
increased clearance mechanisms or to an overaccumulation inside the vesicles further experiments

are needed.
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Figure 18. Viability staining with calcein on a synapto-gliosomal preparation from whole zebrafish brain
of both reporter control line (panel B) and mutant R239C line (panel C), obtained by cytofluorimetry. In
panel A an internal control in PBS is shown.
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Figure 19. Neurotransmitters quantification using HPLC. In panel A, intravesicles amount of glutamate
and GABA measured using HPLC after vesicles lysis is reported. N= 5 biological replicates (3 whole brains
each replicate) one-way anova; tukey post-hoc test; *p<0.05; **p<0.01. In panel B, extracellular amount
of glutamate and GABA measured after 30 minutes of incubation is reported. N= 5 biological replicates (3
whole brains each replicate) one-way anova; tukey post-hoc test; *p<0.05;**p<0.01.

3.9 HD-MEA recordings

To assess the physiological consequences linked to R239C mutation, we performed non-invasive
electrophysiological characterization using High-density microelectrode array (HD-MEA) on
zebrafish embryos at 48 hours post-fertilization. The electrophysiological recordings were
performed on control (gfap:GFP) embryos (n=4) and R239C-GFP mutant embryos (n=4). To
accurately distinguish activity between the head and trunk regions, an image of the embryo-on-a-
chip was superimposed onto the corresponding activity heat map. Data were collected from
specific body regions, color-coded as follows: head (pink), trunk (yellow), and tail (green) (Figure
20c). Data from each region were then analyzed to extract the main electrophysiological
parameters representing spiking and bursting activity (Figure 21). From this preliminary study,
statistical differences between gfap:GFP and R239C-GFP in terms of electrophysiological
behaviour were significant in specific parameters. As observed in raster plots shown in Figure
20a,b the qualitative spontaneous activity recorded from control embryos (here reported as gfap
Prom) displayed more organized functional behaviour, with more synchronized activity across
different body regions. In contrast, in the case of mutant embryos (here reported as R239C), a
considerable increase in spiking activity was observed, resulting in a higher firing frequency. The

mutated embryos also exhibited an increase in bursting activity with a significant extension in
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burst duration for R239C-GFP compared to the controls, altering the normal physiological
behaviour. Specifically, in the head and trunk regions, R239C-GFP embryos showed a statistically
significant increase in burst duration, while the control networks maintained a consistent pattern
without significant changes in all body regions (Figure 21d). Burst activity is a key feature in the
development of network functionality (Wagenaar et al., 2006; Odawara et al., 2016) and plays a
crucial role in effective information transmission within the brain under normal physiological
conditions (Khazipov and Luhmann, 2006; Wagenaar et al., 2006; Egorov and Draguhn, 2013;
Odawara et al., 2016). However, uncontrolled or excessive bursting is a hallmark of epileptic brain
activity and is considered seizure-like behaviour in MEA recordings (Odawara et al., 2016; Chong

etal., 2018; Liu et al., 2018).
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Figure 20. Electrophysiological recording of zebrafish embryos. (a-b) Figures provide a qualitative
overview of spontaneous electrophysiological activity (left), and visual representations of embryos on a
chip (right) for the two experimental groups: gfap-Prom (a) and mutated R239C embryos illustrated in
panel (b). The colorful segmentation of the embryos indicates different body parts: pink for the head, yellow
for the trunk, and green for the tail. Both figures feature a left-side raster plot showcasing 60s of
electrophysiological activity, with the right side displaying a superimposed activity map recorded by a high-
density microelectrode array (MEA) overlaid with images of the zebrafish embryos acquired through a
stereomicroscope. (¢) Raw data traces representing the signals from each of the three body segments. (d)
Number of active channels for each body segment of the two experimental groups (gfap-Prom and R239C).

To investigate and compare spontaneous activity in the mutated (R239C) and control (gfap Prom)
groups, six different features were analyzed (Figure 21 a-f). Comparing spiking amplitude inboth
groups, no statistical differences were found in the head and trunk, but the tail of R239C embryos
showed a statistically significant increase in spike amplitude compared to controls (p<0.01) as
shown in Figure 21a. In terms of firing activity, statistically significant differences were found in

the head (p<0.001) and trunk (p<0.05) of R239C embryos, with higher mean firing rates (MFR)
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compared to controls, though no differences were observed in the tail (Figure 21b). Mean burst
duration (MBD) was higher in R239C embryos in the head and trunk (*p<0.0001), while burst
durations in the tail were similar (Figure 21d). This indicates that the number of events in mutated
animals was seven times higher than in controls. Control groups showed consistent activity across
all body regions with lower standard deviation, indicating a more stable condition compared to
R239C animals. Significant differences in network activity were found only in the trunk,
specifically in the frequency of events (Figure 21e, NBR). No differences were observed in the
other body regions or between experimental conditions. Also, the duration of NBs was not

statistically different (Figure 21f).

Overall, these preliminary results confirm the reported outcomes regarding the physiological

differences between the two transgenic lines, other than the observations related to the presence of

fluorescent aggregates in the mutant line.
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Figure 21. Analysis of the spontaneous activity in different body segments (head, trunk and tail) of the two
experimental groups: control/gfap promoter (n=4) and mutant R239C (n=4). Graphs showing the (a)
amplitude, (b) mean firing rate (MFR), (c), mean bursting rate (MBR), (d) mean burst duration (MBD), (e)
network burst rate (NBR), (f) network burst duration (NBD). Data are represented as mean + SD. (Two-
way-ANOVA, *p<0.05, **p<0.01, *** p<0.001, *p>0.0001).

57



4. DIscUSSION

58



In this work, | present the first multi-omics investigation performed in a zebrafish model of
Alexander disease (AxD). The generation of a stable zebrafish transgenic line expressing the
human GFAP gene carrying the p.R239C mutation in GFAP-positive glial cells allowed us to
investigate the molecular mechanisms underlying AxD in later stages and with more detail
compared to the mosaic model previously described (Candiani et al., 2020). The transgenic
Tg(gfap:hGFAP(R239C)-GFP) larvae present aggregates throughout the central nervous system
which are more abundant in the telencephalon and hindbrain. These brain regions are characterized
by the highest activity of the gfap promoter, as demonstrated by the control Tg(gfap:GFP)mi2001
line in which, however, the aggregates are absent. Importantly, AxD mainly involves hindbrain
structures and, to a lesser extent, the forebrain (Messing, 2018). Therefore, the localization of the
aggregates in our zAXD model well recapitulates the areas of the human brain that are more
strongly affected in AxD patients.

The use of the entire zebrafish organism, not feasible with other animal models because of their
size, allowed us to disclose not only region-specific alterations directly ascribed to the expression
of mutated GFAP in astrocytes but also broader dysregulations across the entire organism. We
decided to use the entire organisms in line with several other omics works aimed at investigating
the molecular pathogenesis of diseases related to the central nervous system, such as Amyotrophic
Lateral Sclerosis and the leukodystrophy Vanishing white matter (VWM) disease. These studies
have similarly employed whole zebrafish models to disclose altered pathways (Frayset et al., 2016;
Kim et al., 2021).

To better characterize AxD pathogenesis, we selected 10 dpf and 20 dpf time points of the
development of our zAxD model. The rationale for this choice lies in both the early onset of
p.R239C AxD and the timing of myelin formation in zebrafish. Since in the zebrafish brain
myelination starts at around 4 dpf and the first heavily myelinated axons are found by 7 dpf
(Brosamle & Halpern, 2002), we were able to characterize the impact of the mutation both on early
and late phases of the myelination process. Thus, the first time point of 10 dpf was chosen
following the observation of metabolic alteration at this stage; the second one was to monitor the
trend of the disease. Moreover, the first attempt to generate astrocytes from iPSCs has been done
(Appendix Figure 5).

To date, a few omics studies have been already performed focusing on cellular models of AxD or
regions of the central nervous system. In particular, RNA-seq analysis was performed on hiPSC-
derived astrocytes and brain tissue from AxD patients (Li et al., 2018, Matusova et al., 2024) as
well as on the hippocampus and immunodepleted cerebrospinal fluid from transgenic mouse
models of AXD (Cunningham et al., 2013; Olabarria et al., 2015). On the other hand, proteomics

analysis was performed on Rosenthal fibers from AxD patients and on the whole brain of a mouse
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model of the disease (Heaven et al., 2016, 2022). Several pathways emerged as dysregulated in
these studies, such as immune system activation, cellular adhesion, ion transport, myelination,
synaptic transmission, and the PPAR pathway.

The transcriptomic analysis on our zZAXD model highlighted a notable downregulation of several
genes that are downstream of interferon signaling, suggesting the involvement of the immune
response in this pathology, which is further corroborated by the analysis of the differentially
expressed pathways. It has been recently reviewed the relevance of interferon o in several
neurodegenerative diseases, exerting a neurotoxic effect and being involved in inflammatory
processes (Hui et al., 2023). Although the precise role of interferon in neurodegeneration is still
under investigation, the involvement of the immune system and inflammatory response in AxD
has already been reported in the hippocampus of a mouse model (Olabarria et al., 2015), and in
both AxD iPSCs-induced astrocytes and brain tissue from AxD patients (Li et al., 2018), thus
confirming our findings and the validity of our model. Moreover, we observed that the immune
system response was already active at 10 dpf and persisted to 20 dpf, suggesting a role in the
progression of the disease. The proteomic analysis of 10-dpf larvae drew attention to an enrichment
of the actin cytoskeleton signaling which has been reported to be involved in reactive astrocytes
in vitro (Teh et al., 2017), thus fitting well with the AxD astrocytes phenotypical conversion from
protoplasmic to reactive (Sosunov et al., 2013).

Other interesting pathways emerging at the 10 dpf stage are related to iron homeostasis (transition
metal ion binding/homeostasis GO), peroxidase activity (hemoglobin complex GO), and tyrosine
metabolic processes. Iron homeostasis is particularly relevant in the brain, likely due to the high
iron levels in astrocytes, oligodendrocytes, and microglia (Reinert et al., 2019). Imbalances in iron
levels can lead to neurobehavioral impairments, neuroinflammation, and neurodegeneration
(Lozoff et al., 2006; Molina-Holgado et al., 2007). Furthermore, iron deficiency in OPC and
mature oligodendrocytes appears to be related to myelination impairment (Stephenson et al.,
2014). Our zAxD model shows dysregulation of the iron metabolism pathway, previously reported
to be altered in the brain of a mouse model of AxD (Hagemann et al., 2006). Therefore, we could
speculate that myelination defects, typical of this disease, may also depend on iron dysmetabolism
in oligodendrocytes. Since iron is a key component of the cytochromes that compose the electron
transport chain, the alteration of iron metabolism can also explain, at least in part, the reduced
oxygen consumption rate and ATP synthesis observed in our zZAXD model.

Our transcriptomic analysis also reveals that several genes expressed in the zebrafish nervous
system are differentially expressed and that many of them are associated with neurodegenerative
diseases in humans. Another interesting finding from this study is that many DEGs are brain-

specific miRNAs not only in zebrafish but also in humans. Notably, miR-9 and miR-124 are two
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brain-specific miRNAs that are abundantly expressed in both the developing and adult vertebrate
brain and are both differentially expressed in our AXD model. In human, these miRNAs play a role
in various biological functions within the central nervous system such as neuronal differentiation
and function, including neurodegeneration, neuroimmune disorders, and stroke (Weng et al., 2011;
Jietal., 2016; Juzwik et al., 2019). Interestingly, the loss of miR-124 by morpholino knockdown
in zebrafish, resulted in a reduction in oligodendrocyte cell numbers and impaired myelination of
axonal projections in the ventral hindbrain (Morris et al., 2015).

Moreover, abnormal miR-124 expression has been identified in neural diseases such as
Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease (HD), hypoxic-ischemic
encephalopathy, and ischemic stroke (Ghafouri-Fard et al., 2021). Furthermore, miR-124 provides
protection in traumatic spinal cord injury by inhibiting M1 microglia and Al astrocytes (Jiang et
al., 2020).

Reactive oxygen species and oxidative stress are among the factors contributing to
neurodegeneration (Singh et al., 2019). Notably, the brain consumes large amounts of oxygen, and
neurons have a high content of polyunsaturated lipids, making them more susceptible to oxidation.
Our experiments evaluating oxidative phosphorylation efficiency revealed an uncoupling between
oxygen consumption and ATP synthesis in our zZAXD model, a condition that is known to further
promote ROS production. On the other hand, cells can activate several antioxidant responses to
try to counterbalance an increase in oxidative stress production. Consistently, we found a general
increase in the activity of detoxification enzymes, namely glutathione peroxidase, glutathione
reductase, and catalase, in our zZAXD model. These results are in line with the increased expression
of these genes reported in a transgenic mouse model of AxD (Hagemann et al., 2005). However,
in our zAXD model, the increase in antioxidant enzyme activities was not sufficient to prevent the
accumulation of oxidative membrane damage, as shown by the high levels of malondialdehyde.
Interestingly, our zAXD model is the first in vivo model of AxD that brings up an elevated
lipoxidation, which is in line with the in vitro findings (Viedma-Poyatos et al., 2022). The
lipoperoxidation accumulation may also depend on the altered lipid metabolism. Indeed, we
observed a decrease in beta-oxidation and an increase in fatty acid synthesis in our zZAXD model,
suggesting an adaptive response to the accumulation of acetyl-CoA that is not metabolized in the
Krebs cycle due to the altered oxidative phosphorylation. In other words, the accumulation of fatty
acids due to increased fatty acid synthesis could provide an increased substrate to perpetuate
lipoperoxidation due to oxidative stress, which is not balanced by the increased antioxidant
defenses.

These biochemical data are consistent with our proteomics dataset, which revealed a differential
expression of some components of lipid metabolism associated with the PPAR signaling, such as
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Sorbsl, Acadl (acyl-CoA dehydrogenase long chain), and Acox3 (acyl-CoA oxidase 3).
Specifically, Acadl and Acox3, both involved in fatty acid beta-oxidation, were downregulated in
zAXxD. On the other hand, PPAR signaling is known to be involved in AXD (Heaven et al., 2022).
Furthermore, it has been recently reviewed that the fatty acids’ p-oxidation is fundamental in brain
homeostasis and a decreased fatty acid degradation may lead to neurodegeneration and
neuroinflammation (Mi et al., 2023; Szrok-Jurga et al., 2023). In addition, fatty acid B-oxidation
plays a crucial role in oligodendrocytes, where this metabolic process allows the synthesis of
myelin lipids (Lopez-Muguruza & Matute, 2023). Moreover, these observations confirm the role
of lipid metabolism in AxD and open to further characterization of the dysregulated lipids as
hypothetical biomarkers of this disease. Lipid peroxidation is well known to be involved in several
neurodegenerative disorders, by inducing phospholipase activation which, in turn, plays a role in
cell signaling as well as in ferroptosis and neuroinflammation (Higdon et al., 2012; Kagan et al.,
2017). Moreover, it has been reported that a-synuclein-induced cell death in Parkinson’s discase
(PD) is linked to lipid peroxidation (Angelova et al., 2015). High lipid peroxidation levels are also
associated with other neurodegenerative pathologies like Huntington’s disease (HD), where the
lipid peroxidation biomarker 4-HNE co-localizes with mutant huntingtin protein (J. Lee et al.,
2011), Friedreich’s ataxia (Abeti et al., 2016) and amyotrophic lateral sclerosis (Simpson et al.,
2004). For all these reasons, lipid peroxidation may be considered as a potential therapeutic target
for several neurodegenerative diseases and its intermediates are currently being studied as disease
markers in Alzheimer’s and diseases (AD) and PD (Angelova et al., 2021; Pefna-Bautista et al.,
2019).

The connection between lipid dysmetabolism and myelin defects is particularly intriguing in AxD
since it is classified as a leukodystrophy. It has been largely reported that several leukodystrophies
are characterized by mutations occurring in genes involved in lipid metabolism pathways (Barnes-
Vélez et al., 2023). Moreover, it has been reported a leukodystrophy case in which mutations
affecting the fatty acid metabolic pathway are associated with iron accumulation and
neurodegeneration (Kruer et al., 2010). Therefore, even if AXD is not caused by mutations directly
affecting lipid metabolic mechanisms, the previously reported findings, together with the multi-
omics results from our zAXD model, strongly support the validity of our model. These findings
allow us to speculate that the myelination defects typical of AxD may be attributed to the reported
alterations in lipid metabolism and iron homeostasis.

In addition, concerning the altered lipid management, our data also reveal a defect in butanoate
metabolism, a finding not previously reported in AxD. Nevertheless, several studies reported the
involvement of butyrate, a short-chain fatty acid from which butanoate is derived, in reducing pro-

inflammatory cytokines and improving synaptic plasticity in animal models of AD and PD
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(Avagliano et al., 2022; Hou et al., 2021; Jiang et al., 2021). Additionally, both in vitro and in vivo
studies have highlighted the beneficial effect of butyrate on mitochondrial energy metabolism and
oxidative stress reduction (Mollica et al., 2017; Zhao et al., 2020). Furthermore, it has been
reported that butanoate metabolism is downregulated in human reactive astrocytes (Teh et al.,
2017). Together, these findings suggest that butanoate metabolism may play a role in AxD
pathogenesis.

Another pathway not previously associated with AxD is related to tyrosine metabolism. Tyrosine
metabolism, crucial for the biosynthesis of some neurotransmitters, is altered also in other
neurodegenerative diseases including HD, AD, and PD (Herman et al., 2019; Kori et al., 2016),
suggesting that tyrosine could be a metabolic biomarker of AxD, as well as for other
neurodegenerative diseases.

Some pathways emerged as differentially regulated in our zAXD model at 20 dpf but not at 10 dpf,
including chondrocyte morphogenesis involved in endochondral bone morphogenesis, focal
adhesion, angiogenesis, as well as a series of pathways linked to the nervous system, such as
gliogenesis and glial cells differentiation, nervous system development, neuron differentiation, and
myelination. As far as we know, there are no previous observations about the involvement of
chondrocyte morphogenesis in AXD models. Anyway, it has been previously reported that GFAP
expression is also found in chondrocytes, although their immunoreactivity to GFAP decreases
from fetal life to adulthood (Viale et al., 1988). Thus, we can speculate that the emerging
chondrocytes-related pathway may be related to a direct influence of GFAP mutation in cartilage
development.

The focal adhesion pathway, including the ECM-receptor interaction term, ranks among the most
represented categories in our proteome. These findings are consistent with the previously reported
involvement of mechanotransduction signaling activation in a Drosophila and mouse model of
AXxD, and in brain tissue from AxD patients (Wang et al., 2018). Specifically, Lamin A, a crucial
player in mechanotransduction, is significantly increased in the astrocytes of 3-month-old AxD
model mice compared to age-matched control mice. Of note, in our zAXD model Lamin A is one
of the upregulated molecules, suggesting a potential role in modifying tissue stiffness as previously
reported in other models (Swift et al., 2013; Wang et al., 2018). Moreover, both ECM-receptor
interaction and focal adhesion pathways also emerge from transcriptome analysis of human
reactive astrocytes (Teh et al.,, 2017) as well as in zAxD, reinforcing the notion that
mechanotransduction and ECM components play a role in AXD pathogenesis which is shared
between different in vivo and ex vivo models of this disease.

Very recently, a bioinformatic study based on results from omics studies performed on AxD and

Alzheimer disease’s models has reported common features between the two pathologies (Gammie
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et al., 2024). In particular, in our model we have confirmed that ECM and iron pathways, revealed
crucial in a 7-days zebrafish model of AD (Dong et al., 2021) seem to play a role also in AxD,
although at later stages that could depend on the extent of expressivity of the GFAP mutation.

To our knowledge, the angiogenesis pathway has not been directly linked to AxD until now.
However, astrocytes are known to contribute to the blood brain barrier with their endfeet, exerting
an important role in the neurovascular unit, where they regulate the blood flow according to the
energy needs of neurons (Nortley & Attwell, 2017). Moreover, reactive astrocytes in a mouse
model of ischemic stroke have been reported to interact with the vasculature, facilitating the
recovery from injury and providing metabolic support to the remodeling vasculature (Williamson
et al., 2021). Although there is no evidence of stroke episodes in AXD, we can speculate that the
enrichment of the angiogenesis pathway may be due to the astrogliosis typical of AxD, in which

astrocytes may play a role in remodeling the vasculature and supporting metabolic needs.

In conclusion, we presented the first whole-organism multi-omics characterization of a zebrafish
model of AxD. This approach allowed us to reveal the global alterations related to this disease (as
schematized in Figure 22) and overcome the shortcomings of previous omics studies conducted
on in vitro models of AxD or on specific organs. Among the enriched pathways emerging from
the multi-omics analysis on our zAxD model, there are immune response and inflammatory
response enrichment, iron homeostasis and peroxidation, focal adhesion and ECM-receptor
interaction, PPAR signaling and lipid metabolism. Biochemical assays confirmed alterations in
cell respiration and lipid metabolism as well as elevated oxidative stress. Moreover, dysregulation
of myelination and neuro-gliogenesis pathways further attest the reliability of the zebrafish model
of neurodegenerative leukodystrophy. Additionally, new pathways have emerged from our
analysis, such as tyrosine metabolic processes, butanoate metabolism, and angiogenesis, opening
to new investigations into metabolic processes and the interaction between astrocytes and the blood
brain barrier in AxD.

Furthermore, the results coming from both the electrophysiological recordings and the
neurotransmitters quantification highlighted physiological differences between the mutant and the
control line. In particular, electrophysiological analysis reveals that the mutant R239C line
presents higher mean firing rate and mean burst duration, compatible to an epileptic-like state.
Neurotransmitters quantification evidences a reduced synthesis of GABA and glutamate release,

which need further investigation.

These results confirm that a whole-organism approach is essential for better understanding the

consequences of a complex disease like AxD.
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Table 1la

Table of the 503 Differentially Expressed Genes (DEGS) at 10 dpf (days post fertilization). Gene symbol, ZFIN ID and Log2 Fold Change for each DEG are reported.
Moreover, for each gene the spatial expression in zebrafish and the human diseases associated with each gene are reported as well (https://www.genecards.org/). Genes
associated with human diseases affecting the nervous system, but not expressed in zebrafish nervous system are highlighted in green. Genes expressed in the zebrafish
nervous system, but not associated with human diseases affecting the nervous system are highlighted in orange and genes that are both expressed in zebrafish nervous

system and associated with human diseases affecting nervous system are highlighted in yellow. ZF: zebrafish.

DEGs 10 dpf

SYMBOL ZFIN ID log2_fold_change_mutantvsctrl | ZF Gene expression Human diseases P-values

si:dkey-169i5,4 | ZDB-GENE- 6,044394119 No data available No data available 2,02E-19
030131-8695

si:ch211- ZDB-GENE- 5,544320516 No data available No data available 1,47E-16

121a2,2 070705-21

im:7150573 ZDB-GENE- 4,873207469 Not spatially restricted Pleuropneumonia and Chemical Colitis 4,23E-13
050411-58

zgc:195075 ZDB-GENE- 4,64385619 No data available Retinitis Pigmentosa 19 and Behcet Syndrome. 5,11E-12
080723-70

LOC103909937 | ZDB-GENE- 4,584962501 No data available No data available 9,51E-12
231129-1

si:ch211- ZDB-GENE- 4,459431619 No data available No data available 3,48E-11

282j17,10 041210-283

si:ch73- ZDB-GENE- 4,307428525 No data available No data available 1,6E-10

335d12,2 060503-423

pthla ZDB-GENE- 4,169925001 No data available Diseases associated with PTH include Hypoparathyroidism, Familial | 6,08E-10
040623-1 Isolated, 1

b3gnt3,3 ZDB-GENE- 3,906890596 No data available Bejel (SITI) 6,95E-09
081105-12

htra2-11 ZDB-GENE- 3,68182404 No data available No data available 4,94903E-08
081028-18

tex36 ZDB-GENE- 3,584962501 No data available No data available 0,000000111
131127-586

gatd3l ZDB-GENE- 3,321928095 Nervous system No data available_No human ortholog 0,000000906
980526-188

slc25a241 ZDB-GENE- 3,321928095 No data available No data available_No human ortholog 0,000000906
040923-1
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zgc:162144 ZDB-GENE- 3,277984747 No data available No data available_No human ortholog 0,00000127
030131-7630

pdzd3b ZDB-GENE- 3,265238677 No data available No data available 0,0000014
081022-151

mir26a-2 ZDB-MIRNAG- 3,169925001 All anatomical structures No data available_No human ortholog 0,00000284
081210-4

i1191 ZDB-GENE- 3,169925001 No data available Psoriasis 0,00000284
071121-1

nsa2 ZDB-GENE- 3,161374265 All anatomical structures No data available 0,00000303
030131-488

bhlha9 ZDB-GENE- 3,121015401 All anatomical structures No data available 0,00000406
030131-2201

larp6b ZDB-GENE- 3,091922489 All anatomical structures No data available 0,00000501
041008-244

csdc2a ZDB-GENE- 3,087462841 Nervous system No data available 0,00000517
040718-442

csf3b ZDB-GENE- 3,087462841 Cardiovascular, digestive, immune, renal, reproductive and | Neutropenia and Mucositis 0,00000517
141212-221 respiratory systems

cenp ZDB-GENE- 2,95419631 No data available No data available 0,0000132
030131-5453

si:ch211- ZDB-GENE- 2,938599455 No data available No data available_No human ortholog 0,0000147

155m12,1 060526-51

nrldda ZDB-GENE- 2,926274506 Nervous system No data available_No human ortholog 0,000016
080403-5

zp2,1 ZDB-GENE- 2,906890596 Endocrine and reproductive system No data available 0,0000182
991129-5

gucala ZDB-GENE- 2,887525271 Nervous system Cone-rod dystrophy 14 0,0000208
011128-5

fabp4b ZDB-GENE- 2,807354922 Nervous system Implicated in pre-aclampsia and impotence 0,0000354
050522-391

mhcllja ZDB-GENE- 2,807354922 No data available Non-Langerhans cell histiocytosis 0,0000354
140820-11

tmsh5 ZDB-GENE- 2,807354922 No data available No data available 0,0000354
090313-198

i117a/f2 ZDB-GENE- 2,807354922 Digestive, immune, renal and respiratory system No data available_No human ortholog 0,0000354
061031-2
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illr3 ZDB-GENE- 2,807354922 Immune and renal systems No data available 0,0000354
050311-4

nppb ZDB-GENE- 2,807354922 Cardiovascular system Heart Valve Disease and Hypertensive Heart Disease. 0,0000354
130530-642

arf4b ZDB-GENE- 2,785584299 Nervous system No data available 0,0000408
050417-205

eef2a,1 ZDB-GENE- 2,782901878 All anatomical structures implicated in a number of diseases, including glaucoma and marker | 0,0000415
050522-500 of several diseases, including Alzheimer's Disease, GBM.

MGC174155 ZDB-GENE- 2,754887502 All anatomical structures Implicated in hypertrophic cardiomyopathy and type 2 diabetes 0,0000498
980526-285 mellitus

plac8,2 ZDB-GENE- 2,736965594 No data available No data available 0,0000558
070424-12

itin2 ZDB-GENE- 2,730012834 Nervous system No data available 0,0000584
050411-58

crp6 ZDB-GENE- 2,693896872 Digestive, endocrine, immune, musculature, liver and Implicated in amyoidosis 0,0000734
060503-881 respiratory system

foxa ZDB-GENE- 2,632268215 Nervous system No data available_No human ortholog 0,00010794
990415-76

parapinopsinb ZDB-GENE- 2,584962501 Nervous system No data available_No human ortholog 0,00014426
030616-134

bglap ZDB-GENE- 2,584962501 Nervous system Marker of Parkinson's disease and Implicated in a number of diseases | 0,00014426
050113-4

morc3b ZDB-GENE- 2,584962501 All anatomical structures No data available 0,00014426
040801-98

zgc:153642 ZDB-GENE- 2,584962501 No data available No data available 0,00014426
061013-527

si:dkey-9i23,5 ZDB-GENE- 2,584962501 No data available Pancreatitis 0,00014426
090313-364

nitrlm ZDB-GENE- 2,584962501 No data available No data available 0,00014426
020225-5

nrld4b ZDB-GENE- 2,561878888 Nervous system No data available_No human ortholog 0,0001659
080403-6

clcal ZDB-GENE- 2,516200715 No data available Implicated in several diseases, including Pontocerebellar hypoplasia | 0,00021802
030131-6221 type 9

scd ZDB-GENE- 2,506845811 Nervous system Implicated in autosomal dominant nonsyndromic deafness 79 0,00023044
031106-3

plekhs1,1 ZDB-GENE- 2,486782107 No data available No data available 0,00025935
080204-50
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zgc:113090 ZDB-GENE- 2,462790631 All anatomical structures No data available_No human ortholog 0,00029838
050522-532

zgc:174154 ZDB-GENE- 2,459431619 No data available Implicated in hypertrophic cardiomyopathy and Marker type 2 0,00030426
071004-116 diabetes mellitus

cyp8bl ZDB-GENE- 2,439364697 Liver and digestive system No data available 0,00034174
040808-53

zgc:174855 ZDB-GENE- 2,415037499 No data available Implicated in hypertrophic cardiomyopathy and Marker type 2 0,00039296
071004-74 diabetes mellitus

dbpb ZDB-GENE- 2,349961913 Nervous system Type 2 diabetes mellitus 0,00056742
100922-6

noxolb ZDB-GENE- 2,343954401 All anatomical structures No data available 0,00058672
101203-1

plekhs1,3 ZDB-GENE- 2,336812332 No data available No data available 0,00061047
070112-592

mirl96b ZDB-MIRNAG- 2,321928095 Nervous system No data available_No human ortholog 0,00066286
081212-1

mir457b ZDB-MIRNAG- 2,321928095 Nervous system No data available_No human ortholog 0,00066286
090929-284

hasl ZDB-GENE- 2,321928095 All anatomical structures No data available 0,00066286
040218-2

si:dkey-217m5,8 | ZDB-GENE- 2,321928095 No data available No data available_No human ortholog 0,00066286
041014-319

si:dkeyp- ZDB-GENE- 2,291231298 All anatomical structures No data available_No human ortholog 0,00078436

34c12,1 030131-5347

enpp7,2 ZDB-GENE- 2,285402219 No data available No data available 0,00080965
130531-2

ugt2bs ZDB-GENE- 2,252063288 Nervous system No data available 0,00096944
100402-3

slc34a2a ZDB-GENE- 2,234211949 Liver, digestive and renal system Implicated in Pulmonary alveolar microlithiasis 0,00106655
000524-1
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ehf ZDB-GENE- 2,226865898 Liver and digestive system No data available 0,00110906
060312-7

nitr2a ZDB-GENE- 2,222392421 No data available No data available 0,00113572
020225-28

kyat3,2 ZDB-GENE- 2,189756173 Nervous system No data available 0,00134882
040426-1299

sglea ZDB-GENE- 2,179706022 unspecified No data available 0,00142152
071004-98

serpinhlb ZDB-GENE- 2,173192715 Nervous system Implicated in Osteogenesis imperfecta type 10-preterm premature 0,00147055
990415-93 rupture of the membranes

lepb ZDB-GENE- 2,169925001 Nervous system Implicated in a number of diseases, including Alzheimer's Disease 0,00149573
041210-183

ccl34a,3 ZDB-GENE- 2,169925001 No data available No data available_No human ortholog 0,00149573
070912-33

mpv1712 ZDB-GENE- 2,163625013 Liver and digestive system No data available 0,0015454
040718-306

illb ZDB-GENE- 2,144658243 Nervous system Implicated in a number of diseases including Toxic shock syndrome | 0,00170426
040702-2 (TSS) and gastric cancer

alpi,2 ZDB-GENE- 2,141832694 Digestive system Implicated in inflammatory bowel disease 0,00172917
050626-142

zgc:110286 ZDB-GENE- 2,137113131 Nervous system No data available_No human ortholog 0,00177153
050417-68

arsg ZDB-GENE- 2,127489735 No data available Implicated in Usher syndrome 0,00186087
060503-154

si:dkey-88n24,7 | ZDB-GENE- 2,115477217 No data available No data available 0,00197819
041014-91

dpyda,l1 ZDB-GENE- 2,109121722 No data available Dihydropyrimidine dehydrogenase deficiency (DPYDD) 0,00204297
061013-727

Irit3b ZDB-GENE- 2,099535674 All anatomical structures Congenital stationary night blindness 1F 0,00214438
070424-130

68




slc26a3,1 ZDB-GENE- 2,095157233 Nervous system Congenital secretory chloride diarrhea 1 0,00219221
041210-180

zgc:112408 ZDB-GENE- 2,087462841 Unspecified No data available _No human ortholog 0,00227864
050417-63

cdknla ZDB-GENE- 2,073700489 Nervous system Implicated in a number of diseases, including high grade gliomaand | 0,00244107
070705-7 ocular hypertension

si:rp71-1f1,4 ZDB-GENE- 2,058893689 All anatomical structures Spina bifida 0,0026276
040724-93

si:dkey-18p12,4 | ZDB-GENE- 2,048517936 No data available Impllicated in a number of diseases, including Inymphoproliferative | 0,00276598
070912-408 diseases (leukemia-mieloma)

si:dkey-222p3,1 | ZDB-GENE- 2,044394119 All anatomical structures No data available_No human ortholog 0,0028228
050208-374

zgc:194990 ZDB-GENE- 2,029877041 No data available Implicated in a number of diseases, including Chromosome 22g11.2 | 0,00303142
081022-171 deletion syndrome

phf5a ZDB-GENE- 2,018859027 All anatomical structures No data available 0,00319904
021219-3

cypl9ala ZDB-GENE- 2 Nervous system Implicated in a number of diseases, including Aromatase excess 0,00350565
990415-43 syndrome & Alzheimer's Disease

mir9-4 ZDB-MIRNAG- 2 Nervous system No data available 0,00350565
081013-3

mir194b ZDB-MIRNAG- 2 Nervous system No data available 0,00350565
090929-176

nabplb ZDB-GENE- 2 Unspecified No data available 0,00350565
050913-74

wu:fu71h07 ZDB-GENE- 2 All anatomical structures No data available 0,00350565
050302-121

mespbb ZDB-GENE- 2 All anatomical structures Implicated in myocardial infarction-marker of diabetic neuropathy 0,00350565
110609-1

nitr3a ZDB-GENE- 2 All anatomical structures No data available 0,00350565
001106-8

tordab ZDB-GENE- 2 No data available No data available 0,00350565
070705-135

zgc:172143 ZDB-GENE- 2 No data available No data available_No human ortholog 0,00350565
080219-22
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nkl,2 ZDB-GENE- 2 Digestive, endocrine, immune, musculature, liver and No data available 0,00350565
150806-1 respiratory system

si:dkey-19a16,2 | ZDB-GENE- 1,990840001 All anatomical structures No data available 0,00366402
050208-493

gjal3,1 ZDB-GENE- 1,970797465 All anatomical structures No data available 0,00403347
030131-1337

bhlhe41 ZDB-GENE- 1,963192062 Nervous system Marker of various Gl cancer & lung cancer 0,00418229
050419-146

prtga ZDB-GENE- 1,938599455 Nervous system No data available 0,00469823
061204-4

gltpd2b ZDB-GENE- 1,927149435 No data available No data available 0,00495756
060526-346

ugts5d1l ZDB-GENE- 1,927068478 Liver, digestive, endocrine and reproductive system No data available_No human ortholog 0,00495944
091118-36

casp8I1 ZDB-GENE- 1,925999419 All anatomical structures No data available 0,00498431
070608-1

LOC792443 ZDB-GENE- 1,925999419 No data available No data available 0,00498431
181219-1

smim19 ZDB-GENE- 1,911463325 All anatomical structures No data available 0,00533385
050913-125

ccdc83 ZDB-GENE- 1,906890596 No data available No data available 0,0054483
130723-1

pigri2,1 ZDB-GENE- 1,906890596 No data available No data available 0,0054483
150409-1

hmgclll ZDB-GENE- 1,898120386 No data available No data available 0,00567403
080220-15

foslla ZDB-GENE- 1,89640611 Nervous system 0,00571913
061207-7 Krabbe disease

apoada ZDB-GENE- 1,893741313 Liver and digestive system Implicated in a number of diseases, including Alzheimer's Disease 0,00578987
050417-469

si:ch211- ZDB-GENE- 1,887525271 No data available No data available 0,00595796

125€6,8 070912-42

neurog3 ZDB-GENE- 1,874469118 Nervous system Diarrhea 4, malabsorptive, congenital-glucose intolerance-type 2 0,00632542
010608-4 diabetes

mir2193 ZDB-MIRNAG- 1,874469118 No data available No data available 0,00632542
091023-16

si:ch211- ZDB-GENE- 1,861793408 No data available No data available 0,00670155

132b12,7 050419-250

itin3 ZDB-GENE- 1,857980995 Nervous system No data available 0,00681855
090527-4
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stx11b,2 ZDB-GENE- 1,857980995 All anatomical structures Hemophagocytic lymphohistiocytosis, familial, 4 0,00681855
050417-148

prokl ZDB-GENE- 1,857980995 No data available No data available 0,00681855
070928-34

ctu2 ZDB-GENE- 1,853357792 No data available No data available 0,00696289
040801-79

crybb2 ZDB-GENE- 1,847996907 Nervous system Implicated in cataract 0,00713369
060130-1

zgc:110425 ZDB-GENE- 1,847996907 All anatomical structures Narcissistic personality disorder (NPD) 0,00713369
050522-103

zp2,5 ZDB-GENE- 1,847996907 Endocrine and reproductive system No data available 0,00713369
090306-1

grks ZDB-GENE- 1,829150846 Nervous system No data available_No human ortholog 0,0077644
091204-274

fbxI8 ZDB-GENE- 1,814968106 No data available No data available 0,00827151
051120-81

inhbab ZDB-GENE- 1,812372997 Endocrine and reproductive system Marker for congestive Heart failure, gestational diabetes 0,00836744
050525-2

mirl0d ZDB-MIRNAG- 1,807354922 Nervous system No data available 0,00855578
070112-2

cldn10a ZDB-GENE- 1,807354922 No data available No data available 0,00855578
030616-510

si:ch211- ZDB-GENE- 1,807354922 No data available No data available 0,00855578

282j17,3 041210-287

si:dkey-2698,5 | ZDB-GENE- 1,807354922 No data available No data available_No human ortholog 0,00855578
121214-19

gphb5 ZDB-GENE- 1,807354922 No data available No data available 0,00855578
090319-4

zp2,2 ZDB-GENE- 1,807354922 Endocrine and reproductive system No data available 0,00855578
010622-1

zp2,3 ZDB-GENE- 1,807354922 Endocrine and reproductive system No data available 0,00855578
010622-2

cyp51 ZDB-GENE- 1,793208962 Nervous system No data available 0,00910725
040625-2

zgc:113625 ZDB-GENE- 1,785495488 Cardiovascular and musculature system No data available 0,00942113
050320-47
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anks3 ZDB-GENE- 1,783963074 Cardiovascular system No data available 0,00948463
080204-51

cd40lg ZDB-GENE- 1,765534746 Digestive, immune, liver, renal and respiratory system Immunodeficiency with hyper-IgM, type 1 0,01027864
100727-1

mmp9 ZDB-GENE- 1,755273714 Nervous system Implicated in a number of diseases including autism spectrum 0,01074594
040426-2132 disorder and Down syndrome

zgc:136870 ZDB-GENE- 1,754065219 No data available No data available 0,0108022
060312-1

mmpl3a ZDB-GENE- 1,751573681 Cardiovascular, digestive, immune system and liver Spondyloepimetaphyseal dysplasia, Missouri type 0,01091902
031202-2

pde6ga ZDB-GENE- 1,749754655 Nervous system No data available 0,01100502
050522-144

anxa3a ZDB-GENE- 1,746024933 Whole organism No data available 0,01118322
040912-58

gpatch4 ZDB-GENE- 1,744003145 Unspecified No data available 0,01128089
041008-158

crym ZDB-GENE- 1,739848103 No data available Implicated in autosomal dominant nonsyndromic deafness 40 0,011484
070112-1782

naifl ZDB-GENE- 1,736965594 No data available No data available 0,0116268
081104-236

dicpl,3-4 ZDB-GENE- 1,736965594 No data available No data available_No human ortholog 0,0116268
120305-3

tlr22 ZDB-GENE- 1,727920455 Immune, musculature, renal and reproductive system No data available_No human ortholog 0,01208519
040220-5

lemt2 ZDB-GENE- 1,704757013 No data available No data available 0,01333286
110714-2

si:ch211- ZDB-GENE- 1,698032647 No data available No data available_No human ortholog 0,01371578

153b23,4 030131-7332

timp2b ZDB-GENE- 1,697570314 Cardiovascular, digestive, endocrine, liver and reproductive | Implicated in Moyamoya disease, marker Alzheimer 0,01374246
040426-2655 system

txnll ZDB-GENE- 1,681661849 Liver and digestive system No data available 0,01468888
040426-701
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lepa ZDB-GENE- 1,678071905 Nervous system Alcohol dependence, Alzheimer's disease, Alcoholic Liver Cirrhosis, | 0,01491023
081001-1 breast cancer

slcla2a ZDB-GENE- 1,675383224 Nervous system ALS, developmental and epileptic encephalopathy 41, Huntington's 0,01507794
100422-11 disease

dnajc21 ZDB-GENE- 1,672792674 No data available No data available 0,01524109
030131-8928

adh5l ZDB-GENE- 1,665580961 Digestive system Alchol dependence, late-onset parkinson disease, pancreatic cancer 0,01570349
040426-1165

cd247 ZDB-GENE- 1,658963082 Digestive, reproductive, immune system Immunodeficiency 25 0,01613863
061130-4

gig2g ZDB-GENE- 1,656948614 No data available No data available 0,01627317
130517-4

tnfrsfoa ZDB-GENE- 1,652076697 All anatomical structures Primary immunodeficiency disease 0,01660264
060421-8213

hspb3 ZDB-GENE- 1,652076697 No data available Autosomal dominant distal hereditary motor neuronopathy 4 0,01660264
070705-338

olfchl ZDB-GENE- 1,64385619 No data available No data available 0,01717185
030131-2664

slc6al9a,1 ZDB-GENE- 1,643781145 All anatomical structures Hartnup disease 0,01717713
070620-2

ugtsc3 ZDB-GENE- 1,636751803 All anatomical structures No data available 0,0176775
050419-23

hertr2 ZDB-GENE- 1,632268215 Nervous system No data available 0,01800329
070228-3

zgc:172014 ZDB-GENE- 1,62935662 No data available No data available 0,01821766
080215-22

egrd ZDB-GENE- 1,623343592 All anatomical structures No data available 0,01866746
080204-90

urb2 ZDB-GENE- 1,618909833 All anatomical structures No data available 0,01900532
030131-2621

zgc:112294 ZDB-GENE- 1,603482589 Nervous system No human ortholog 0,02022292
050522-418

arhgef3l ZDB-GENE- 1,601738213 All anatomical structures No human ortholog 0,02036479
050522-85
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ppplrish ZDB-GENE- 1,596787936 Nervous system No data available 0,02077213
030829-40

dbpa ZDB-GENE- 1,591626231 Nervous system Osteoporosis 0,02120442
060503-802

pex12 ZDB-GENE- 1,590295945 No data available Peroxisome biogenesis disorder 0,02131709
040426-929

avd ZDB-GENE- 1,584962501 Nervous system No data available 0,02177407
140205-1

mir30d ZDB-MIRNAG- 1,584962501 Nervous system No data available 0,02177407
081210-19

mirl33c ZDB-MIRNAG- 1,584962501 Nervous system No data available 0,02177407
090929-142

zmynd12 ZDB-GENE- 1,584962501 All anatomical structures No data available 0,02177407
041114-133

ptrhl ZDB-GENE- 1,584962501 All anatomical structures No data available 0,02177407
050306-33

fhx122 ZDB-GENE- 1,584962501 No data available No data available 0,02177407
050227-1

c6astl ZDB-GENE- 1,584962501 No data available No data available 0,02177407
070621-1

neurl2 ZDB-GENE- 1,584962501 No data available No data available 0,02177407
070410-31

si:dkeyp- ZDB-GENE- 1,584962501 No data available No data available 0,02177407

106c3,2 070705-527

ccl35,2 ZDB-GENE- 1,584962501 No data available Acute kidney failure 0,02177407
140718-1

si:dkey-81n2,1 | ZDB-GENE- 1,584962501 No data available No data available 0,02177407
070705-492

dicpl,9 ZDB-GENE- 1,584962501 No data available No data available 0,02177407
091204-372

il17a/f1 ZDB-GENE- 1,584962501 Digestive and respiratory system chronic mucocutaneous candidiasis 0,02177407
061031-3

il17c ZDB-GENE- 1,584962501 Respiratory system No data available 0,02177407
061031-5

caiap ZDB-GENE- 1,584962501 Kidney, heart and integument No data available 0,02177407
041014-19

hel,1 ZDB-GENE- 1,584962501 Whole organism No data available 0,02177407
021211-3
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i113 ZDB-GENE- 1,584962501 Digestive, immune, renal and respiratory system Allergic diseases, asthma, atopic dermatitis 0,02177407
100727-2

mxtx1 ZDB-GENE- 1,584962501 Whole organism No data available 0,02177407
000710-7

cyp8b3 ZDB-GENE- 1,562936194 Nervous system No data available 0,0237528
040912-153

hsp90aal,1 ZDB-GENE- 1,560516856 Nervous system Alzheimer, colon cancer, intraepatic cholangiocarcinoma, rheumatoid | 0,02397937
990415-94 arthritis

mfap4,4 ZDB-GENE- 1,560360527 Nervous system No data available 0,02399407
071004-9

tgm1l4 ZDB-GENE- 1,554588852 Whole organism Autosomal recessive congenital ichthyosis 1 0,02454246
050913-29

ftr86 ZDB-GENE- 1,550508444 Whole organism No data available 0,02493667
060929-108

hyoul ZDB-GENE- 1,547333455 Nervous system Immunodeficency 59 0,0252472
030131-5344

capga ZDB-GENE- 1,544320516 No data available No data available 0,02554496
060531-6

tmem150b ZDB-GENE- 1,538041453 No data available No data available 0,02617528
051113-144

slc35e3 ZDB-GENE- 1,536868213 No data available No data available 0,02629454
041210-186

creld2 ZDB-GENE- 1,533643723 Nervous system No data available 0,02662472
040426-1626

zpax1l ZDB-GENE- 1,530514717 Nervous system No data available 0,02694853
030131-5968

gtpbpl ZDB-GENE- 1,5297979 Nervous system No data available 0,02702319
030909-12

zgc:153896 ZDB-GENE- 1,520286824 No data available No data available 0,02803084
060825-119

hspalb ZDB-GENE- 1,515588798 No data available Alzheimer; Cakut disease; familial hyperlipidemia; obesity; 0,0285404
060503-867 schizophrenia; senile cataract; toxic shock syndrome; type 2 diabetes;

urinary tract infections; rat GVHD

fam221a ZDB-GENE- 1,514573173 Nervous system No data available 0,0286516

050320-27
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040426-2393

foxil ZDB-GENE- 1,514573173 Nervous system Autosomal recessive nonsyndromic deafness 4 0,0286516
030505-1

rec8b ZDB-GENE- 1,514573173 No data available Azoospermia and Premature Menopause 0,0286516
060421-4898

sv2ba ZDB-GENE- 1,512842285 No data available No data available 0,02884198
070209-134

stap2b ZDB-GENE- 1,503910698 Digestive system Trichothiodystrophy 1, photosensitive 0,02984175
040426-2540

rab12 ZDB-GENE- 1,497851837 Nervous system Newfoundland Rod-Cone Dystrophy 0,03053679
050522-555

hdac10 ZDB-GENE- -1,5008611 Whole organism Conjugate gaze palsy and Neuroblastoma 0,01855287
030131-5464

tbpl2 ZDB-GENE- -1,502500341 All anatomical structure Nervous system development 0,01842995
040520-3

sult3st5 ZDB-GENE- -1,502500341 No data available No data available 0,01842995
060503-722

slc27a2a ZDB-GENE- -1,502950479 Liver Adrenoleukodystrophy 0,01839633
050706-104

gjcda,1 ZDB-GENE- -1,510615159 Endocrine system, reproductive system No data available 0,01783194
010619-1

celal,3 ZDB-GENE- -1,517472231 Cardiovascular system, digestive system, endocrine system | Pancreatitis 0,01733993
040801-12

gc ZDB-GENE- -1,52062183 Digestive system, endocrine system, immune system, liver, | Rickets, Blastomycosis 0,01711796
040718-307 reproductive system, respiratory system

prss60,1 ZDB-GENE- -1,527247003 No data available No data available 0,01665917
070424-25

amy2a ZDB-GENE- -1,53238847 Digestive system, endocrine system Pancreatitis 0,0163106
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ptgdshb,2 ZDB-GENE- -1,533343613 Nervous system (neural tube), primary germ layer, somite Intracranial Hypotension and Normal Pressure Hydrocephalus. 0,01624656
030911-3
cypav7 ZDB-GENE- -1,537683064 Nervous system, sensory and visual system Bietti crystalline corneoretinal dystrophy (BCD) 0,01595837
061103-88
hmoxla ZDB-GENE- -1,538336341 Nervous system, cardiovascular system, digestive system, | Heme oxygenase-1 deficiency (HMOX1D) 0,01591537
030131-3102 endocrine system, liver, respiratory system, sensory system,
visual system
morn5 ZDB-GENE- -1,544320516 No data available No data available 0,01552625
050522-267
zgc:123238 ZDB-GENE- -1,544320516 No data available No data available 0,01552625
051023-3
zgc:172051 ZDB-GENE- -1,545940612 No data available No data available 0,01542236
080219-23
cry3a ZDB-GENE- -1,547234805 Nervous system, cardiovascular system, digestive system, Delayed Sleep Phase Disorder and Sleep Disorder 0,0153398
010426-4 endocrine system, immune system, liver, muscolature
system, respiratory system, sensory system, visual system,
fin, integument, neural tube
torll3 ZDB-GENE- -1,549834277 Whole organism Acute Endophthalmitis 0,01517516
040426-1859
cfd ZDB-GENE- -1,552044584 Digestive system, endocrine system, renal system, Complement factor D deficiency and Properdin deficiency 0,01503639
050522-411 integument, primary germ layer
sccpdha,2 ZDB-GENE- -1,558534375 No data available Colon Neuroendocrine Neoplasm. 0,01463538
080212-12
zgc:153921 ZDB-GENE- -1,559427409 Digestive system, liver No data available 0,01458094
060929-816
drd4b ZDB-GENE- -1,561878888 Nervous system, digestive system, respiratory system, Attention Deficit-Hyperactivity Disorder and Autonomic Nervous 0,01443243
070508-3 sensory system, visual system System Disease.
krttlc19e ZDB-GENE- -1,570245339 Nervous system, sensory system, visual system and Corneal Dystrophy, Meesmann, 1 and Corneal Dystrophy. White 0,01393556
050506-95 integument Sponge Nevus 2 and White Sponge Nevus. Epidermolysis Bullosa

Simplex 1A, Generalized Severe and Dermatopathia Pigmentosa
Reticularis.
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Irrc30a ZDB-GENE- -1,577057303 Unspecified Middle Cerebral Artery Infarction 0,01354222
050506-25

dndl ZDB-GENE- -1,584962501 Nervous system and cardiovascular, digestive, endocrine, Carcinoma 0,01309809
030828-4 reproductive systems

vtg2 ZDB-GENE- -1,584962501 Cardiovascular system, digestive system, endocrine system, | No data available_No human ortholog 0,01309809
001201-2 liver, reproductive system

crlf2 ZDB-GENE- -1,584962501 Immune system Down syndrome and immune diseases 0,01309809
080402-3

zgc:110216 ZDB-GENE- -1,584962501 No data available Retinitis Pigmentosa 18 0,01309809
050320-42

mxtx2 ZDB-GENE- -1,584962501 No data available Muscular dystrophy (MD) 0,01309809
000710-6

zgc:162239 ZDB-GENE- -1,584962501 No data available Amyotrophic Neuralgia. 0,01309809
070424-28

or4la2 ZDB-GENE- -1,584962501 No data available No data available 0,01309809
070806-66

hist2h3c ZDB-GENE- -1,584962501 No data available Hutchinson-Gilford progeria syndrome (HGPS) 0,01309809
070424-8

lgals9l5 ZDB-GENE- -1,584962501 No data available Splenic Manifestation Of Leukemia 0,01309809
070822-22

cenpo ZDB-GENE- -1,584962501 No data available Body Mass Index Quantitative Trait Locus 19 (BMIQ19) 0,01309809
070928-16

abcg4b ZDB-GENE- -1,584962501 No data available Bile Acid Synthesis Defect, Congenital, 5 0,01309809
080215-10

zgc:173552 ZDB-GENE- -1,584962501 No data available Diffuse midline glioma, H3 K27M-mutant 0,01309809
080220-24

si:ch211- ZDB-GENE- -1,584962501 No data available No data available_No human ortholog 0,01309809

11908,6 070912-17

pimr50 ZDB-GENE- -1,584962501 No data available No data available_No human ortholog 0,01309809
070912-463

pimr52 ZDB-GENE- -1,584962501 No data available No data available_No human ortholog 0,01309809
070912-460
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si:ch211- ZDB-GENE- -1,584962501 No data available No data available_No human ortholog 0,01309809

71m22,3 070705-195

gzm3 ZDB-GENE- -1,584962501 No data available skin diseases 0,01309809
070912-132

zgc:194101 ZDB-GENE- -1,584962501 No data available No data available_No human ortholog 0,01309809
080723-68

or80al ZDB-GENE- -1,584962501 No data available No data available_No human ortholog 0,01309809
070806-55

LOC107197950 | NM_001320152 -1,584962501 No data available No data available 0,01309809

mdfic2 ZDB-GENE- -1,584962501 No data available No data available 0,01309809
131127-585

drd7 ZDB-GENE- -1,584962501 Whole organism No data available_No human ortholog 0,01309809
060526-372

bglapl ZDB-GENE- -1,584962501 Whole organism No data available_No human ortholog 0,01309809
060608-3

apoa4b,1 ZDB-GENE- -1,603399749 Cardiovascular and digestive system Alzheimer's disease 0,01211194
030131-1263

irf10 ZDB-GENE- -1,607505069 No data available No data available_No human ortholog 0,01190153
040426-2084

ano9%a ZDB-GENE- -1,624490865 No data available Neuronal and bone disease 0,01106501
071004-46

ggact,1 ZDB-GENE- -1,631233655 No data available Neuronal, eyes, oral and nephrological disease 0,01074769
061103-94

mmp30 ZDB-GENE- -1,631453226 Whole organism Liver disease and cancer 0,0107375
060421-5765

tubasl ZDB-GENE- -1,632268215 No data available Alzheimer's disease 0,01069973
030131-5588

mhclzja ZDB-GENE- -1,637429921 Digestive, renal, liver, respiratory and immune system Cardiovascular, liver and respiratory diseases 0,01046326
130206-11

si:ch211- ZDB-GENE- -1,654503434 No data available No data available 0,00971386

227e10,6 050420-355
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pdk2b ZDB-GENE- -1,655632165 Cardiovascular system Kidney diseases 0,00966605
040426-939

cytl ZDB-GENE- -1,659906779 Epidermide Nervous system development and breast cancer 0,00948687
991008-6

si:dkeyp-73d8,6 | ZDB-GENE- -1,664034072 No data available No data available_No human ortholog 0,00931668
070912-683

ifitll ZDB-GENE- -1,666262603 Digestive, immune, muscolar, renal and respiratory systems | Neuronal,eyes and bone diseases 0,00922593
121214-302

zgc:171242 ZDB-GENE- -1,666262603 No data available No data available_No human ortholog 0,00922593
071004-79

samsnla ZDB-GENE- -1,673853873 Immune system microglia 0,00892267
030131-8639

or42d1 ZDB-GENE- -1,678071905 Olfactory system Hypomyelinating leukodystrophy with atrophy of the basal ganglia 0,00875805
010308-17 and cerebellum

pigri2,4 ZDB-GENE- -1,678071905 No data available No data available_No human ortholog 0,00875805
150409-3

nme4 ZDB-GENE- -1,681687272 Nervous system (retina),endocrine system, reproductive Barth syndrome 0,00861911
040426-1043 system, respiratory system

crp3 ZDB-GENE- -1,684345742 Digstive, endocrine, immune, muscolar, renal respiratory No data available_No human ortholog 0,00851821
060503-220

si:dkey- ZDB-TSCRIPT- -1,686141335 No data available No data available_No human ortholog 0,00845065

58f10,11 090929-5706

vcana ZDB-GENE- -1,688055994 Nervous system, cardiovascular and muscolar system Wagner vitreoretinopathy, \WWagner syndrome 0,00837915
011023-1

zgc:158463 ZDB-GENE- -1,69110432 No data available No data available_No human ortholog 0,00826642
070410-9

LOC100150619 | NM_001327999 -1,691877705 No data available No data available 0,00823804

crtacla ZDB-GENE- -1,700439718 Floor plate Neurofibromatosis 0,00792959
030131-9704

hspal2a,3 ZDB-GENE- -1,700439718 No data available No data available_No human ortholog 0,00792959

030131-8896
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nfil3-3 ZDB-GENE- -1,700439718 No data available No data available 0,00792959
081022-142

sertad3 ZDB-GENE- -1,700439718 Whole organism Unilateral retinoblastoma 0,00792959
050327-34

opnllw2 ZDB-GENE- -1,713193519 Nervous system and cardiovascular, endocrine, digestive, Parry-Romberg syndrome (PRS) 0,00748929
040718-141 reproductive, respirtory systems

sult3st3 ZDB-GENE- -1,717313537 Whole organism No data available_No human ortholog 0,00735182
060503-628

piwil2 ZDB-GENE- -1,72935241 Digestive, endocrine, respiratory and reproductive systems | Infertility 0,00696299
060526-345

cytll ZDB-GENE- -1,733209562 Trunk integument Skin and endocrine diseases 0,00684238
061026-4

fabpla ZDB-GENE- -1,736965594 Liver and digestive system Liver and digetive diseases 0,00672673
020318-3

spaca9 ZDB-GENE- -1,736965594 No data available No data available 0,00672673
060825-33

zgc:112146 ZDB-GENE- -1,740880644 No data available No data available_No human ortholog 0,00660807
050417-237

si:dkey- ZDB-GENE- -1,745427173 No data available No data available 0,00647263

23a13,22 160113-78

zgc:113516 ZDB-GENE- -1,746881063 Liver and digestive system No data available_No human ortholog 0,00642985
050320-154

fgf6a ZDB-GENE- -1,751877304 Kidney, notochord Bone and metabolic disease 0,00628476
980526-559

opnimwl ZDB-GENE- -1,753788959 Nervous, cardiovascular, digestive and endocrine system No data available_No human ortholog 0,00623003
990604-42

si:dkey-12e7,4 | ZDB-GENE- -1,754887502 No data available No data available_No human ortholog 0,00619878
050419-83

si:dkey- ZDB-GENE- -1,757180354 No data available No data available_No human ortholog 0,006134

253d23,3 050208-330

septin8b ZDB-GENE- -1,762500686 Nervous system Neuronal and reproductive disease 0,00598602
070424-3

pbld2 ZDB-GENE- -1,766366511 Musculature system Neuronal, cardiovascular and eyes diseases 0,00588053
050417-456
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ifid4c2 ZDB-GENE- -1,770518154 No data available Blood, immune, astrointestinal and liver disease 0,00576911
060929-1102

opnéh ZDB-GENE- -1,774933444 Nervous system and endocrine, reproductive, respiratory No data available_No human ortholog 0,0056527
030616-402 system

elovl4b ZDB-GENE- -1,777607579 Nervous system (eyes), endocrine, digestive, immune, liver, | Spinocerebellar ataxia 34 0,00558323
030131-7672 renal system

cyp4v8 ZDB-GENE- -1,779884201 Nervous system (eyes), liver and digestive system Neuronal and eyes diseases 0,00552469
061103-601

zgc:66455 ZDB-GENE- -1,784271309 No data available No data available_No human ortholog 0,00541346
040426-1642

opn3 ZDB-GENE- -1,787151351 Nervous system, cardiovascular, digestive, muscular system | Oral disease 0,00534154
080227-16

gdf3 ZDB-GENE- -1,793549123 Nervous system, cardiovascular, endocrine and Eyes and mental disease 0,00518485
980526-389 reproductive system

kenjla,2 ZDB-GENE- -1,797956224 No data available Nephrological and reproductive diseases 0,00507934
050327-22

mirl50 ZDB-MIRNAG- -1,807354922 Nervous system, cardiovascular and endocrine system Nephrological, blood, immune, respiratory diseases 0,00486079
081125-1

si:ch73-55i23,1 | ZDB-TSCRIPT- -1,807354922 No data available No data available 0,00486079
160112-431

foxI2l ZDB-GENE- -1,807354922 Reproductive system No data available_No human ortholog 0,00486079
081022-71

fl3ala,1 ZDB-GENE- -1,807354922 Whole organism Blood disease 0,00486079
060929-1250

tcap ZDB-GENE- -1,816153448 Cardiovascular and musculature system Cardiovascular and musculature system diseases 0,00466395
070501-5

pcdhlgl8 ZDB-GENE- -1,822357085 Whole organism Neurodevelopmental disorder with poor growth and skeletal 0,00452952
050609-13 anomalies (NEDGS)
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si:dkey-15h8,17 | ZDB-GENE- -1,832890014 No data available No data available_No human ortholog 0,00430931
141222-9

dhrs13a,2 ZDB-GENE- -1,834147768 Digestive system Neuronal and muscle diseases 0,00428367
040912-69

LOC792958 ZDB-GENE- -1,836501268 No data available Fanconi anemia (FA) 0,00423607
070209-176

btr22 ZDB-GENE- -1,850856561 No data available Opitz GBBB syndrome 0,00395598
080402-4

xafl ZDB-GENE- -1,851164818 No data available Cataract 37 0,00395015
060929-840

zgc:153383 ZDB-GENE- -1,855610091 No data available Myasthenic syndrome, congenital, 22 and Chromosome 15¢11.2 0,003867
060825-178 deletion syndrome

scpp9 ZDB-GENE- -1,861616516 Mandibular arch skeleton No data available_No human ortholog 0,00375718
090424-3

zgc:172253 ZDB-GENE- -1,880877359 No data available No data available_No human ortholog 0,00342385
080215-9

irf3 ZDB-GENE- -1,882348411 Endocrine, immune and renal system Encephalopathy, acute, infection-induced 7 0,00339954
071120-7

LOC100005356 | ZDB-GENE- -1,884522783 Immune system Immune system 0,00336388
050626-55

arntlla ZDB-TSCRIPT- -1,893983112 No data available No data available 0,00321268
110325-2589

miox ZDB-GENE- -1,905003486 No data available No data available 0,00304438
050913-113

hist2h3cal ZDB-GENE- -1,906890596 All anatomical structures No data available 0,00301638
030722-8

pimr49 ZDB-GENE- -1,906890596 No data available No data available_No human ortholog 0,00301638
070912-459

zc3h7ba ZDB-GENE- -1,910362788 No data available No data available 0,00296547
030131-4512

2gc:92161 ZDB-GENE- -1,919007878 No data available No data available 0,00284211
040912-22
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btr09 ZDB-GENE- -1,920146692 No data available No data available 0,00282621
080722-46

cfhl2 ZDB-GENE- -1,929610672 Nervous system Implicated in several diseases including Eye diseases 0,00269722
041114-123

pde6ha ZDB-GENE- -1,933681418 Nervous system retinal cone dystrophy 3A 0,00264341
040426-1754

apoc2 ZDB-GENE- -1,939988284 No nervous system Implicated in a number of diseases, dislipidemia and including MS 0,00256197
030131-2168

si:ch211- ZDB-GENE- -1,941106311 No data available No data available_No human ortholog 0,00254778

284e13,9 060526-164

npas2 ZDB-GENE- -1,942241707 Nervous system No data available 0,00253343
030408-3

agpl0a ZDB-GENE- -1,950611973 Nervous system No data available 0,00242997
040718-40

cyp2x8 ZDB-GENE- -1,958127047 No data available No data available_No human ortholog 0,00234038
040704-28

zgc:194443 ZDB-GENE- -1,96829114 No data available No data available 0,00222402
080723-6

gucalc ZDB-GENE- -1,972615077 Nervous system No data available 0,00217615
030829-1

nrda3 ZDB-GENE- -1,983511877 Nervous system Extraskeletal myxoid chondrosarcoma 0,00205966
070824-4

cenf ZDB-GENE- -1,986943847 Nervous system No data available 0,00202418
021030-2

zgc:86738 ZDB-GENE- -2 All anatomical structures No data available_No human ortholog 0,00189425
040625-151

or70cl ZDB-GENE- -2 All anatomical structures No data available 0,00189425
070806-8

hist1h2a3 ZDB-GENE- -2 All anatomical structures No data available 0,00189425
070822-28

mirl8la-1 ZDB-MIRNAG- -2 All anatomical structures Hepatocellular Carcinoma and Follicular Lymphoma. 0,00189425
041217-12

celal,1 ZDB-GENE- -2 No data available No data available 0,00189425
050522-187
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zgc:158445 ZDB-GENE- -2 No data available No data available_No human ortholog 0,00189425
061215-78

zgc:165518 ZDB-GENE- -2 No data available No data available 0,00189425
070720-15

or62b3 ZDB-GENE- -2 No data available No data available_No human ortholog 0,00189425
070806-94

or62c2 ZDB-GENE- -2 No data available No data available_No human ortholog 0,00189425
070806-101

dre-mir-338-1 ZDB-MIRNAG- -2 No data available Oral Squamous Cell Carcinoma and Follicular Lymphoma 0,00189425
090929-200

rf213a ZDB-GENE- -2,01248662 All anatomical structures Implicated in cerebral cavernous malformation and Moyamoya 0,0017772
050302-100 disease (cerebral arterial disease)

lgals9l3 ZDB-GENE- -2,015675069 No data available No data available 0,0017484
040718-159

mirl81b-1 ZDB-MIRNAG- -2,03562391 No data available No data available 0,00157771
041217-25

pldé ZDB-GENE- -2,039528364 No data available No data available 0,00154616
030131-3825

mcphl ZDB-GENE- -2,044394119 No data available Implicated in several diseases including microcephaly 0,00150764
060421-6122

trim35-36 ZDB-GENE- -2,047934477 No data available No data available 0,00148018
110920-8

gngtl ZDB-GENE- -2,050969517 Nervous system No data available 0,001457
030131-7596

zgc:101699 ZDB-GENE- -2,054447784 No data available No data available_No human ortholog 0,00143085
041114-140

ttr ZDB-GENE- -2,080718722 No nervous system Implicated in a number of diseases, including Alzheimer's 0,0012469
040927-14

kenv2b ZDB-GENE- -2,10479619 Nervous system Implicate in retinal cone dystrophy 3b 0,00109773
060526-28

zgc:152753 ZDB-GENE- -2,115477217 No data available No data available_No human ortholog 0,001037
060818-8
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zgc:174650 ZDB-GENE- -2,119739244 No data available No data available_No human ortholog 0,00101364
080219-10

zgc:91850 ZDB-GENE- -2,123382416 Nervous system No data available_No human ortholog 0,00099406
040801-211

zgc:174288 ZDB-GENE- -2,127614197 No data available No data available_No human ortholog 0,00097176
071004-120

si:dkey-58f10,7 | ZDB-GENE- -2,132450296 No data available No data available_No human ortholog 0,00094685
060526-321

lonrfil ZDB-GENE- -2,161364227 Nervous system No data available 0,00080981
081104-397

ugt5g2 ZDB-GENE- -2,169925001 Nervous system No data available_No human ortholog 0,00077292
081028-66

or90h4 ZDB-GENE- -2,169925001 All anatomical structures No data available_No human ortholog 0,00077292
070806-23

zgc:100951 ZDB-GENE- -2,169925001 No data available No data available_No human ortholog 0,00077292
040801-141

zgc:171310 ZDB-GENE- -2,169925001 No data available No data available_No human ortholog 0,00077292
070822-11

ifnglr ZDB-GENE- -2,169925001 Cardiovascular, digestive, endocrine, respiratory and Implicated in Immunodeficiency-69 (IMD69) and Hepatitis C 0,00077292
060210-1 reproductive system

zgc:165555 ZDB-GENE- -2,189824559 He et al. 2018 No data available 0,0006931
070620-17

cyp2k16 ZDB-GENE- -2,19909492 Digestive system No data available 0,0006586
041010-37

dicpl,7 ZDB-GENE- -2,222392421 No data available No data available 0,00057881
120306-2

dre-mir-137-1 ZDB-MIRNAG- -2,222392421 No data available No data available 0,00057881
081203-21

si:ch73-252i11,1 | ZDB-GENE- -2,223454398 No data available No data available 0,00057539
141210-7

si:ch211- ZDB-GENE- -2,227068909 immune and renal system Inflammatory bowel disease-30 0,00056392

195h23,3 070912-174
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slc9a3,1 ZDB-GENE- -2,23188671 Immune and renal system Gastrointestinal diseases 0,00054895
060503-545

lgals3bp,3 ZDB-GENE- -2,232081478 No data available Cardiovascular disease 0,00054835
060331-57

ctsll ZDB-GENE- -2,252607034 No data available Respiratory sindrome 0,0004887
041010-76

si:ch211- ZDB-GENE- -2,277984747 No data available No data available 0,00042332

114113,9 070424-116

si:ch211- ZDB-GENE- -2,290563924 No data available Brain sarcoma 0,00039402

244b2,3 030131-4737

mmp21 ZDB-GENE- -2,321928095 All anatomical structures Implicated in visceral heterotaxy 0,00032903
100226-2

btrl8 ZDB-GENE- -2,321928095 No data available immune, cardiovascular, nephrological diseases 0,00032903
080213-2

ccl34b,9 ZDB-GENE- -2,321928095 No data available No data available 0,00032903
091204-99

terbl ZDB-GENE- -2,333900737 No data available Implicated in spermatogenic failure 60 0,00030698
060503-732

pipox ZDB-GENE- -2,337194852 No data available No data available 0,00030116
110627-2

zgc:174180 ZDB-GENE- -2,337468946 No data available Implicated in several diseases, including AD nonsyndromic deafness | 0,00030068
080206-1 34

nrOb2a ZDB-GENE- -2,348159636 Cardiovascular system Implicated in diabetes mellitus type 2 & obesity 0,00028252
080403-1

zgc:112332 ZDB-GENE- -2,358793389 No data available No data available_No human ortholog 0,00026549
050522-387

cfhl4 ZDB-GENE- -2,365892368 Nervous system No data available 0,00025465
030131-251

bfb ZDB-GENE- -2,376375879 Digestive and biliary system Implicated in a number of diseases, including various Eye diseases 0,00023941
990415-34

trim108 ZDB-GENE- -2,389566812 No data available No data available_No human ortholog 0,00022145
060503-670
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fgflb ZDB-GENE- -2,402098444 All anatomical structures Implicated in a number of diseases, Including schizophrenia-Marker | 0,00020557
071004-7 of Alzheimer's and MS

cls,2 ZDB-GENE- -2,411426246 No data available No data available 0,00019444
030131-4645

gucald ZDB-GENE- -2,417157551 Nervous system No data available 0,00018789
040724-231

or62a2 ZDB-GENE- -2,459431619 Nervous system No data available_No human ortholog 0,00014561
070806-98

or70a8 ZDB-GENE- -2,459431619 No data available No data available_No human ortholog 0,00014561
070806-9

nfil3-6 ZDB-GENE- -2,532423421 Nervous system No data available 0,0000929
040704-63

zgc:92591 ZDB-GENE- -2,584962501 All anatomical structures No data available 0,0000668
040718-483

mir24-2 ZDB-MIRNAG- -2,584962501 Kasper et al. 2017 Glioblastoma 0,0000668
081209-8

si:ch211- ZDB-GENE- -2,584962501 No data available No data available_No human ortholog 0,0000668

132b12,6 050420-179

0r90j1 ZDB-GENE- -2,584962501 No data available No data available_No human ortholog 0,0000668
070806-32

si:dkey- ZDB-GENE- -2,584962501 No data available No data available_No human ortholog 0,0000668

240e12,6 050208-367

zgc:171445 ZDB-GENE- -2,584962501 No data available No data available 0,0000668
080205-2

si:dkey-9i23,4 ZDB-GENE- -2,584962501 No data available Acinar cell carcinoma and pancreatitis 0,0000668
090313-363

zp3a,1 ZDB-GENE- -2,584962501 Thisse et al 2005 No data available 0,0000668
040727-1

cbin9 ZDB-GENE- -2,612976877 Takada et al 2017 No data available 0,0000558
040724-34

lgals3bp,1 ZDB-GENE- -2,617613287 Nervous system No data available 0,0000542
040426-2262

ifi27,3 ZDB-GENE- -2,624490865 No data available No data available 0,0000519

030131-7410
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si:ch211- ZDB- -2,624490865 No data available No data available_No human ortholog 0,0000519

155m12,5 LINCRNAG-
060526-52

zpax4 ZDB-GENE- -2,662965013 Miao et al 2017 No data available_No human ortholog 0,0000404
030131-6199

sh:ch470 ZDB-GENE- -2,672425342 All anatomical structures No data available 0,000038
030131-9856

socslb ZDB-GENE- -2,672425342 Endocrine, immune and renal system Autoinflammatory syndrome, familial, with or without 0,000038
090313-141 immunodeficiency (AISIMD)

ccl19a,1 ZDB-GENE- -2,679975616 All anatomical structures Marker for lung diseases 0,0000362
060526-181

alox5b,3 ZDB-GENE- -2,693022247 All anatomical structures Implicated in Atherosclerosis and asthma 0,0000332
050522-330

znfl147 ZDB-GENE- -2,700439718 No data available No data available_No human ortholog 0,0000316
080218-13

pcxb ZDB-GENE- -2,705787283 Nervous system Pyruvate carboxylase deficiency disease 0,0000305
000831-1

si:ch73-196i15,3 | ZDB-GENE- -2,714245518 No data available No data available_No human ortholog 0,0000289
091116-4

tap2a ZDB-GENE- -2,74723393 Nervous system Implicated in a number of diseases, including Alzheimer's and MS 0,0000232
030616-245

si:dkey-266f7,5 | ZDB-GENE- -2,765534746 No data available No data available_No human ortholog 0,0000205
070705-437

mov10b,1 ZDB-GENE- -2,768258266 Nervous system Implicated in hypertension & ovary insufficency 0,0000201
030131-9089

rarres3 ZDB-GENE- -2,771583791 No data available No data available 0,0000197
060929-616

per2 ZDB-GENE- -2,7888859 Nervous system Implicated in advanced sleep phase syndrome & cocaine dependence | 0,0000175
011220-2

zgc:136410 ZDB-GENE- -2,824913293 All anatomical structures No data available_No human ortholog 0,0000137

060421-6071
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irf7 ZDB-GENE- -2,829686289 Nervous system implicated in immunodeficiency 39 0,0000132
040426-1518

ifi27,4 ZDB-GENE- -2,858780582 No data available No data available 0,0000108
090312-190

faslg ZDB-GENE- -2,874469118 Nervous system Distal myopathy, Tateyama type and Rippling muscle disease 2 0,0000097
070410-16

gjcda,2 ZDB-GENE- -2,903702318 No data available No data available_No human ortholog 0,00000791
060601-4

zgc:165514 ZDB-GENE- -2,906890596 Thisse et al. 2004 No data available 0,00000773
041008-169

ssuh2,2 ZDB-GENE- -2,910448415 Thisse et al. 2005 No data available 0,00000754
060421-4694

lgals1l1l ZDB-GENE- -2,961876455 Nervous system No data available 0,00000523
030131-4905

il21 ZDB-GENE- -3 Nervous system Implicated in immune-related disease, including neuromiylelitis 0,00000397
120510-4 optica and tropical spastic paraparesis

uts2d ZDB-GENE- -3 Nervous system No data available 0,00000397
120530-1

sinup ZDB-GENE- -3 All anatomical structures No data available_No human ortholog 0,00000397
050913-2

histlh2a2 ZDB-GENE- -3 No data available No data available 0,00000397
160113-98

si:ch211- ZDB-GENE- -3 No data available No data available 0,00000397

222n4,2 091118-110

si:ch211- ZDB-GENE- -3 Digestive, endocrine and respiratory susyem No data available 0,00000397

251f6,7 091113-57

cyp2aad ZDB-GENE- -3,017921908 Digestive and biliary system No data available_No human ortholog 0,00000349
040625-72

zgc:194655 ZDB-GENE- -3,026279325 No data available No data available_No human ortholog 0,00000328
081022-137

btr29 ZDB-GENE- -3,040641984 No data available No data available 0,00000295
090512-2
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pkz ZDB-GENE- -3,040845052 Nervous system Dystonia 33 and Leukoencephalopathy, Developmental Delay, And 0,00000295
050301-2 Episodic Neurologic Regression Syndrome.

rorca ZDB-GENE- -3,066030517 Nervous system Immunodeficiency 42 0,00000245
990415-250

nfil3-5 ZDB-GENE- -3,121118824 No data available No data available 0,00000162
030131-7677

dre-mir-182 ZDB-MIRNAG- -3,169925001 Nervous system No data available 0,00000112
041228-13

krt92 ZDB-GENE- -3,169925001 No data available Implicated in skin diseases 0,00000112
050417-363

herc56,3 ZDB-GENE- -3,19714647 Nervous system No data available 0,000000912
070615-14

tbx16l ZDB-GENE- -3,239465935 All anatomical structure Impliated in spondylocostal dysostosis 5 0,000000657
980526-171

mov10b,2 ZDB-GENE- -3,250374834 Nervous system Implicated in hypertension 0,000000604
060526-371

nfil3-2 ZDB-GENE- -3,284591944 Nervous system and endocrine system No data available 0,000000462
110929-1

ftr72 ZDB-GENE- -3,293145194 Whole organism No data available 0,000000432
041114-86

zgc:171446 ZDB-GENE- -3,321928095 No data available Gastrointestinal and immune disease 0,000000344
080205-1

ddx58 ZDB-GENE- -3,339415522 Nervous system and cardiovascular, digestive, immune and | Bone and muscle diseases 0,000000299
090821-7 muscular system

gig2d ZDB-GENE- -3,342392197 Nervous system and cardiovascular, digestive, muscolar and | No data available 0,000000292
130517-1 immune system

herc56,2 ZDB-GENE- -3,353870987 No data available Infectious diseases 0,000000266
090311-16

zgc:165583 ZDB-GENE- -3,392317423 No data available No data available 0,000000195
070615-30

rorch ZDB-GENE- -3,428843299 Nervous system Immunodeficency 0,000000145
040724-215

si:rp71-15k1,1 | ZDB-GENE- -3,459431619 No data available No data available 0,000000113
030131-1113

dre-mir-124-4 ZDB-MIRNAG- -3,459431619 No data available No data available 0,000000113
081208-6

tmx3a ZDB-GENE- -3,488286481 Nervous system (retina) Eyes (retina) diseas 8,87E-08
050522-396
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gig2e ZDB-GENE- -3,5622639222 Nervous system, cardiovascular, digestive, endocrine and No data available 6,66E-08
130517-2 immune system

zgc:171506 ZDB-GENE- -3,523561956 No data available No data available 6,61E-08
080204-96

ifit9 ZDB-GENE- -3,544320516 Digestive, immune, liver and renal disease CNS tubercolosis 5,55E-08
121214-233

zgc:65811 ZDB-GENE- -3,606657572 Reproductive system No data available 3,26E-08
040426-1428

mxa ZDB-GENE- -3,639627476 Nervous system and cardiovascular, digestive, immune and | Microphthalmia with limb anomalies 2,46E-08
030721-5 respiratory system

gucale ZDB-GENE- -3,64385619 Nervous system (eye and retina) Cone dystrophy 3 2,37E-08
040426-1577

ugtlb2 ZDB-GENE- -3,662965013 Digestive, immune, liver and renal disease No data available 2,01E-08
080227-11

si:dkeyp-94g1,1 | ZDB-GENE- -3,741466986 No data available No data available 1,01E-08
030131-7910

ifnphi4 ZDB-GENE- -3,754887502 Immune and respiratory system Hepatitis 8,92E-09
080327-1

zgc:194989 ZDB-GENE- -3,754887502 No data available Endocrine, liver, nephrological disease 8,92E-09
080723-3

vent ZDB-GENE- -3,807354922 Whole organism No data available 5,57E-09
010108-2

zgc:153759 ZDB-GENE- -3,813781191 No data available Herpes simplex 5,26E-09
060825-148

dhx58 ZDB-GENE- -3,865850571 No data available Immune diseases 3,28E-09
120612-3

si:ch211- ZDB-GENE- -3,86941589 No data available No data available 3,17E-09

271e10,3 060526-147

isgl5 ZDB-GENE- -3,890898563 Nervous system Immunodeficiency 2,6E-09
021211-1

zgc:113983 ZDB-GENE- -3,95419631 Whole organism Bone, endocrine, liver diseases 1,45E-09
050626-58

zgc:152658 ZDB-GENE- -4,121990524 No data available No data available 2,92E-10
060929-68

vmola ZDB-GENE- -4,192645078 No data available Lattice Retinal Degeneration 1,46E-10
131121-600

sultlst7 ZDB-GENE- -4,192645078 Whole organism Bone disease 1,46E-10
081112-3
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mhc2dhb ZDB-GENE- -4,222392421 Kidney, liver and spleen Skin diseases 1,09E-10
041010-13

herc56,4 ZDB-GENE- -4,389861771 No data available Infectious diseases 1,99E-11
090311-7

gig2i ZDB-GENE- -4,448460501 Nervous system and heart No data available 1,08E-11
120409-1

rnf213b ZDB-GENE- -4,528842414 No data available Moyamoya disease 4,65E-12
110822-1

ifi44fl ZDB-GENE- -4,68182404 Whole organism Immunodeficiency 8,91E-13
050208-617

zgc:163040 ZDB-GENE- -4,832890014 No data available Tessadori-Bicknell-van Haaften neurodevelopmental syndrome 2 1,66E-13
070424-79

zgc:172090 ZDB-GENE- -4,87036472 No data available Immune, liver and blood disease 1,08E-13
080204-40

statlb ZDB-GENE- -4,974166701 Nervous system and cardiovascular, immune and liver Immunodeficiency 3,28E-14
030616-23 system

shisal0,2 ZDB-GENE- -5,053111336 Digestive system Blood, bone and immune duseases 1,3E-14
050208-731

astela ZDB-GENE- -5,269711121 No data available Bone and gastrointestinal disease 9,59E-16
060503-520

ifi27,1 ZDB-GENE- -5,33741064 Whole organism Hepatitis 4,15E-16
051030-98

gig2f ZDB-GENE- -5,442943496 No data available No data available 1,1E-16
130517-3

ifitl5 ZDB-GENE- -5,461156299 Liver and digestive system Aicardi-Goutieres syndrome 8,76E-17
030131-1055

si:dkey-211g8,8 | ZDB-GENE- -5,486012218 No data available No data available 6,39E-17
120215-226

ifi27,2 ZDB-GENE- -5,751132926 Whole organism hepatitis 2E-18
060901-4

ifitl4 ZDB-GENE- -5,840761007 Digestive, liver, immune system Aicardi-Goutieres syndrome 5,99E-19
131120-20

ifi27,6 ZDB-GENE- -5,857980995 No data available Hepatitis 4,74E-19
090313-211

capn2l ZDB-GENE- -6,022367813 Nervous system and digestive system Alzheimer's disease 4,91E-20
050417-341
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mxe ZDB-GENE- -6,031218731 Digestive system Microphthalmia with limb anomalies 4,34E-20
030131-9609

mxb ZDB-GENE- -6,14101231 Endocrine, immune and renal system Microphthalmia with limb anomalies 9,22E-21
030721-6

ifitl0 ZDB-GENE- -6,405141463 Digestive, immune, liver and respiratory system Zika virus congenital syndrome 1,99E-22
121214-248

si:ch211- ZDB-GENE- -6,912889336 No data available No data available 7,98E-26

276k2,1 081022-201

ifi44f5 ZDB-GENE- -7,276124405 No data available immunodeficiency 2,08E-28
050208-457

gig2l ZDB-GENE- -8,159871337 Nervous system and cardiovascular, endocrine, immune, No data available 3,11E-35
130517-7 reproductory and respiratory system

rsad2 ZDB-GENE- -8,768000483 Whole organism Japanese encephalitis 2,25E-40
050913-129

ifit8 ZDB-GENE- -8,868822555 Liver, digestive, immune, endocrine and respiratory sistem | Microphthalmia with limb anomalies and Aicardi-Goutiéres 2,92E-41
051127-17 syndrome
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Table 1b

Table of the Differentially Expressed Proteins (DEPs) at 10 dpf and 20- dpf

SYMBOL

me2

mybpc3

si:ch1073-44¢93.1

arl15b

gtpbp1l

abhd12

cepl52

bdh1

itgal

nrap

rimsla

ilf3b

atox1

si:ch211-11p18.6

mdhlab

LOC101885083

DEPs-10dpf

ZFIN ID

ZDB-GENE-040801-147

ZDB-GENE-070112-2362

ZDB-GENE-141216-124

ZDB-GENE-080813-2

ZDB-GENE-041007-2

ZDB-GENE-060929-268

ZDB-GENE-111005-1

ZDB-GENE-070410-130

ZDB-GENE-091118-115

ZDB-GENE-060616-224

ZDB-GENE-090312-135

ZDB-GENE-030131-587

ZDB-GENE-120720-2

ZDB-GENE-070912-24

ZDB-GENE-030131-7655

ZDB-GENE-060503-293

log2_fold_change_mutantvsctrl

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

95

Abundance Ratio P-Value R239C/ GFAP:GFP

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16



abhd6a

pabpcd

aimp2

uchl3

eifsh

dbnl

adamts5

rprd2a

si:ch73-106115.4

pam

si:dkey-1k23.3

pepd

ctrl

mrps17

cspg4

dhrs7b

nsfllc

kpna4

pkp3a

poldip3

naa50

aspn

ZDB-GENE-090925-1

ZDB-GENE-030131-9663

ZDB-GENE-040426-2652

ZDB-GENE-050522-158

ZDB-GENE-050208-20

ZDB-GENE-091204-284

ZDB-GENE-070814-2

ZDB-GENE-030131-6641

ZDB-GENE-131120-96

ZDB-GENE-090313-384

ZDB-GENE-160113-121

ZDB-GENE-030131-9444

ZDB-GENE-040912-147

ZDB-GENE-050522-390

ZDB-GENE-050519-1

ZDB-GENE-050417-277

ZDB-GENE-041114-160

ZDB-GENE-030131-5584

ZDB-GENE-060512-114

ZDB-GENE-120201-2

ZDB-GENE-040801-142

ZDB-GENE-041105-7

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

96

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16



ivd

arpc2

Irrc57

ppfiad

kcna2a

ugt2a7

ppfibpla

cdhl17

helz

eiflaxb

ckba

znf318

mtor

igf2bp2b

grhll

igsfab

kpna5

napbb

pbdcl

cyp46al.2

syngapla

prpf40a

ZDB-GENE-030616-262

ZDB-GENE-030131-5276

ZDB-GENE-040718-372

ZDB-GENE-070720-14

ZDB-GENE-131113-1

ZDB-GENE-141215-33

ZDB-GENE-041210-298

ZDB-GENE-030910-3

ZDB-GENE-040426-2419

ZDB-GENE-030131-1319

ZDB-GENE-060929-902

ZDB-GENE-140106-251

ZDB-GENE-030131-2974

ZDB-GENE-060503-536

ZDB-GENE-030131-3665

ZDB-GENE-060810-28

ZDB-GENE-050522-22

ZDB-GENE-070112-2132

ZDB-GENE-040718-459

ZDB-GENE-040426-1184

ZDB-GENE-060503-370

ZDB-GENE-030131-274

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

97

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16



ints8

ptgfrn

lgals2b

Imf2b

si:dkey-261m9.6

si:ch211-1f22.2

fxrl

chd6é

syn2b

akap8l

garl

cstf2

rpe65c

ttc16

flii

hspb11

si:dkey-261m9.19

ppp2cab

pltp

cavinlb

trntl

hmgala

ZDB-GENE-050522-556

ZDB-TSCRIPT-121213-215

ZDB-GENE-040426-1590

ZDB-GENE-070206-11

ZDB-GENE-131127-103

ZDB-GENE-121214-149

ZDB-GENE-030131-5431

ZDB-GENE-130530-559

ZDB-GENE-051127-49

ZDB-GENE-040426-2303

ZDB-GENE-040426-893

ZDB-GENE-031118-2

ZDB-GENE-081104-505

ZDB-GENE-141219-15

ZDB-GENE-071212-3

ZDB-GENE-030131-5148

ZDB-GENE-131121-76

ZDB-GENE-040426-877

ZDB-GENE-040801-22

ZDB-GENE-030131-5509

ZDB-GENE-040625-176

ZDB-GENE-010502-1

6,64

6,64

6,64

519

3,56

2,26

2,09

2,08

1,99

1,93

191

1,84

1,82

1,7

1,7

1,68

1,66

1,66

1,65

1,58

1,57

154

98

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,29518E-09

0,000274408

0,003664633

0,000768223

0,008306673

0,003432227

0,000565788

5,16991E-09

0,005045224

0,04064182

0,000857158

5,78026E-09

4,87237E-06

0,016972929

8,42895E-07

0,001173899

9,31525E-08



acinlb

arl6ipl

pgrmcl

cdh27

TTNA

ethel

hmgn7

tppp2

marcksh

tsgl0la

collla2

lancl2

histh112

jph2

dnasell4.2

ablim2

pcolceb

itih2

hira

tmem209

snch

epcam

ZDB-GENE-030826-12

ZDB-GENE-040426-1087

ZDB-GENE-041114-91

ZDB-GENE-141215-13

ZDB-GENE-030113-2

ZDB-GENE-040426-2503

ZDB-GENE-061215-23

ZDB-GENE-140106-24

ZDB-GENE-030131-1921

ZDB-GENE-030217-1

ZDB-GENE-000208-23

ZDB-GENE-070209-191

ZDB-GENE-160113-41

ZDB-GENE-030131-9848

ZDB-GENE-040426-1884

ZDB-GENE-100316-5

ZDB-GENE-080722-44

ZDB-GENE-040426-1942

ZDB-GENE-030131-6296

ZDB-GENE-030131-2879

ZDB-GENE-040426-1615

ZDB-GENE-040426-2209

151

151

1,48

1,47

1,43

1,43

1,39

1,34

1,34

1,33

1,33

1,3

1,29

1,28

1,27

1,25

1,21

1,19

1,18

1,17

117

1,15

99

0,003078058

0,002417088

0,028708561

0,058974953

0,004462376

0,130764264

9,67464E-07

0,041994698

0,008094853

0,039199333

6,94347E-06

0,144337818

1,73398E-05

0,012959445

0,085771978

0,084955652

0,005467838

0,1319318

0,147084678

0,216126355

0,000854337

0,001922323



rpf2

nipbla

hmgala

si:ch211-197h24.6

tbkl

mbd3b

eeflala

cd2bp2

achd7

micos10

rbm4.2

pigk

scel

bthd17b

si:ch211-153b23.5

h2ax1

aqgp9b

cyp2y3

si:ch73-281n10.2

sndl

lig3

ahnak

ZDB-GENE-040426-2501

ZDB-GENE-060526-121

ZDB-GENE-010502-1

ZDB-GENE-030131-1361

ZDB-GENE-060512-359

ZDB-GENE-030131-9792

ZDB-GENE-030131-8278

ZDB-GENE-040426-925

ZDB-GENE-050913-108

ZDB-GENE-060825-325

ZDB-GENE-030131-3019

ZDB-GENE-040625-162

ZDB-GENE-030616-15

ZDB-GENE-091204-214

ZDB-GENE-030131-9744

ZDB-GENE-041010-42

ZDB-GENE-070911-1

ZDB-GENE-050522-490

ZDB-GENE-131120-172

ZDB-GENE-030131-3124

ZDB-GENE-030131-8453

ZDB-GENE-030131-8719

1,14

1,13

1,12

1,12

111

111

11

11

1,09

1,09

1,08

1,08

1,08

1,07

1,06

1,05

1,04

1,04

1,02

1,02

1,02

1,01

100

0,248203765

0,123703423

0,000374497

0,084955652

0,24314045

0,261032155

0,026120932

0,000524867

0,254139456

0,001288568

0,000505575

0,17670124

0,241792053

0,062754614

0,001669986

0,0081718

0,123821372

0,330493339

0,001596236

0,044615606

0,241007932

0,002028796



gnal4

ubgin4

sgcg

vps33a

ap2sl

eifba

tmem35

ipo7

ttn.1

ftcd

plg

hkdcl

arfgef2

ephb2b

ppip5k1b

dct

gatad2ab

tppl

fam151b

cyp2k19

pum3

zw10

ZDB-GENE-040808-7

ZDB-GENE-030131-6269

ZDB-GENE-030724-2

ZDB-GENE-040914-82

ZDB-GENE-040426-2174

ZDB-GENE-040426-2229

ZDB-GENE-030815-1

ZDB-GENE-030131-458

ZDB-GENE-030616-413

ZDB-GENE-030131-9643

ZDB-GENE-030131-1411

ZDB-GENE-030131-9801

ZDB-GENE-090312-50

ZDB-GENE-050522-415

ZDB-GENE-100426-5

ZDB-GENE-000508-1

ZDB-GENE-040426-2372

ZDB-GENE-030131-6654

ZDB-GENE-040801-38

ZDB-GENE-091211-1

ZDB-GENE-030131-9808

ZDB-GENE-040426-800

1,01

1,01

-1,02

-1,06

-1,06

-1,06

-1,06

-1,07

-1,08

-1,12

-1,13

-1,13

-1,13

-1,13

-1,14

-1,17

-1,17

-1,19

-1,19

0,113426819

0,319662762

0,234728349

0,337785188

0,008564355

0,067277964

0,001281942

0,102515271

0,004194825

0,02825819

0,06154259

0,143412971

0,144337818

0,261032155

0,144337818

0,002689177

0,138703795

0,01175685

0,048607158

0,247483427

0,09600336

0,158918665
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mylz3

odadl

rho

tnni2b.1

abcc2

si:ch211-117n7.7

gnb4a

heatr5b

mylz3

tnnt3a

utp23

prkd2

phex

hbbe2

ppp4r2a

whp2nl

erlin2

nme4

selenot2

tgm2a

cand2

slcdala

ZDB-GENE-000322-6

ZDB-GENE-041114-110

ZDB-GENE-990415-271

ZDB-GENE-050417-49

ZDB-GENE-040426-1523

ZDB-GENE-060503-569

ZDB-GENE-091102-1

ZDB-GENE-130530-676

ZDB-GENE-000322-6

ZDB-GENE-000322-3

ZDB-GENE-050417-353

ZDB-GENE-131120-142

ZDB-GENE-030103-2

ZDB-GENE-040702-1

ZDB-GENE-030131-4922

ZDB-GENE-030131-4012

ZDB-GENE-090505-4

ZDB-GENE-040426-1043

ZDB-GENE-030411-4

ZDB-GENE-040912-78

ZDB-GENE-060503-645

ZDB-GENE-010525-1

-1,22

-1,22

-1,23

-1,24

-1,25

-1,25

-1,26

-1,27

-1,32

-1,32

-1,32

-1,36

-1,37

-1,38

-1,39

-1,4

-1,42

-1,44

-1,46

-1,46

-1,46

4,09479E-05

0,002694403

4,37083E-05

0,000364087

0,077275056

0,099782853

0,01150856

0,144848994

0,144440203

6,35691E-06

0,088312846

0,149921727

0,055121888

8,54747E-06

0,098561566

0,021748496

0,005590215

0,004048659

0,022541627

0,034038109

0,080688355

0,000807637
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ezrb

srsf9

prmtl

htt

hbael.1

epcam

mbtps2

stm

clgn

cyp2k16

hbae3

hbbel.3

si:ch1073-13h15.3

prss59.2

mtrex

steap4

hbbe3

rpnl

umps

tfrib

amy2a

cyp2x9

ZDB-GENE-050803-1

ZDB-GENE-040426-23

ZDB-GENE-030131-693

ZDB-GENE-990415-131

ZDB-GENE-980526-80

ZDB-GENE-040426-220

ZDB-GENE-030131-659

ZDB-GENE-031112-4

ZDB-GENE-060929-708

ZDB-GENE-041010-37

ZDB-GENE-990706-3

ZDB-GENE-131120-128

ZDB-GENE-121214-245

ZDB-GENE-110408-10

ZDB-GENE-040426-2854

ZDB-GENE-070424-244

ZDB-GENE-980526-287

ZDB-GENE-030131-4286

ZDB-GENE-040426-785

ZDB-GENE-041220-2

ZDB-GENE-040426-2393

ZDB-GENE-061027-109

-1,49

-1,49

-1,53

-1,54

-1,54

-1,56

-1,62

-1,63

-1,73

-1,79

-1,81

-1,83

-1,87

-2,13

-2,19

-2,26

-2,28

-2,59

-3,03

-3,75

-6,64

-6,64

0,027150591

0,059248696

2,1288E-06

0,062431827

4,89766E-08

3,73922E-08

0,040469667

4,34042E-07

0,004001018

0,00193523

7,18934E-11

4,26245E-11

0,001261541

1,8152E-09

0,000114298

0,000598142

5,28783E-13

1,14399E-08

1,73606E-09

1,82113E-16

1,82113E-16

1,82113E-16
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lgalsil1

romlb

trim105

serpinblI3

sh3bp5a

fnla

prkcda

endou?2

myoc

acsl2

desmb

hpda

ela2l

mcm5

cabz01076234.2

aimp2

synj2bp

oxctlb

snrpe

mrps27

chia.l

ada

ZDB-GENE-030131-4905

ZDB-GENE-040426-1073

ZDB-GENE-060810-140

ZDB-GENE-030131-7059

ZDB-GENE-111111-2

ZDB-GENE-000426-1

ZDB-GENE-030131-6503

ZDB-GENE-050522-373

ZDB-GENE-050425-2

ZDB-GENE-130530-851

ZDB-GENE-061027-102

ZDB-GENE-040426-986

ZDB-GENE-040511-1

ZDB-GENE-021209-1

ZDB-GENE-160727-2

ZDB-GENE-040426-2652

ZDB-GENE-030131-6531

ZDB-GENE-060929-212

ZDB-GENE-040426-1112

ZDB-GENE-040808-39

ZDB-GENE-040426-1994

ZDB-GENE-040718-393

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16
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fdx1

tnn

rpl29

mrpl13

fam120c

si:ch211-276i12.11

adh5

scp2a

dhx34

prssl

dnaja3a

clcn6

ctsl.1

acsl5

tpm4b

mpc2a

micos13

tpma

mybpc2a

acox|

madd

si:dkey-20015.4

ZDB-GENE-071015-2

ZDB-GENE-990415-262

ZDB-GENE-040801-167

ZDB-GENE-050522-167

ZDB-GENE-090313-228

ZDB-GENE-160628-5

ZDB-GENE-011003-1

ZDB-GENE-040426-1846

ZDB-GENE-061207-30

ZDB-GENE-010131-7

ZDB-GENE-030131-7837

ZDB-GENE-030131-2056

ZDB-GENE-040718-61

ZDB-GENE-040912-169

ZDB-GENE-030131-2964

ZDB-GENE-040912-107

ZDB-GENE-050309-178

ZDB-GENE-990415-269

ZDB-GENE-060901-1

ZDB-GENE-081107-18

ZDB-GENE-030131-8076

ZDB-GENE-091204-393

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16
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uox

acox3

ugtla7

glrx3

si:ch211-222121.1

ank2b

ptpa

pgd

pnn

scarb2a

si:ch211-25116.7

tgml

ZDB-GENE-030826-24

ZDB-GENE-040426-2163

ZDB-GENE-080227-6

ZDB-GENE-041010-22

ZDB-GENE-030131-247

ZDB-GENE-041010-165

ZDB-GENE-040801-11

ZDB-GENE-040426-2807

ZDB-GENE-060519-3

ZDB-GENE-020419-29

ZDB-GENE-091113-57

ZDB-GENE-030131-9032

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

-6,64

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16

1,82113E-16
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DEPs-
20 dpf

ZFIN Abundance Ratio P-Value R239C/ GFAP:GFP
SYMBOL ID log2_fold_change_mutantvsctrl

ZDB-
GENE-
040912-
acsls 169 6,64 9,28E-17

ZDB-
GENE-
040426-
aimp2 2652 6,64 9,28E-17

ZDB-
GENE-
040426-
akap8l 2303 6,64 9,28E-17

ZDB-
GENE-
030131-
apoadb.2 3143 6,64 9,28E-17

ZDB-
GENE-
980526-
apoeb 368 6,64 9,28E-17

ZDB-
GENE-
030910-
arfs 5 6,64 9,28E-17

ZDB-
GENE-
100812-
ax| 8 6,64 9,28E-17

ZDB-
GENE-
070410-
bdhl 130 6,64 9,28E-17
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ccdc51

cd9b

celfba

chchdéb

ckba

collla2

cpal

crygm2dl

crygm2d16

crygm2d7

cytll

dhx34

ZDB-
GENE-
060825-
200

ZDB-
GENE-
040426-
2768

ZDB-
GENE-
050208-
746

ZDB-
GENE-
041114-
95

ZDB-
GENE-
060929-
902

ZDB-
GENE-
000208-
23

ZDB-
GENE-
050522-
438

ZDB-
GENE-
050522-
395

ZDB-
GENE-
071004-
53

ZDB-
GENE-
060918-
5

ZDB-
GENE-
061026-
4

ZDB-
GENE-

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17
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dirasla

dnajal

eiflaxb

eif5b

ela2

entpd5a

exoc’

fads2

fmoda

fnla

fndc3a

061207-
30

ZDB-
GENE-
030131-
5788

ZDB-
GENE-
030131-
2642

ZDB-
GENE-
030131-
1319

ZDB-
GENE-
050208-
20

ZDB-
GENE-
041117-
1

ZDB-
GENE-
100419-
1

ZDB-
GENE-
040426-
2752

ZDB-
GENE-
011212-
1

ZDB-
GENE-
041008-
23

ZDB-
GENE-
000426-
1

ZDB-
GENE-
030131-
7015

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17
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frasl

gamt

garl

glyctk

gondlb

hnrnph1l

hspada

igsf3

igsfob

itgal

itih2

12hgdh

ZDB-
GENE-
060526-
68

ZDB-
GENE-
051030-
97

ZDB-
GENE-
040426-
893

ZDB-
GENE-
061013-
308

ZDB-
GENE-
070117-
2447

ZDB-
GENE-
030131-
275

ZDB-
GENE-
040426-
2832

ZDB-
GENE-
070912-
243

ZDB-
GENE-
060810-
28

ZDB-
GENE-
091118-
115

ZDB-
GENE-
040426-
1942

ZDB-
GENE-

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17
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lamal

lim2.5

Iman2lb

luc7l

madd

mag

mdhlab

micos13

mtrex

naa50

npm2b

090319-
6

ZDB-
GENE-
060118-
1

ZDB-
GENE-
050320-
94

ZDB-
GENE-
060929-
256

ZDB-
GENE-
040625-
111

ZDB-
GENE-
030131-
8076

ZDB-
GENE-
041217-
24

ZDB-
GENE-
030131-
7655

ZDB-
GENE-
050309-
178

ZDB-
GENE-
040426-
2854

ZDB-
GENE-
040801-
142

ZDB-
GENE-
070410-
125

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17
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ntrk3a

oplah

phkb

poldip3

ppfiad

rhoca

rpf2

rtca

scampl

sephs3

serpinhlb

sh3bp5a

ZDB-
GENE-
010126-
3

ZDB-
GENE-
121214-
293

ZDB-
GENE-
110411-
149

ZDB-
GENE-
120201-
2

ZDB-
GENE-
070720-
14

ZDB-
GENE-
040426-
1337

ZDB-
GENE-
040426-
2501

ZDB-
GENE-
030131-
9687

ZDB-
GENE-
040426-
1803

ZDB-
GENE-
030327-
5

ZDB-
GENE-
990415-
93

ZDB-
GENE-

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17
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si:dkey-202g17.3

sorbsl

spen

tgml

thap12a

trntl

uts2r2

vimr2

xirp2b

cd2bp2

agmat

111111-
2

ZDB-
GENE-
131127-
371

ZDB-
GENE-
090313-
168

ZDB-
GENE-
050309-
70

ZDB-
GENE-
030131-
9032

ZDB-
GENE-
040426-
2045

ZDB-
GENE-
040625-
176

ZDB-
GENE-
081022-
180

ZDB-
GENE-
160113-
76

ZDB-
GENE-
030521-
26

ZDB-
GENE-
040426-
925

ZDB-
GENE-
060929-
696

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

6,64

2,61

2,58

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

6,78E-14

1,04E-12
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col8ala

TTNA

serpinfl

rrbpla

crygm2d5

tgm1l2

rpe65c

fmo5

col9a2

abcg2c

sndl

apobb.1

ZDB-
GENE-
070912-
274

ZDB-
GENE-
030113-
2

ZDB-
GENE-
040912-
2

ZDB-
GENE-
030131-
9795

ZDB-
GENE-
060918-
4

ZDB-
GENE-
110408-
37

ZDB-
GENE-
081104-
505

ZDB-
GENE-
030131-
6606

ZDB-
GENE-
030131-
9786

ZDB-
GENE-
050517-
37

ZDB-
GENE-
030131-
3124

ZDB-
GENE-

2,49

2,25

2,23

2,2

2,17

2,15

2,05

1,7

1,69

1,66

1,65

1,64

1,07E-12

2,25E-10

3,52E-10

5,42E-10

1,12E-09

1,44E-07

1,09E-08

4,35E-06

5,12E-06

6,52E-05

9,7E-06

1,21E-05
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digda

lim2.4

trim105

col5al

hspb11

vezflb

si:ch1073-13h15.3

cryballl

otos

zmp:0000000760

tnn

030131-
9732

ZDB-
GENE-
130530-
613

ZDB-
GENE-
040718-
104

ZDB-
GENE-
060810-
140

ZDB-
GENE-
041105-
6

ZDB-
GENE-
061215-
15

ZDB-
GENE-
060825-
121

ZDB-
GENE-
121214-
245

ZDB-
GENE-
050417-
249

ZDB-
GENE-
120601-
1

ZDB-
GENE-
130530-
763

ZDB-
GENE-
990415-
262

1,62

1,61

1,59

1,58

1,56

154

1,46

1,45

1,45

141

14

3,6E-05

1,66E-05

4,85E-05

2,85E-05

3,55E-05

0,000323

0,000151

0,000166

0,000726

0,000271

0,000306
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si:dkey-32e6.6

arhgdig

chia.l

crygm2d9

nme4

ripor3

ngs

apoadb.1

gabrg2

si:dkey-6n6.1

matn3a

LOC572200

ZDB-
GENE-
081031-
90

ZDB-
GENE-
040426-
1493

ZDB-
GENE-
040426-
1994

ZDB-
GENE-
081105-
81

ZDB-
GENE-
040426-
1043

ZDB-
GENE-
050220-
13

ZDB-
GENE-
080722-
29

ZDB-
GENE-
030131-
1263

ZDB-
GENE-
091118-
65

ZDB-
GENE-
060503-
80

ZDB-
GENE-
040822-

ZDB-
GENE-

1,38

1,37

1,37

1,34

1,34

1,34

1,32

1,29

1,29

1,28

1,27

1,25

0,000443

0,001292

0,001886

0,00068

0,000684

0,000733

0,000907

0,001232

0,001581

0,001473

0,001522

0,002042
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011212-
3

ZDB-
GENE-
130603-
si:dkey-1j5.4 91 1,25 0,002088

ZDB-
GENE-
030131-
fnlb 6545 1,23 0,002403

ZDB-
GENE-
040426-
srsf7a 1798 1,23 0,002403

ZDB-
GENE-
030131-
col7al 2427 1,22 0,002478

ZDB-
GENE-
030131-
ephx5 1050 1,22 0,002585

ZDB-
GENE-
040718-

crygm2d13 105 121 0,00297

ZDB-
GENE-
070912-
colllalb 607 1,2 0,003133

ZDB-
GENE-
050208-
cilp 76 1,2 0,00326

ZDB-
GENE-
030131-
arpc2 5276 1,2 0,00438

ZDB-
GENE-
040426-
gdpd3a 2279 1,2 0,011531

ZDB-
GENE-
040718-
agxta 16 1,19 0,003372
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postnb

crygm2d15

meltf

ctrb.1

acana

tgfbi

fmodb

collla2

snrpdl

apoba

acox|

col22al

ZDB-
GENE-
030131-
9120

ZDB-
GENE-
040718-
322

ZDB-
GENE-
050309-
40

ZDB-
GENE-
030131-
1171

ZDB-
GENE-
050208-
221

ZDB-
GENE-
030131-
73

ZDB-
GENE-
080327-
28

ZDB-
GENE-
000208-
23

ZDB-
GENE-
020419-
14

ZDB-
GENE-
070702-
4

ZDB-
GENE-
081107-

ZDB-
GENE-

1,18

1,16

1,16

1,14

1,14

1,14

1,14

1,13

1,13

1,12

1,12

111

0,003945

0,004939

0,005055

0,005737

0,005756

0,006123

0,00629

0,006429

0,006451

0,007069

0,007526

0,008031
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090827-
2

ZDB-
GENE-
050327-
Srpx 43 1,11 0,008315

ZDB-
GENE-
050208-
matn4 64 111 0,008337

ZDB-
GENE-
110728-
col5a3b 4 1,1 0,009472

ZDB-
GENE-
080723-
Imf2a 47 11 0,017706

ZDB-
GENE-
030131-
mpx 9460 1,09 0,010906

ZDB-
GENE-
041008-

epyc 9 1,08 0,010678

ZDB-
GENE-
030113-
ttn.2 2 1,07 0,01227

ZDB-
GENE-
080813-
arl15b 2 1,07 0,019639

ZDB-
GENE-
070911-
agp9b 1 1,06 0,012981

ZDB-
GENE-
060918-

crygm2d2 1 1,06 0,013265

ZDB-
GENE-
070112-

agps8a.2 1802 1,06 0,01349
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si:dkey-1k23.3

tpra

celal.6

tnch

den

col5a2a

hsd17b4

gfap

faub

ndufv3

cox5h2

epcam

ZDB-
GENE-
160113-
121

ZDB-
GENE-
081104-
2

ZDB-
GENE-
040808-
55

ZDB-
GENE-
980526-
104

ZDB-
GENE-
010102-
1

ZDB-
GENE-
030616-
13

ZDB-
GENE-
040421-
1

ZDB-
GENE-
990914-
3

ZDB-
GENE-
050417-
416

ZDB-
GENE-
030131-
6500

ZDB-
GENE-
060825-
71

ZDB-
GENE-

1,05

1,04

1,03

1,03

1,02

1,01

1,01

1,01

-1,01

-1,03

-1,04

-1,06

0,015215

0,045772

0,017862

0,018519

0,019639

0,020335

0,021204

0,021503

0,009385

0,008031

0,007215

0,005608
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spagla

rad23b

cd68

fuca2

pcyox1

camkva

idh3g

tubb6

si:dkey-32e23.4

anxa3b

anxabhb

040426-
2209

ZDB-

GENE-
030131-

9443 -1,06

ZDB-

GENE-
040426-

1487 -1,06

ZDB-

GENE-
030131-

1312 -1,08

ZDB-

GENE-
040822-

39 -1,09

ZDB-
GENE-
050417-

98 -11

ZDB-

GENE-
100819-

2 -1,11

ZDB-

GENE-
050417-

435 -1,12

ZDB-

GENE-
070424-

195 -1,13

ZDB-

GENE-
081105-

41 -1,15

ZDB-

GENE-
041114-

128 -1,19

ZDB-

GENE-
030131-

9076 -1,19

0,010484

0,010594

0,004966

0,004303

0,003787

0,003425

0,003013

0,002781

0,003281

0,001495

0,001637
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slc36al

alad

grna.2

aimpla

pdlim7

ifitl5

slc44a2

ttn.1

tsgl0la

polr2d

apoob

hist2h3cal

ZDB-

GENE-
061117-

1 -1,21

ZDB-

GENE-
050417-

123 -1,26

ZDB-

GENE-
050522-

264 -1,37

ZDB-

GENE-
060825-

144 -1,43

ZDB-

GENE-
040426-

2092 -1,47

ZDB-

GENE-
030131-

1055 -1,48

ZDB-

GENE-
030131-

3065 -1,52

ZDB-

GENE-
030616-

413 -1,64

ZDB-

GENE-
030217-

1 -1,64

ZDB-

GENE-
040714-

2 -1,66

ZDB-

GENE-
041001-

40 -1,7

ZDB-
GENE- -1,71

0,001295

0,001685

0,000171

0,000255

4,06E-05

3,66E-05

2,06E-05

3,29E-06

4,24E-06

4,9E-06

1,26E-06

1,07E-06




aimp2

daplb

ykt6

atp5fld

desmb

aaas

abcbllb

abcb4

abhd12

acadl

acox3

030722-
8

ZDB-

GENE-
040426-

2652 -1,85

ZDB-

GENE-
000511-

4 -1,87

ZDB-

GENE-
040426-

733 -2,27

ZDB-

GENE-
030131-

7649 -2,3

ZDB-

GENE-
061027-

102 -2,46

ZDB-
GENE-
030912-
4 -6,64

ZDB-

GENE-
050517-

14 -6,64

ZDB-
GENE-
080204-
52 -6,64

ZDB-

GENE-
060929-

268 -6,64

ZDB-

GENE-
040426-

771 -6,64

ZDB-

GENE-
040426-

2163 -6,64

2,76E-07

6,05E-08

2,58E-09

1,29E-11

1,11E-10

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17
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actr10

ada

adam23a

adamts5

adh5

agla

amph

ank2b

anxalb

aprt

arhgap35a

arrdc3a

ZDB-

GENE-
040426-

768 -6,64

ZDB-

GENE-
040718-

393 -6,64

ZDB-

GENE-
070810-

2 -6,64

ZDB-

GENE-
070814-

2 -6,64

ZDB-

GENE-
011003-

1 -6,64

ZDB-

GENE-
071004-

6 -6,64

ZDB-

GENE-
040426-

1711 -6,64

ZDB-

GENE-
041010-

165 -6,64

ZDB-

GENE-
030131-

6554 -6,64

ZDB-
GENE-
040426-
1492 -6,64

ZDB-

GENE-
120516-

2 -6,64

ZDB-
GENE- | -6,64

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17
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asns

asph

atll

atp2b3a

avl9

babam?2

bcl2a

bcl2113

btafl

bzwlb

c7b

030131-
2913

ZDB-

GENE-
040426-

1091 -6,64

ZDB-

GENE-
031112-

5 -6,64

ZDB-

GENE-
030131-

8003 -6,64

ZDB-
GENE-
040718-
174 -6,64

ZDB-

GENE-
060825-

261 -6,64

ZDB-

GENE-
050417-

299 -6,64

ZDB-

GENE-
051012-

1 -6,64

ZDB-
GENE-
050419-
215  -6,64

ZDB-

GENE-
021025-

1 -6,64

ZDB-

GENE-
040426-

2881 -6,64

ZDB-

GENE-
021120-

1 -6,64

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17
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c9

capn2b

capnb5a

cavinla

cdc42

cdc42bpb

cdc73

cdcplb

cdh27

cdsl

cers5

chd2

ZDB-

GENE-
050522-

442 -6,64

ZDB-

GENE-
050522-

84 -6,64

ZDB-
GENE-
061103-
214 -6,64

ZDB-

GENE-
091204-

151 -6,64

ZDB-

GENE-
030131-

8783 -6,64

ZDB-

GENE-
030131-

3647 -6,64

ZDB-

GENE-
040426-

1309 -6,64

ZDB-
GENE-
111027-
17 -6,64

ZDB-

GENE-
141215-

13 -6,64

ZDB-
GENE-
070705-
78 -6,64

ZDB-

GENE-
030131-

1740 -6,64

ZDB-
GENE- | -6,64

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17
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chrnbl

clcn6

cnksr2b

cntnla

colldala

col6a3

cplx3b

cpsf3

crk

Crx

cstf2

050419-
256

ZDB-
GENE-
070821-
4 -6,64

ZDB-

GENE-
030131-

2056 -6,64

ZDB-

GENE-
030131-

8048 -6,64

ZDB-

GENE-
030427-

1 -6,64

ZDB-

GENE-
030131-

9889 -6,64

ZDB-

GENE-
070501-

8 -6,64

ZDB-

GENE-
091204-

403 -6,64

ZDB-

GENE-
030131-

3275 -6,64

ZDB-

GENE-
040801-

148 -6,64

ZDB-

GENE-
010403-

1 -6,64

ZDB-

GENE-
031118-

2 -6,64

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17
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ctdspl

ctdspla

dbnl

ddx3xb

dhdds

dhrs7b

dhrs7ca

dnaja3a

dnm3a

dockl

dolppl

dusp27

ZDB-

GENE-
050522-

523 -6,64

ZDB-

GENE-
060825-

333 -6,64

ZDB-
GENE-
091204-
284 6,64

ZDB-

GENE-
980526-

150 -6,64

ZDB-

GENE-
040426-

2236 -6,64

ZDB-
GENE-
050417-
277 -6,64

ZDB-

GENE-
050320-

114 -6,64

ZDB-

GENE-
030131-

7837 -6,64

ZDB-

GENE-
040724-

76 -6,64

ZDB-

GENE-
080108-

5 -6,64

ZDB-

GENE-
041024-

11 -6,64

ZDB-
GENE- | -6,64

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17
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dynclli2

eef2l2

ehd2b

ehd3

eif3ba

eifdg2b

ela3l

eloa

ephb2b

epnlb

erlin2

140513-
1

ZDB-

GENE-
050417-

156 -6,64

ZDB-

GENE-
030131-

8112 -6,64

ZDB-

GENE-
030131-

9347 -6,64

ZDB-

GENE-
041014-

352 -6,64

ZDB-

GENE-
030131-

2748 -6,64

ZDB-

GENE-
030131-

6550 -6,64

ZDB-

GENE-
060710-

2 -6,64

ZDB-

GENE-
040426-

2810 -6,64

ZDB-

GENE-
050522-

415 -6,64

ZDB-

GENE-
081022-

126 -6,64

ZDB-
GENE-
090505-
4 -6,64

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17
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exoc8

ezrb

faf2

fam98b

farsa

fhp2

fdx1

gadlb

gak

got7

glrx3

golga7

ZDB-

GENE-
070410-

60 -6,64

ZDB-

GENE-
050803-

1 -6,64

ZDB-
GENE-
050208-
312 664

ZDB-

GENE-
061201-

63 -6,64

ZDB-

GENE-
050512-

2 -6,64

ZDB-

GENE-
040822-

23 -6,64

ZDB-

GENE-
071015-

2 -6,64

ZDB-

GENE-
030909-

3 -6,64

ZDB-

GENE-
041210-

358 -6,64

ZDB-

GENE-
190104-

2 -6,64

ZDB-

GENE-
041010-

22 -6,64

ZDB-
GENE- | -6,64

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17
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goltlbb

heatr5b

hkdcl

hmgcl

ifrd2

igflra

igflrb

ilvbl

ints3

ipoll

ipo7

040625-
142

ZDB-

GENE-
050913-

94 -6,64

ZDB-

GENE-
130530-

676 -6,64

ZDB-

GENE-
030131-

9801 -6,64

ZDB-

GENE-
040426-

958 -6,64

ZDB-

GENE-
040801-

140 -6,64

ZDB-

GENE-
020503-

1 -6,64

ZDB-

GENE-
020503-

2 -6,64

ZDB-

GENE-
040426-

1623 -6,64

ZDB-

GENE-
060503-

634 -6,64

ZDB-

GENE-
040711-

1 -6,64

ZDB-

GENE-
030131-

458 -6,64

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17
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iqgapl

istl

jacll

jph2

kat7a

kend3

kiflb

kpna5

Icpl

limchla

LOC100333227

Irrc40

ZDB-

GENE-
050809-

24 -6,64

ZDB-

GENE-
030131-

179 -6,64

ZDB-

GENE-
160114-

65 -6,64

ZDB-

GENE-
030131-

9848 -6,64

ZDB-

GENE-
060929-

168 -6,64

ZDB-

GENE-
030131-

5626 -6,64

ZDB-

GENE-
030820-

1 -6,64

ZDB-

GENE-
050522-

22 -6,64

ZDB-

GENE-
991213-

5 -6,64

ZDB-

GENE-
090312-

153 -6,64

ZDB-

GENE-
050417-

155 -6,64

ZDB-
GENE- -6,64

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

132



Ism5

mafk

mbd3b

mbtps2

med27

mef2ca

meis2a

mpx

mrohl

mrpl44

mrps27

030131-
6062

ZDB-

GENE-
070822-

23 -6,64

ZDB-

GENE-
040624-

9 -6,64

ZDB-

GENE-
030131-

9792 -6,64

ZDB-

GENE-
030131-

6598 -6,64

ZDB-

GENE-
040426-

1601 -6,64

ZDB-

GENE-
980526-

253 -6,64

ZDB-

GENE-
020122-

2 -6,64

ZDB-
GENE-
030131-
9460  -6,64

ZDB-

GENE-
090806-

2 -6,64

ZDB-

GENE-
050913-

59 -6,64

ZDB-

GENE-
040808-

39 -6,64

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17
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mtx2

mybpc2a

mylz3

myolea

myozla

nat10

ndrg4

ndufsl

necab2

neul

nirx1

nol6

ZDB-

GENE-
021210-

2 -6,64

ZDB-

GENE-
060901-

1 -6,64

ZDB-

GENE-
000322-

6 -6,64

ZDB-

GENE-
030131-

5127 -6,64

ZDB-

GENE-
040426-

1875 -6,64

ZDB-

GENE-
040426-

1543 -6,64

ZDB-

GENE-
060512-

226 -6,64

ZDB-

GENE-
030131-

478 -6,64

ZDB-

GENE-
050706-

167 -6,64

ZDB-

GENE-
060503-

592 -6,64

ZDB-

GENE-
071119-

3 -6,64

ZDB-
GENE- -6,64

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17
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nr2f2

nup107

nup160

opnlmw2

osbpl8

padi2

papss2b

pbdcl

pbrm1l

pcmtdl

pcytlaa

030131-
6294

ZDB-

GENE-
990415-

252 -6,64

ZDB-
GENE-
041210-
245 | -6,64

ZDB-

GENE-
040426-

1603 -6,64

ZDB-

GENE-
030728-

5 -6,64

ZDB-

GENE-
110309-

1 -6,64

ZDB-

GENE-
031116-

67 -6,64

ZDB-

GENE-
010323-

5 -6,64

ZDB-
GENE-
040718-
459 -6,64

ZDB-

GENE-
010501-

3 -6,64

ZDB-

GENE-
030131-

5387 -6,64

ZDB-

GENE-
050417-

108 -6,64

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17
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pfas

pgd

phospho?2

pidkab

picalmb

pkp3b

plcdlb

pld7

poldl

ppfibpla

ppip5k1b

ppmig

ZDB-

GENE-
030131-

4420 -6,64

ZDB-

GENE-
040426-

2807 -6,64

ZDB-
GENE-
080204-
104 6,64

ZDB-

GENE-
080220-

34 -6,64

ZDB-

GENE-
030131-

6795 -6,64

ZDB-

GENE-
130530-

870 -6,64

ZDB-

GENE-
030131-

9435 -6,64

ZDB-

GENE-
030219-

75 -6,64

ZDB-
GENE-
060429-
1 -6,64

ZDB-
GENE-
041210-
298 -6,64

ZDB-

GENE-
100426-

5 -6,64

ZDB-
GENE- | -6,64

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17

9,28E-17
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ppp4r2a

prdx5

prdx6

prkd2

proxla

ptmaa

ptpa

ptpn9a

pum3

pygl

pygma

030425-
4

ZDB-

GENE-
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Appendix Figure 1

Validation by gRT-PCR of two of the most down regulated DEGs (Ifit8 and Ifi27.1).

gRT-PCR results are performed in triplicates and are shown as relative expression in the mutant line (R239C-GFP) compared to the control line (gfap:GFP). The
normality of the data was verified by the Shapiro-Wilk test. The presence of outliers was determined by the ROUT test and no data were excluded. Statistical analyses
were performed using the unpaired t-test for Ifit8 validation, and unpaired t-test with Welch’s correction for Ifi27.1, by Prism 8 Software (GraphPad Software Inc.,
Boston, MA, USA). The full statistical report for Ifit8 is: t=14.53, df=4, p value = 0.0001. The full statistical report for Ifi27.1 is: t=1188639, df=2.000, p value =
<0.0001.
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Appendix Figure 2a

Pie chart of the most significant pathways related to the analyzed differentially expressed genes (DEGS) at 10 dpf (days post fertilization) stage in the
Tg(gfap:hGFAP(R239C)-GFP) mutant compared to the control. Pie chart was obtained using Cytoscape.

% terms per group

NAD+ ADP-ribosyltransferase activity 1,74% **
DNA binding 1,74% **

response 1o lipid 26.96% ** intracellular 4,35%

response 1o virus 6,96% **

transition metal ion binding 8,7% **

GTP binding 12,17% **

response to external biotic stimulus 20,87% **

calcium sensitive guanylate cyclase activator activity 16,52% **
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Appendix Figure 2b

List of all the terms belonging to each GO group, associated with the percentage of genes/terms. Obtained with Cytoscape.
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Appendix Figure 3
KEGG enrichment bubble and bar diagram of differentially expressed genes (DEGs) at 10 dpf (days post fertilization) stage in the Tg(gfap:hGFAP(R239C)-GFP)

mutant compared to the control. The analysis was performed with ShinyGO 8.0. The top 13 pathways from the KEGG enrichment analysis are ranked top to bottom
by false discovery rate value (FDR). Bubble size represents the number of enriched genes, bar and bubble colors represent the significance of enrichment. Bar size

represents fold enrichment.

N. of Genes
Path:dre04060 Cytokine-cytokine receptor interaction = =—————=_g) =1 4
Path:dre04744 Phototransduction = s—— e 6
Path:dre00053 Ascorbate and aldarate metabolism = =————e ® s
Path:dre00860 Porphyrin metabolism = s——— ® 10
Path:dre00140 Steroid hormone biosynthesis = =————a ® 12
Path:dre00040 Pentose and glucuronate interconversions = s————e
Path:dre00830 Retinol metabolism = s——a
Path:dre00983 Drug metabolism-other enzym?s - — 1og10(FDR)
Path:dre00982 Drug metabolism-cytochrome P450 = s
Path:dre00980 Metabolism of xenobiotics by cytochrome P450 = = o 20
Path:dre03320 PPAR signaling pathway = =———e W25
Path:dre04146 Peroxisome = ==————e W 30
Path:dre05168 Herpes simplex virus 1 infection = ==———@ W 35
' ' ' B 40
0 5 10
Fold Enrichment

Appendix Figure 4

a. Pie chart of the most significant pathways related to the analyzed differentially expressed proteins (DEPs) at 10 dpf (days post fertilization) stage in the
Tg(gfap:hGFAP(R239C)-GFP) mutant compared to the control. Obtained using Cytoscape. 4b. List of all the terms belonging to each GO group, associated with the
percentage of genes/terms at 10 dpf (days post fertilization) stage. Obtained using Cytoscape. 4c. Pie chart of the most significant pathways related to the analyzed
differentially expressed proteins (DEPSs) at 20 dpf (days post fertilization) stage in the Tg(gfap:hGFAP(R239C)-GFP) mutant compared to the control. Obtained using
Cytoscape. 4d. List of all the terms belonging to each GO group, associated with the percentage of genes/terms at 20 dpf (days post fertilization). Obtained using
Cytoscape.
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4a

% terms per group

cellular ransition metal ion homeostasis 15,15% **

tyrosine metabolic process 9.09% **

actin cytoskeleton 27,27% = —

|
—

protein transporter activity 3.03% **
ATP binding 3.03% **

fatty acid beta-oxidation using acy-CoA oxidase 3,03% **
nuclear part 3,03% **

RNAtranspornt 6.06% **

establishment of mitotic sister chromatid cohesion 6,06% **

chromatin 6,06% **

endopeplidase activity 9,09% **

hemoglobin complex 9,09% **
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4b

%Genes/ Term
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 4@ 49 448 48 50 652 54 56 58 60 62 64 68 68
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cytoskeletal pant

sarcomere (TS
myofilament v - —
actin cytoskeleton sy g
myofibril ol

s o1g
9 - . =

striated muscle thin filament 9
cardiac myofibril bly 8

151




4c

chondrocyte morphogenesis involved in endochondral bone
morphogenesis 23,08% **

Focal adhesion 13,46% ** ———

nuclearpart11,54% ** ———

% terms per group

e GTP binding 1,92% **

— \ collagen type XI trimer 1,92% **
Bty .\ Butanoate metabolism 1,92% **
i \\\ ATP binding 1,92% **

N\ eytoskeletal part 1,92% **
% Insulin signaling pathway 3,85% **
\\ ‘endoplasmic reticulum part 3,85% **
: \PPAR signaling pathway 5,77% **
" neuron development 5,77% **

T skeletal myofibril assembly 5,77% **

——— regulation of cholesterol esterification 7,69% **

——— protein import into nucleus 9,62% **
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Appendix Figure 5

Immunofluorescence on astrocytes differentiated from PD iPSCs. Mature and reactive astrocytes are marked in green (GFAP antibody); less
mature astrocytes are marked in red (S100p antibody), and nuclei are marked in blue (DAPI).
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