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Abstract 

Background  Developmental and epileptic encephalopathy (DEE) is a group of neurodevelopmental disorders char-
acterized by early-onset seizures predominantly attributed to genetic causes. Nevertheless, numerous patients remain 
without identification of a genetic cause.

Methods  We present four unrelated Chinese patients with SPOUT1 compound heterozygous variants, all of whom 
were diagnosed with DEE. We also investigated functions of SPOUT1 using the spout1 knockout zebrafish model.

Results  The four unrelated DEE patients with SPOUT1 compound heterozygous variants were all males. Their onset 
age of seizure ranged from 3 months to 6 months (median age 5 months). All patients had epileptic spasms, and were 
diagnosed with infantile epileptic spasms syndrome (IESS). Three patients had microcephaly during infancy. Brain MRI 
in three patients showed white matter hypomyelination and bilaterally widened frontotemporal subarachnoid space. 
At the last follow-up, two patients exhibited drug-resistant epilepsy, one achieved seizure freedom following vigaba-
trin treatment, and one died at the age of 4 years and 5 months from probable sudden unexpected death in epi-
lepsy. Seven different SPOUT1 variants were identified in the four patients, including six missense variants and one 
deletion variant. AlphaFold2 prediction indicated that all variants alternated the number or the length of bonds 
between animo acids in protein SPOUT1. Neurophysiological results from spout1 knockout zebrafish revealed 
the presence of epileptiform signals in 9 out of 63 spout1 knockout zebrafishes (P = 0.009). Transcriptome sequencing 
revealed 21 differentially expressed genes between spout1 knockout and control groups, including 13 up-regulated 
and 8 down-regulated genes. Two axonal transport-related genes, kif3a and ap3d1, were most prominently involved 
in enriched Gene Ontology (GO) terms.

Conclusions  This study identified SPOUT1 as a novel candidate gene of DEE, which follows the autosomal-recessive 
inheritance pattern. IESS is the most common epilepsy syndrome. Downregulation of axonal transport-related genes, 
KIF3A and AP3D1, may play a crucial role in the pathogenesis of DEE.
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Background
Developmental and epileptic encephalopathy (DEE) is 
a group of heterogeneous disorders characterized by 
early-onset epilepsy, abnormal electroencephalography 
and developmental delay or regression, predominantly 
due to genetic factors [1]. DEE causes a high incidence 
of disability and mortality [2]. With the development of 
next-generation sequencing technology, 116 DEE-related 
genes have been discovered and are listed in the Online 
Mendelian Inheritance in Man database (OMIM). Nev-
ertheless, a significant number of cases remain without 
definitive genetic explanations.
SPOUT1, also known as CENP32 (Human), C9orf114 

(Human) or D2Wsu81e (Mouse), is located at chromo-
some 9q34.11, which was first reported by Ohta et al. in 
2010 [3]. It encodes protein SPOUT domain-containing 
methyltransferase 1 (SPOUT1), which consists of 376 
amino acids. SPOUT1 is highly expressed in the embry-
onic stage and during childhood, and is widely present 
in multiple tissues and organs in humans. The function 
of SPOUT1 is not clear yet. In 2015, Ohta et al. reported 
that it plays an important role in centrosome integration 
into a fully functional spindle, and could affect microtu-
bule regrowth and prolong cell cycle [4]. In 2017, Treiber 
et  al. reported that SPOUT1 may act as a methyltrans-
ferase to regulate posttranscriptional modification of 
RNA [5].

However, the associations of SPOUT1 variants with 
diseases remain largely unknown. In 2014, Fromer et al. 
identified a heterozygous missense variant p.(Asp37Ala) 
of SPOUT1 in 1 out of 623 schizophrenia patients [6]. In 
2017, Reuter et al. reported two cousins from a consan-
guineous Israeli family who both carried the homozygous 
SPOUT1 variant p.(Thr353Met) and were diagnosed with 
intellectual disability, seizures, microcephaly, short stat-
ure, limb hypertonia and bruxism [7]. 

In this study, we report four unrelated Chinese patients 
with SPOUT1 compound heterozygous variants who 
were all diagnosed as DEE, and investigated the patho-
genicity of SPOUT1 in zebrafish. These results suggest 
SPOUT1 as a new candidate pathogenic gene for DEE.

Materials and methods
Patients and clinical assessment
Children were enrolled at the Children’S Medical Center 
of Peking University First Hospital, Fujian Medical Uni-
versity Union Hospital, and Anhui Children’s Hospital 
from January 2016 to November 2023. Demographics, 
clinical manifestations, family history, genetic data, elec-
troencephalography (EEG), neuroimaging, and thera-
peutic regimes of patients were collected from the clinic. 
Patients were followed-up at the pediatric neurology 
clinic or by telephone (Table 1).

This study was approved by the Institutional Review 
Board of the Ethics Committee of Peking University First 
Hospital (2005-004). Informed consent was obtained 
from parents of the children.

Genetic analysis
Variant screening of SPOUT1 (NM_016390, GRCh37/
hg19) was performed using whole-exome sequencing 
or whole-genome sequencing from peripheral blood of 
probands and their parents. Pathogenicity of variants 
was interpreted according to the American College of 
Medical Genetics (ACMG) guidelines [8]. All missense 
variants were evaluated with the MutationTaster server 
(http://​www.​mutat​ionta​ster.​org/), Polymorphism Phe-
notyping v2 (http://​genet​ics.​bwh.​harva​rd.​edu/​pph2/), 
Protein Variation Effect Analyzer (https://​www.​jcvi.​
org/​resea​rch/​prove​an), Sorting Intolerant From Toler-
ant (http://​sift.​jcvi.​org/), Mendelian Clinically Applica-
ble Pathogenicity (http://​bejer​ano.​stanf​ord.​edu/​mcap/), 
and Combined Annotation Dependent Depletion v1.7 
(https://​cadd.​gs.​washi​ngton.​edu/​downl​oad). Potential 
pathogenic variants were validated in Chigene (Beijing, 
China). Minor allele frequencies (MAFs) for all these var-
iant sites were obtained from the Genome Aggregation 
Database, GnomAD (https://​gnomad.​broad​insti​tute.​org).

Homology modeling of the human SPOUT1
The human SPOUT1 chain used AlphaFold model 
AF-Q5T280-F1 as the template. And InterPro was used 
to predict  the domain of protein SPOUT1. The protein 
structures of different variants of SPOUT1 protein were 
predicted by AlphaFold2 (https://​github.​com/​deepm​ind/​
alpha​fold). The structures have been created by using the 
PyMOL Molecular Graphics System, Version 2.4.0a0.

CRISPR‑mediated knockout of spout1 in Zebrafish
The SPOUT1 ortholog of zebrafish is spout1 (ENS-
DARG00000019707). To generate spout1 loss-of-func-
tion zebrafish, four single-guide RNAs (sgRNAs) were 
predicted by CHOPCHOP (http://​chopc​hop.​cbu.​uib.​
no/) and evaluated by CRISPRater (https://​cctop.​cos.​uni-​
heide​lberg.​de/). The sequences of the sgRNAs are as fol-
lows: ACA​GTG​AGC​GTG​GCT​CTG​CCTGG (sgRNA1), 
ACG​CTC​AGT​CTC​CAG​AGC​TGCGG (sgRNA2), ACG​
CTC​AGT​CTC​CAG​AGC​TGCGG (sgRNA3), and GAG​
CTG​CGG​ACG​TAT​CTG​GCTGG (sgRNA4). Zebrafish 
fertilized eggs were collected and injected with ~ 1 nl of 
CRISPR complexes composed of each sgRNA (90 ng/µL) 
and Cas9 protein (250 ng/µl). After 24 h, embryos were 
pooled and Sanger sequenced to verify the mutagen-
esis efficacy using the TIDE online tool (https://​tide.​nki.​
nl/). Two sgRNA sequences with the highest cleavage 
efficiency, sgRNA2 and sgRNA3, were selected. Each of 

http://www.mutationtaster.org/
http://www.genetics.bwh.harvard.edu/pph2/
https://www.jcvi.org/research/provean
https://www.jcvi.org/research/provean
http://www.sift.jcvi.org/
http://www.bejerano.stanford.edu/mcap/
https://www.cadd.gs.washington.edu/download
https://www.gnomad.broadinstitute.org
https://www.github.com/deepmind/alphafold
https://www.github.com/deepmind/alphafold
http://www.chopchop.cbu.uib.no/
http://www.chopchop.cbu.uib.no/
https://cctop.cos.uni-heidelberg.de/
https://cctop.cos.uni-heidelberg.de/
https://tide.nki.nl/
https://tide.nki.nl/
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them was mixed with Cas9 protein, and injected into 
zebrafish fertilized eggs for CRISPAR knockout of spout1 
in zebrafish.

Zebrafish maintenance and breeding
Adult zebrafish were housed in circulating water at 
28.5 °C under a 14/10-hour light/dark cycle and were fed 
twice daily. Zebrafish embryos were obtained through 
standard mating methods. Larvae were raised in a 28.5 °C 
incubator with E3 media composed of 0.03% sea salt and 
0.00014% methylene blue in reverse osmosis-distilled 
water. All procedures were conducted following the 
Guideline for the Care and Use of Animals (2011).

Electrophysiology of zebrafish
Cas9-control and spout1-knockout larvae aged 5–6 days 
post-fertilization (dpf) were used for electrophysiological 
recording. They were immobilized in 300 µM pancuro-
nium (Sigma-Aldrich, Missouri, USA) and then embed-
ded in 2% low-melting-point agarose in a recording 
chamber filled with embryo media. Local field potential 
(LFP) recording was made from the optic tectum using 
a glass microelectrode (1-µm diameter, 2–7 MΩ). Elec-
trodes were filled with 2 M NaCl, and electrical activity 
was recorded using an extracellular amplifier. Data were 
low-pass filtered at 5 kHz, high-pass filtered at 1 Hz, and 
digitized at 10 kHz. Recordings were analyzed using the 
open-source software DClamp.

RNA‑Seq and transcriptome analysis
Briefly, RNA was extracted from 5 dpf zebrafish of 
each group (3 replicates per group). Then, mRNA was 
extracted by TIANSeq mRNA Capture Kit (TIANGEN, 
Beijing, China). The transcriptome sequencing librar-
ies was constructed by the TIANSeq Fast RNA Library 
Kit (Illumina, CA, USA). Clustering of the index-coded 
samples was performed using the cBot Cluster Genera-
tion System with TruSeq PE Cluster Kit v3-cBot-HS (Illu-
mina, CA, USA). The libraries were sequenced using an 
Illumina Xplus platform and 150-bp paired-end reads 
were generated.

Clean data were obtained after removing reads con-
taining adapter and low-quality reads with Trimmomatic. 
Then, the clean data were aligned to the zebrafish refer-
ence genome GRCz11 using Hisat2 v2.0.5. Differential 
expression between the two groups was analyzed using 
the DESeq2 R package (1.16.1). Differently expressed 
genes (DEGs) were defined as those with an adjusted 
P-value less than 0.05 and an absolute value of log2 fold-
change (logFC) greater than 1.

Gene Ontology (GO) enrichment analysis of DEGs was 
performed with the Database for Annotation, Visualiza-
tion and Integrated Discovery (DAVID, https://​david.​

ncifc​rf.​gov/). GO terms with P-value < 0.05 were consid-
ered as significantly enriched by DEGs. The volcano map 
was drawn by R language with ggplot2. The GOCircle 
and GOChord graphs were plotted by the GOplot pack-
age (1.0.2) in R.

Statistics
Statistical analyses were performed using Prism 8 
(GraphPad Prism Software, USA). Chi-square test was 
used for comparison of seizure frequency in zebrafish 
between groups. P < 0.05 was considered as statistically 
significant.

Results
Individuals with SPOUT1 compound heterozygous variants 
display DEE
Genetic testing results
In our study, seven different SPOUT1 variants were iden-
tified in four patients, all being compound heterozygous 
SPOUT1 variants. One variant p.(Arg200Trp) was iden-
tified in two unrelated patients. Six variants were mis-
sense variants, including p.(Arg200Trp), p.(Cys209Ser), 
p.(Leu221Pro), p.(Arg349His), p.(Arg352His), and 
p.(Thr353Met), and the other one was deletion variant, 
p.(248_249delSer) (Table 1). The MAFs of all seven vari-
ants were below 0.001. The six missense variants were 
predicted to be damaging or probably damaging based 
on analyses with multiple bioinformatics tools. All seven 
variants were classified as variants of uncertain signifi-
cance according to ACMG guidelines (Table 1).

All of the SPOUT1 variants were located within the 
RNA methyltransferase domain (Fig. 1a). All seven vari-
ants were predicted by AlphaFold2 to lead to alterations 
in the number or the length of bonds between amino 
acids (Fig. 1b).

Clinical features
Patients were all males. The four patients with SPOUT1 
compound heterozygous variants were from four differ-
ent families. Three of them had normal family history. 
Patient 3 had an elder sister who was diagnosed with 
IESS (Fig. S12-S15). However, detailed clinical data for 
this patient was not obtained, and follow-up was lost. The 
age of seizure onset ranged from 3 to 6 months (median 
age, 5 months). Epileptic spasms were observed in all 
four patients, with only Patient 1 exhibiting focal seizures 
during the observation period. All four patients were 
diagnosed with global developmental delay, and failed to 
achieve age-appropriate gross motor milestones. Three 
patients presented with microcephaly during infancy 
(Table 2).

https://www.david.ncifcrf.gov/
https://www.david.ncifcrf.gov/
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Fig. 1  a SPOUT1 gene, protein regions and variant sites. b Protein structures of different SPOUT1 variants as predicted by AlphaFold
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Video electroencephalography (VEEG)
All patients exhibited abnormalities on VEEG. Patient 
4 demonstrated a background characterized by diffuse 
slow activity with low voltage. Interictal EEG recordings 
in three patients revealed atypical hypsarrhythmia, while 
one patient exhibited hypsarrhythmia (record lost). Mul-
tifocal discharges were observed in two patients (Patients 
1 and 4). During EEG monitoring, seizures were recorded 
in three patients (Patients 1, 2 and 4), all of whom experi-
enced epileptic spasms (Table 2; Fig. 2).

Neuroimaging
Brain MRI scans revealed white matter hypomyelination 
and bilaterally widened frontotemporal subarachnoid 
spaces in three patients (Patients 1, 3 and 4). One patient 
demonstrated bilateral frontal atrophy over time. Patient 
1 exhibited agenesis of the corpus callosum (Table  2; 
Fig. 3). Patient 2 had normal MRI findings.

Epileptic syndrome
The four patients were diagnosed with infantile epileptic 
spasms syndrome (IESS) (Table 2). All had an age of sei-
zure onset before 6 months and exhibited delays in age-
appropriate gross motor milestones prior to the onset of 

seizures. Consequently, they all could be diagnosed with 
DEE.

Treatment and prognosis
The age of the patients at the final follow-up ranged from 
4 years and 5 months to 11 years and 9 months. At the 
last follow-up, two patients exhibited drug-resistant epi-
lepsy (Patients 1 and 3), and one patient achieved sei-
zure freedom after vigabatrin treatment, and has been 
off from anti-seizure medication for 8 years (Patient 2). 
Patient 4 died at age of 4 years and 5 months, due to 
probable sudden unexpected death in epilepsy (SUDEP).

Knockout of spout1 increases epileptic discharges 
in zebrafish
To assess the role of SPOUT1 in neurophysiology, we 
knocked out spout1 in zebrafish and recorded field 
potentials in the optic tectum of zebrafish at 5–6 days 
dpf. We detected epileptiform-like signals in only 1 of 
62 Cas9-control zebrafish. In contrast, in the spout1-
knockout group, 9 out of 63 zebrafish exhibited epilep-
tiform signals, which was significantly different from 
the Cas9 control group (Chi-square test, P = 0.009; 
Fig.  4). In summary, our findings suggest that knock-
out of spout1 in zebrafish increased abnormal EEG 

Fig. 2  Electroencephalography (EEG) of patients with SPOUT1 variant. Interictal EEG and ictal scalps of Patient 2 (a, b) and Patient 4 (c, d) 
demonstrating atypical hypsarrhythmia (a, c) and monitored epileptic spasms (b, d)
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Fig. 3  Brain MRI of Patient 1 at age of 5 months (a, b), 1 year and 3 months (c, d) and 2 years and 11 months (e, f). Agenesis of corpus callosum, 
bilateral frontal atrophy, and white matter hypomyelination were shown

Fig. 4  Representative electrophysiological recordings and statistical analysis of zebrafish between the cas9-control group and spout1-knockout 
group. **P < 0.01
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epileptic discharges, supporting the association 
between spout1 gene variants and epilepsy (Fig. 
S1-S11).

Knockout of spout1 may lead to the downregulation 
of axonal transport‑related genes KIF3A and AP3D1
To identify the DEGs in spout1-knockout zebrafish, tran-
scriptome sequencing was performed at 5 dpf. RNA-seq 
identification of DEGs was performed with Hisat2 and 
DESeq2. A total of 21 genes were differentially expressed, 
including 13 up-regulated genes and 8 down-regulated 
genes (Table 3; Fig. 5a). Volcano map showed that potas-
sium ion channel gene kcnj1a.6, gamma-aminobutyric 
acid (GABA) A receptor gene gabrp, and synapse-related 
gene sybl1, were down-regulated.

To further evaluate the biological functions of these 
DEGs, GO enrichment analysis was performed. Results 
showed that the DEGs belonged to 15 GO terms, 
grouped into three categories: molecular function (MF), 
cellular component (CC) and biological process (BP) 
(Fig. 5b). The BP category included GO:0008089 antero-
grade axonal transport, GO:0098930 axonal transport, 
GO:0008088 axo-dendritic transport, GO:1902578 
single-organism localization, GO:0007041 lysosomal 
transport, GO:0044802 single-organism membrane 
organization, GO:0006956 complement activation, and 

GO:0072376 protein activation cascade. The MF cat-
egory was GO:0004857 enzyme inhibitor activity. In the 
cellular component, GO:0099568 cytoplasmic region, 
GO:1904115 axon cytoplasm, GO:0032838 cell projec-
tion cytoplasm, GO:0032991 macromolecular complex, 
GO:0042995 cell projection, and GO:0033267 axon part.

It should be mentioned that GO:1902578, GO:1904115, 
GO:0008089, GO:0032838, GO:0098930, GO:0008088, 
and GO:0033267 were negatively regulated as most of 
their DEGs were down-regulated. On the other hand, 
GO:0004857, GO:0072376 and GO:0006956 were posi-
tively regulated because most of their DEGs were up-reg-
ulated (Fig. 5c). Of the DEGs, there were two key genes, 
kif3a and ap3d1, which were most prominently involved 
in the enriched GO terms (Fig. 5c). This observation may 
indicate that genes KIF3A and AP3D1 play an important 
role in the pathogenesis of SPOUT1 variant related DEE.

Discussion
The concept of DEE was proposed by International 
League Against Epilepsy (ILAE) in 2017 [1]. Although 
genetic inheritance is the most common etiology of DEE, 
a substantial number of patients diagnosed with DEE do 
not have identifiable pathogenic genes. Recent studies 
have reported that DEE caused by different genes may 
exhibit distinct characteristics [9].

Table 3  Significant differentially expressed genes in spout1-knockout zebrafish

Gene ID Gene name log2FC P value P adj Trend Description

ENSDARG00000074983 jac9 5.077020026 1.34E-24 2.31E-20 UP Jacalin 9

ENSDARG00000100513 rps27l 1.002846741 1.48E-16 1.28E-12 UP Ribosomal protein S27 like

ENSDARG00000087359 c3a.2 1.657808476 1.59E-15 1.10E-11 UP Complement component c3a, duplicate 2

ENSDARG00000096603 bmb 2.511565265 3.79E-13 2.19E-09 UP Brambleberry

ENSDARG00000105183 CT009487.2 -1.294186345 1.76E-11 8.68E-08 DOWN

ENSDARG00000076958 jac8 3.957651611 2.28E-10 8.76E-07 UP Jacalin 8

ENSDARG00000071424 ap3d1 -1.140269129 1.15E-09 3.97E-06 DOWN Adaptor related protein complex 3 subunit delta 1

ENSDARG00000020901 gabrp 2.061180696 2.29E-07 0.000608241 UP Gamma-aminobutyric acid (GABA) A receptor, pi

ENSDARG00000030775 sybl1 -2.532133395 4.32E-07 0.000996733 DOWN Synaptobrevin-like 1

ENSDARG00000097929 BX005392.3 3.149784541 5.16E-07 0.001005299 UP si: dkey-90a24.1

ENSDARG00000103650 si: ch73-329n5.1 1.371213395 5.78E-07 0.001052966 UP si: ch73-329n5.1

ENSDARG00000040738 zgc:153846 -1.355794033 7.46E-06 0.007753712 DOWN zgc:153846

ENSDARG00000094508 CR925709.2 5.954715441 7.67E-06 0.007753712 UP

ENSDARG00000033126 prkrip1 2.303220779 1.06E-05 0.009904536 UP PRKR interacting protein 1

ENSDARG00000038424 c4b 1.133160953 1.51E-05 0.013090889 UP Complement 4B (Chido blood group)

ENSDARG00000070735 rnd2 2.305009446 2.26E-05 0.016670917 UP Rho family GTPase 2

ENSDARG00000016710 rchy1 1.998077888 3.41E-05 0.020641378 UP RINg finger and CHY zinc finger domain containing 1

ENSDARG00000088484 kcnj1a.6 -1.133963075 3.46E-05 0.020641378 DOWN Potassium inwardly rectifying channel subfamily J 
member 1a, tandem duplicate 6

ENSDARG00000019763 acp5a -3.441415222 4.05E-05 0.02296736 DOWN Acid phosphatase 5a, tartrate resistant

ENSDARG00000019707 spout1 -1.075043145 4.46E-05 0.024473222 DOWN SPOUT domain containing methyltransferase 1

ENSDARG00000087538 kif3a -1.305141748 6.52E-05 0.031338507 DOWN kinesin family member 3 A
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IESS is a prevalent clinical epilepsy syndrome of DEE, 
which has been associated with over 50 genes. Nota-
bly, IESS associated with over 90% of these genes dem-
onstrate an autosomal-dominant inheritance pattern. 
A limited number of genes, including PARS2, BUA5, 
WWOX, SLC25A22, SZT2, UGDH, and ACTL6B, have 
been reported to follow an autosomal-recessive inherit-
ance pattern [10–12]. In our study, we identified four 
independent IESS patients carrying compound heterozy-
gous variants of SPOUT1. Based on previous literature, 
we hypothesize that SPOUT1-related DEE (SPOUT1-
DEE) adheres to an autosomal-recessive inheritance pat-
tern [7].

Our four patients with SPOUT1 compound heterozy-
gous variants had similar clinical phenotypes. Their 

seizure-onset age were below 6 months. The most com-
mon seizure type was epileptic spasms, and the most 
common epilepsy syndrome was IESS. Most of the 
patients (3/4) had microcephaly. Hypertonia, nystag-
mus, and protein-energy malnutrition might be the 
manifestations of SPOUT1-related patients. The neuro-
imaging features of SPOUT1-DEE included white matter 
hypomyelination and bilaterally widened frontotemporal 
subarachnoid spaces in three patients, as well as agenesis 
of corpus callosum in one patient. One patient exhib-
ited normal brain MRI, potentially due to the younger 
age. The death of one patient suggests that patients with 
SPOUT1 variants might have a risk of SUDEP.

A missense variant p.(Arg200Trp) was identified in 
two independent patients (Patients 1 and 4), who had a 

Fig. 5  RNAseq analysis of spout1-knockout zebrafish. a Volcano map of gene expression changes after spout1 knockout. Red dots represent 
up-regulated genes. Green dots represent downregulated genes. b Significantly enriched GO terms, which were grouped into three categories: 
molecular function (MF), cellular component (CC) and biological process (BP). c GOCircle plot based on the GOplot analysis of enriched GO 
term. The inner ring is a barplot where the height of the bar indicates the significance of the GO term (-log10 |P-value|), and color corresponds 
to the z-score, which indicates increase (red) or decrease (blue). The outer ring displays scatterplots of the expression levels (logFC) of the genes 
in each term
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seizure onset age of 6 months and 3 months, respectively. 
Both of them were diagnosed with IESS and micro-
cephaly during infancy. Despite treatment with multiple 
anti-seizure medications, they continued to experience 
refractory epilepsy. Their brain MRIs consistently dem-
onstrated white matter hypomyelination and bilateral 
frontal atrophy. Patient 4 even succumbed to SUDEP at 
age of 4 years.

In our four patients, we identified seven distinct 
SPOUT1 variants, predominantly missense variants, with 
one being deletion variant. MAFs of all these variants 
were below 0.001. Bioinformatics analyses suggest that all 
identified variants had the potential to alter the structure 
and function of SPOUT1 protein. SPOUT1 is known to 
function as a methyltransferase involved in RNA post-
transcriptional modification [5]. Notably, SPOUT1 vari-
ants identified in our four patients were located within 
the RNA methyltransferase domain. Consequently, we 
hypothesize that the SPOUT1 variants may impair the 
function of the protein by disrupting RNA methylation 
processes.

We further studied SPOUT1 function in spout1-knock-
out zebrafish. Compared to mice that have close physi-
ological and genetic similarity with humans, zebrafish 
models have advantages in terms of the time cost, high-
throughput screening, genetic manipulation, and pheno-
type display for the research of epilepsy. Recently, a series 
of investigations have employed zebrafish as an excel-
lent model of epilepsy, to study the mechanisms of epi-
leptogenesis and strategies of epilepsy therapy [13–15]. 
To confirm the relationship between SPOUT1 and epi-
lepsy, we constructed a CRISPR-mediated spout1 knock-
out  zebrafish model. The spout1-knockout zebrafish 
exhibited significant changes in neural electrophysiology. 
Following the knockout of spout1, zebrafish exhibited 
atypical epileptiform discharges, a discharge pattern that 
was infrequently observed in wild-type zebrafish. This 
study demonstrated for the first time that the knockout 
of spout1 could increase epileptic discharges in zebrafish, 
speculating that it might be involved in the pathogenesis 
of epilepsy.

Previous studies have shown that a deletion variant of 
spout1 in chicken DT4 cells did induce a mild growth 
defect [4]. In our study, we found that knockout of spout1 
could increase epileptic discharges in zebrafish. Com-
bined with clinical phenotype spectrum of SPOUT1-DEE 
patients, we predicted that SPOUT1 variants may poten-
tially result in loss-of-function.

To further investigate the function of SPOUT1, we per-
formed transcriptome sequencing and demonstrated that 
knockout of spout1 could potentially perturb the develop-
ment of the nervous system and neural electrophysiology 

through multiple pathways. A principal effect observed 
was the alteration of intracellular single-organism locali-
zation (GO:1902578), particularly in axonal transport 
(GO:0098930). This alteration appeared to be mediated 
by the down-regulated genes kif3a and ap3d1. KIF3A 
is a microtubule-related anterograde motor in axons 
[16], and its loss of function leads to abnormal neuronal 
migration and differentiation, thereby resulting in brain 
development anomalies in humans [17]. AP3D1 variants 
have been linked to epilepsy [18]. Knockout of spout1 also 
induced upregulation of complement activation-related 
genes c4b and c3a.2. In humans, C4B has been implicated 
in Alzheimer’s disease [19], indicating that C4B might 
be involved in brain degeneration. Although some genes 
involved in signaling pathways such as the potassium ion 
channel gene kcnj1a.6 and the gamma-aminobutyric acid 
A receptor gene gabrp, were down-regulated in spout1-
knockout zebrafish, their homologues in humans are 
either not expressed in the brain or are pseudogenes, 
suggesting a low likelihood of their contribution to brain 
development disorders and epilepsy. Collectively, our 
data suggest that spout1 knockout may lead to the down-
regulation of axonal transport-related genes kif3a and 
ap3d1, potentially disturbing axonogenesis and neurode-
velopment, resulting in DEE. Future studies will be nec-
essary to validate these findings.

Limitation
This study had some limitations. First, the sample size 
was not large enough. Larger cohorts of SPOUT1-
related DEE patients should be employed in future stud-
ies. Second, functional analyses for the seven identified 
SPOUT1 variants remain incomplete. Third, animals dif-
fer significantly from humans, thus animal models can-
not accurately represent all human characteristics. In 
future studies, alternative animal models, such as mice, 
should be used to investigate the function of SPOUT1. 
Last, there are inherent biological differences between 
zebrafish and humans. In the further, evidence from 
human subjects is needed to validate these findings.

Conclusions
SPOUT1-DEE follows an autosomal recessive inherit-
ance pattern. This condition typically manifests in early 
infancy, and is characterized by IESS. Most of the patients 
can be diagnosed with microcephaly. Neuroimaging 
features of SPOUT1-DEE often include white matter 
hypomyelination and bilaterally widened frontotempo-
ral subarachnoid spaces, which may progress to cerebral 
atrophy over time. The presence of SPOUT1 variants 
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may also have implications for patient longevity. Spout1 
variants might lead to loss of function. Spout1 knockout 
zebrafish exhibit increased epileptic discharges, accom-
panied by reduced expression of axonal transport-related 
genes kif3a and ap3d1. This downregulation potentially 
disrupts axonogenesis and neurodevelopment, ultimately 
exacerbating epileptic discharges.
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