
ORIGINAL ARTICLE

De Novo and Inherited SETD1A Variants in Early-onset Epilepsy

Xiuya Yu1 • Lin Yang2,3 • Jin Li4 • Wanxing Li1 • Dongzhi Li5 • Ran Wang6 •

Kai Wu6 • Wenhao Chen6 • Yi Zhang6,7 • Zilong Qiu8 • Wenhao Zhou1,3,9

Received: 21 November 2018 / Accepted: 29 January 2019 / Published online: 13 June 2019

� Shanghai Institutes for Biological Sciences, CAS 2019

Abstract Early-onset epilepsy is a neurological abnormal-

ity in childhood, and it is especially common in the first

2 years after birth. Seizures in early life mostly result from

structural or metabolic disorders in the brain, and the genetic

causes of idiopathic seizures have been extensively inves-

tigated. In this study, we identified four missense mutations

in the SETD1A gene (SET domain-containing 1A, histone

lysine methyltransferase): three de novo mutations in three

individuals and one inherited mutation in a four-generation

family. Whole-exome sequencing indicated that all four of

these mutations were responsible for the seizures. Mutations

of SETD1A have been implicated in schizophrenia and

developmental disorders, so we examined the role of the four

mutations (R913C, Q269R, G1369R, and R1392H) in neural

development. We found that their expression in mouse

primary cortical neurons affected excitatory synapse devel-

opment. Moreover, expression of the R913C mutation also

affected themigration of cortical neurons in themouse brain.

We further identified two common genes (Neurl4 and

Usp39) affected by mutations of SETD1A. These results

suggested that the mutations of SETD1A play a fundamental

role in abnormal synaptic function and the development of

neurons, so they may be pathogenic factors for neurodevel-

opmental disorders.

Keywords Early-onset epilepsy � Whole-exome sequenc-

ing � SETD1A � Neural development

Introduction

Early-onset epilepsy is a common and distinctive manifes-

tation of neurological abnormalities in childhood, espe-

cially in the first 2 years, with an incidence of 70.1 per 100
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000 [1]. Early-onset epilepsy is clinically defined according

to the onset age, etiology, seizure type, frequency, duration,

and prognosis. The etiologies that cause early-onset

epilepsy mostly include hypoxic ischemic encephalopathy,

congenital brain malformations, and metabolic disorders. A

few decades ago, many infantile epileptic syndromes were

characterized as ‘‘idiopathic’’, until genetic testing became

an effective means of investigating the contribution of

genes [2]. Although most ‘‘idiopathic’’ seizures are benign

and have a good prognosis, such as benign familial

neonatal seizures, benign familial neonatal-infantile sei-

zures, benign familial infantile seizures, and some febrile

seizures, some malignant epileptic syndromes can have

long-lasting effects such as neurodevelopmental deficits,

epileptic encephalopathies, or even death, as reported in

Ohtahara syndrome, Dravet syndrome, and West syndrome

[3]. Due to the technological advances of next-generation

sequencing, molecular genetics research on epilepsy has

made rapid progress in recent years [4]. Because different

types of early-onset epilepsy have a large variety of genetic

etiologies, finding the genetic basis of an early-onset

epilepsy is of great value in both diagnosis and treatment

[5–7].

Many reported genes that cause seizures encode ion

channels with relatively clear mechanisms, such as

KCNQ2, KCNT1, and SCN2A (sodium voltage-gated

channel alpha subunit 2). These genes commonly encode

a subunit of the voltage-gated channel and affect important

currents in neurons, and mutations in these genes may

interfere with neuronal excitability in the immature brain,

leading to seizures [8, 9]. Other types of genes that may be

responsible for seizures include those encoding proteins

associated with synaptic function (dynamin 1 and NECAP

endocytosis associated 1) and signal transduction (dedica-

tor of cytokinesis 7 and WW domain containing oxidore-

ductase), neurotransmitter membrane receptors (gamma-

aminobutyric acid type A receptor alpha1 subunit and

glutamate ionotropic receptor NMDA type subunit 2B),

intracellular transporters (solute carrier family 13 member

5), and enzymes (SZT2, KICSTOR complex subunit) [8].

In this study, we idenidentified four SETD1A variants in

four 1-day- to 2-year-old probands with early-onset

epilepsy in order to determine the role of variants in

interfering brain development.

Materials and Methods

Ethics Approval

This study was approved by the Ethics Committee of the

Children’s Hospital of Fudan University and the Guangz-

hou Women and Children Medical Center. Informed

consent was given by the parents, who agreed to joining

this study and the use of the data for scientific research and

publication. The methods used in this study were per-

formed in accordance with the approved guidelines.

Case Presentation

Patient 1: The proband with variant of SETD1A p.R913C

was a girl born at full term without complications, but she

experienced a paroxysmal seizures characterized by blink-

ing, staring, foaming and twisting at the mouth, and facial

cyanosis averaging 2–3 times per day from the second day

after birth. Physical examination showed no obvious

symptoms except mild jaundice. The video electroen-

cephalogram revealed slight abnormalities including mul-

tifocal sharp wave and sharp slow wave discharges

predominantly in the right central area and left parietal

region while asleep. Serum tandem mass spectroscopy

showed that the amino-acid and carnitine levels were

normal, while a-ketoglutarate acid was increased in the

urine. Assessment of general movements indicated a poor

repertoire—monotonous movements without complexity.

An MRI of the brain was normal (Fig. S2E–G). The patient

was treated with phenobarbital and the seizure frequency

was reduced. When she was 15 months old, a follow-up

examination revealed that she had normal intellectual level.

Her family history was remarkable. The patient’s mother

was healthy, but her father had a history of seizures after

birth. Her grandfather and great-grandmother also had

seizures during childhood, but the details were not clear.

Patient 2: A girl with variant of SETD1A p.Q269R was

born following an uneventful pregnancy, and first devel-

oped symptoms at the age of 2 years. She suffered from

poor spirits, a pale complexion, and vomiting, followed by

a persistent twitch which moved from the left finger, to the

arm, to the left lower extremity and mouth. Seizures were

reduced after she was hospitalized, but she appeared to lose

consciousness with salivation. No abnormality was

observed in the physical examination, and the patient had

normal growth and development. No seizure history was

reported in her family. An electroencephalogram (EEG)

showed paroxysmal sharp waves and sharp slow waves on

both sides, especially at the back (Fig. S2A, B). A brain

MRI revealed no abnormality (Fig. S2H–J), except for a

high signal on T2WI in the right maxillary sinus and

mastoid process. A developmental screen test showed that

the developmental quotient was 110, and the mental index

was 107.

Patient 3: This was a boy with variant of SETD1A

p.G1369R; his first seizure happened at the age of

9 months. He experienced shrug and wry-neck without

apparent cause lasting 1 s, several times per day. The

symptoms occurred frequently upon waking, and less
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frequently when in a sedated condition. A physical

examination showed development delay. He was born at

full term following an uneventful pregnancy. The patient

had a previous history of hypoglycemia, hypothyroidism,

and growth retardation. No family history of seizures or

neurological disease was found. An EEG revealed frequent

multifocal sharp waves, spike waves, and spike slow

waves, which extended predominantly on the left side

during sleep (Fig. S2C, D). An MRI showed cerebral

dysplasia, decreases in myelinated white matter, and mild

ventriculomegaly (Fig. S2K–M).

Patient 4: This was a male child with the variant

SETD1A p.R1392H. His mother was gravida 2 para 2, his

gestational age was 36 weeks and birth weight was

2.99 kg. On the first day of life, he began to suffer from

severe tonic-clonic seizures. An EEG showed bilateral

sharp waves and spike-and-waves. A brain MRI showed a

high T1W1 signal in bilateral cerebral occipital areas

(Fig. S2N–P). His older brother had neonatal seizures and

died at * 1 month of age without detailed clinical infor-

mation. This patient was lost to follow-up, so there was no

information for progress or prognosis.

Human Sample Preparation

Blood samples were collected from the participants, and

genomic DNA was extracted with a QIAamp DNA Blood

Mini kit (Qiagen, Hilden, Germany) following the manu-

facturer’s instructions. This study was approved by the

Ethics Committee of the Children’s Hospital, Fudan

University.

Whole-exome Sequencing and Confirmation

Genomic DNA was sequenced on a HiSeq 2000 sequencer

according to the manufacturer’s instructions (Illumina, San

Diego, CA, USA). Clean reads were aligned to the

reference human genome (GRCh37) using the Burrows–

Wheeler Aligner (v.0.5.9-r16). The average sequencing

depth ranged from 35.73 9 to 38.45 9. The mapping rate

was from 97.03% to 97.27%, and the coverage of the

genome was from 99.83% to 99.85%. The aligned data was

then processed by Freebayes to call variants. A filter of

SAR[ 1 (number of alternate observations on the reverse

strand), SAF[ 1 (number of alternate observations on the

forward strand), QUAL[ 20 was applied to the variants

for initial filtration. A second filtration was applied with

stringent population frequency of AC_ExAC_EAS\ 2

(variant frequency in East Asian), Hom_ExAC = 0 (ho-

mozygosis sample in ExAC database), 1000 Genome

AF\ 0.001(allele frequency in 1000 Genome database)

and an in-house database with phenotype-related

frequency. The Mendelian inheritance vector was calcu-

lated with the logical operator from SnpSift software

(omictools.com/snpsift-tool). The final variant calling for-

mat (VCF) was aggregated to a gene-mutation-burden

table. A natural language process (NLP)-based search

program ‘‘langya’’ was applied to match each gene name in

the gene-mutation-burden table with the clinical pheno-

type, resulting in a likelihood score for prioritizing the

mutation list.

Sanger Sequencing Validation

The detected variants were confirmed using PCR, and the

PCR-amplified DNA products were subjected to direct

automated sequencing (3500XL Genetic Analyzer, Applied

Biosystems, Carlsbad, CA, USA) according to the manu-

facturer’s specifications.

Plasmids

The human gene SETD1A was purchased from GenScript

(Clone ID: C97170) and cloned into pcDNA3.1 ? -DYK

using CloneEZ plasmid. The mutants were cloned using the

following primers: SETD1A-R913C, 50-TGTCCCTCCAC
TCCTGCTGAGGAAG-30 (forward) and 50-AGGCCTCT
TTTCCTCACTGGCCTCG-30 (reverse); SETD1A-Q269R,
50-GAGGAACCCCCTACACGTCTCG-30 (forward) and

50-GGGAGGACTGAGGTGTGAACTGG-30 (reverse);

SETD1A-G1369R, 50-AGGGAGGAAGAGGAGGAGGA
GTC-30 (forward) and 50-CTCTTCCTCCCCCTCCTCT
TCGC-30 (reverse); and SETD1A-R1392H, 50-ACAGCCT
CCGCTCCCACGC-30 (forward) and 50-GCCTCCGGA
GGGCGCCCTC-30 (reverse). The SETD1A wild-type

(WT) and mutant products were digested at Nhe I/EcoR I

sites and inserted into the FUGW-EGFP plasmid at the Xba

I/EcoR I sites by T4 ligase. The Setd1a-short-hairpin

RNA(shRNA) vector was FUGW-H1-GFP. sh1# forward:

50-ctagaCCCCACCCAAGAAACGCCGGAATTCAAGAG
ATTCCGGCGTTTCTTGGGTGTTTTTg-3, sh1# Reverse:

50-gatccAAAAACACCCAAGAAACGCCGGAATCTCT
TGAATTCCGGCGTTTCTTGGGTGGGGt-30; sh2# For-

ward: 50-ctagaCCCCCACCCAAGAAACGCCGGATT
CAAGAGATCCGGCGTTTCTTGGGTGGTTTTTg-30,
sh2# reverse: 50-gatccAAAAACCACCCAAGAAACGCC
GGATCTCTTGAA TCCGGCGTTTCTTGGGTGGGGGt-

30; sh3# forward: 50-ctagaCCCCTTGGAACACAACTATG
CCTTCAAGAGAGGCATAGTTGTGTTCCAAGTTTTT

g-30, sh3# reverse: 50-gatccAAAAACTTGGAACACAAC-
TATGCCTCTCTTGAAGGCATAGTTGTGTTCCAAGG

GGt-30. All constructs were verified by sequencing.
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Cell Culture

Primary cortical neurons were prepared from the brains of

C57BL/6J mice on embryonic day 15 (E15). Sterile

chamber slides (154941, Thermo, Rochester, USA) were

used for long-term culture, and calcium phosphate trans-

fection was used for primary neuron culture. Dissociated

cortical cells were plated at 1 9 105 cells/well.

Calcium Phosphate Transfection

Primary cortical neurons were transfected at 5 days in vitro

(DIV). For each well, 1.9 lL of 2 mol/L CaCl2, 2 lg DNA,
and sterile water added to 15 lL were mixed in a 1.5 ml

Eppendorf tube. After adding 15 lL pH 7.05 2 9 HBS

(HEPES buffered saline) to the tube, the mixture was

incubated for 30 min at room temperature. Before transfec-

tion, 50% of themedium from eachwell was removed tomix

with new medium at 37 �C. Then, 30 lL of the transfection

mixture was added slowly to each well, and the cells were

incubated for 90 min. Finally, the neurons were washed 3

times with washing solution and added to the prepared

medium. None of the culture media contained serum.

In Utero Electroporation

Pregnant C57BL/6J mice were purchased from the Shang-

hai Laboratory Animal Center (Chinese Academy of

Sciences) for in utero electroporation. Plasmids were

injected into the ventricles of E14.5 embryonic mouse

brains with a green fluorescent protein (GFP)-expressing

plasmid (FUGW) at a 4:1 ratio. Plasmids were prepared in

a final volume of 15 lL/mouse. After anesthetization with

isoflurane and intraperitoneal phenobarbital, each embryo

was subjected to electroporation (50 ms square pulses at

1000 ms intervals) using an Electro Square Porator (ECM

830, San Diego, CA, USA) at 30 mV. The pups were

sacrificed at birth, and whole brains were dissected out.

Longitudinal brain sections (40 lm) were cut on a freezing

microtome (Leica CM1950, Germany) for later

immunofluorescence experiments.

Immunohistochemistry

Mouse hippocampal neurons 4 DIV (for determining the

length of axons) or 15 DIV (for dendrites and spines) were

fixed with 4% (wt/vol) paraformaldehyde in 0.1 mol/L

phosphate-buffered saline (PBS). After blocking in 3%

bovine serum albumin and 0.1% Triton, the cells were

incubated in anti-GFP (1:1000, Invitrogen, Waltham, MA,

USA) at 4 �C overnight. After 3 washes in 1 9 PBS the

secondary antibody was used at 1:1000. Cells were also

stained with DAPI (1:500) to visualize nuclei.

Neurite Length Analysis

GFP-positive neurons were randomly selected from each

experiment and the total lengths of dendrites or axons were

analyzed using Fiji software (imagej.net/fiji). All quantifi-

cations were tested with an unpaired t-test and expressed as

the mean ± SD. The results were considered to be

significantly different if P\ 0.05. At least three indepen-

dent experiments were performed for each condition.

Spine Density Analysis

An LSM510 (Heidelberg, Germany) laser scanning confocal

microscope and an oil-immersion 60 9 objective lens were

used for acquiring images. GFP-positive neurons were

selected randomly in each view, and the length of secondary

branches of dendrites and the number of spines were

analyzed with Fiji software. The average spine density was

expressed as the number of spines/10 lm dendritic length.

At least 20 neurons were analyzed in each group.

Neuronal Migration Analysis

Confocal z-stack images were acquired on a Nikon A1

(Tokyo, Japan) confocal laser microscope system. GFP-

positive cells were counted using Fiji software. The ratios

of GFP-positive cells in the outside zone (Cortical plate),

middle zone and the inside zone (Ventricular zone) were

analyzed. All statistical analyses were conducted using

unpaired t-tests. At least three independent experiments

were performed for each condition.

Real-Time Quantitative PCR

Samples of neurons were prepared after 4 days of trans-

fection, and total RNAs were isolated using Trizol reagent

according to the manufacturer’s instructions. First-strand

cDNAs were obtained using PrimeScript II kit (RR036A,

TaKaRa, Japan). The mRNA levels of Neurl4 and Setd1a

were measured by SYBR green-based real-time quantita-

tive PCR (RT-qPCR) on a Roche 480 sequence detection

system (Basel, Switzerland). The Gapdh gene was used as

control. The calculation of the difference cycle threshold

(DCT) was used to compare the target gene and the Gapdh.

The forward and reverse primers used were as follows:

Setd1a: forward: 50-CTTTTCCGGGTGGATCACGA-30

reverse: 50-TGGGCTGCTTCGAGTAGATG-30

Neurl4: forward: 50-CAGTATGCCGGGGCAGAGAT
GC-30

reverse: 50-CTCAAGTTCCGATGGGCTGAAGTG-30

Gapdh: forward : 50-ACGGCCGCATCTTCTTGTG-
CAGTG-30

123

1048 Neurosci. Bull. December, 2019, 35(6):1045–1057



reverse: 50-GGCCTTGACTGTGCCGTTGAATTT-30

Statistical analysis of RT-qPCR data: All data are

expressed as the mean ± SEM, using GraphPad Prism 8

software (www.graphpad.com). One-way ANOVA with

Dunnett’s multiple comparisons test was used for com-

parison of more than two groups. The unpaired t test was

used for comparison of two groups.

Results

Identification of Mutations in SETD1A in Four

Families

We first analyzed 4 generations of a Chinese family with 4

members affected by neonatal seizures. Whole-exome

sequencing (WES) was performed in 3 affected members

(IV-1, III-1, II-1) and 1 unaffected family member (II-2) to

search for candidate genetic variants. The WES data for the

probands consisted of 113,734,522 effective base reads for

each person, with an average sequencing depth of 9 113.33

of the target. We found that 99.6% of the target region was

covered, of which 97.6% was covered at 9 10 and 95.5% w

at 9 20. In the data of the affected individuals, we found a

total of 102,245 genetic variants, 19,204 if which were in

coding regions, distributed as follows: 8,693 missense, 227

frameshift, 91 stop-gain or stop-loss, 12 start-loss, 259 non-

frameshift insertions or deletions (indels), and 9,922 syn-

onymousmutations.We also identified 64 splice variants and

204 start-gain variants. After mutation effect annotation, a

Mendelian inheritance screen and population frequency

filtration,we determined that the p.R913Cvariant was absent

from current public databases (dbSNP, 1000 Genome,

ExAC, and gnomAD). Finally, we focused on 46 variants

(Table S1) that overlapped between the 3 affected family

numbers (III-1, IV-1, II-1) and were absent in the unaffected

grandmother (II-2) (Fig. 1A, B). We screened these candi-

date genes for their relevance to neurological disorders and

found that SETD1A has been strongly implicated in neuro-

logical and psychiatric disorders [10, 11].

We went on to investigate more sporadic, isolated early-

onset epilepsy cases and identified three variants in

SETD1A (defined by their absence from dbSNP, 1000

Genome, ExAC, and gnomAD and an allele count (AC)\
2), which were de novo variants in the early-onset epilepsy

trio in our studies. Although the p.R1392H variant had a

very low frequency in ExAC (AF: 0.0001034) and

gnomAD (AF: 0.00003303), and the p.G1369R variant

also showed an extremely low frequency in gnomAD (AF:

0.000007896), they were both novel in East Asians.

Therefore, we considered these variants to be rare muta-

tions (Fig. 1C–E, Table 1).

Functional Studies of SETD1A Mutations

Epilepsy reflects an abnormal and excessively active state

of a set of neurons in the brain. First, we collected mouse

cortical tissue from embryonic day 12.5 to 4 months old

and measured the expression of SETD1A using real-time

quantitative PCR. The results showed a relative consistent

expression pattern of SETD1A during mouse brain devel-

opment (Fig. S1A). To investigate the role of the SETD1A

mutations in neural development, we assessed the effects of

four SETD1A mutations on the neuronal morphology and

spine development of primary mouse cortical neurons. We

cloned the human (WT) SETD1A gene and performed point

mutagenesis for the R913C, Q269R, G1369R, and R1392H

mutants. We next transfected a vector control, SETD1A

WT, and the four mutations into mouse cortical primary

neurons and measured the axon length via immunostaining

for anti-SIM312, an axonal marker (Fig. 2A–F). We found

that the expression of SETD1A mutations did not signif-

icantly decrease the axon length of cortical neurons

compared to the SETD1A WT, suggesting that SETD1A

mutations do not affect normal axonal development

(Fig. 2G). These results indicate that SETD1A mutations

contribute little to axon growth and neuronal morphology.

Role of SETD1A Mutations in Synaptic

Development

We then further investigated whether SETD1A mutations

affect the development of synapses. We transfected GFP-

expressing vector, along with vector control, SETD1A WT,

R913C, Q269R, G1369R or R1392H constructs, into

cultured mouse cortical primary neurons for 14 days. The

dendritic spines, which represent excitatory synapses,

became mature after * 2 weeks in culture. Mature spines

had mushroom-like shapes. We then calculated the average

density of mushroom-like spines on the secondary branches

of dendrites and found that their density was markedly

lower in the groups expressing SETD1A mutations than in

the WT (Fig. 3A–M). Together, these results indicated that

SETD1A mutations play a role in compromising neural

development, particularly in the normal development of

neurons and synapses, thus suggesting that SETD1A

mutations may contribute to the pathology of seizures by

interfering with normal brain development.

Role of SETD1A R913C in Mouse Cortical

Development

Given the solid family history of SETD1A R913C in the

4-generation pedigree, we then using an in utero electro-

poration assay to address whether expression of this

inherited variant could interfere with cortical development.
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We electroporated vector control versus SETD1A WT and

control vs SETD1A R913C-expressing vector along with

GFP, into E14.5 fetuses. Then, we collected the brains at

birth. After immunostaining against GFP, we analyzed the

migration of neurons expressing vector, WT, or SETD1A

R913C. We found that neurons expressing SETD1A WT

appeared to migrate more slowly than vector-expressing

neurons but counts no statistical difference (Fig. 4A–C),

while neurons expressing SETD1A R913C migrated faster

than vector-expressing neurons (Fig. 4D–F), suggesting

that SETD1A R913C indeed disturbs the normal process of

cortical development and may lead to seizures.

A Common Gene Set Differentially Expressed

Between the Four Mutations and the WT

Finally, to further define the transcriptomic differences

between each mutation and the SETD1A WT group, we

Fig. 1 Familial cohorts with early-onset epilepsy. A Identification of

four missense mutations in the SETD1A gene. B Family pedigree of

neonatal seizures and the p.R913C mutation in SETD1A. C–E Family

pedigrees of the p.Q269R (C), p.G1369R (D), and p.R1392H

(E) mutations in SETD1A.
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collected cortical neuron samples from fetal mice trans-

fected with control, SETD1A WT, R913C, Q269R,

G1369R, or R1392H vectors and sent them for RNA

sequencing. We compared each mutant group with the WT

group to identify common differential gene expression

between the mutation and WT groups (Fig. 5A, Table S2).

Then we performed Venn Analysis and interestingly found

that two common genes (Neurl4 and Usp39) were signif-

icantly downregulated after overexpression of the four

mutations (Fig. 5B, C). We tested the samples by RT-

qPCR and verified the decreased expression of Neurl4 in

the G1369R and R1392H variants (Fig. 5D). The predicted

target genes between each mutant group and the WT group

were further analyzed using Gene Ontology analysis.

Among all, the R1392H group had the largest number of

genes that differed from the WT group (Fig. 5E).

Then we further investigated the relationship between

Setd1a and its downstream genes (Neurl4 and Usp39). We

designed three shRNAs against the mouse Setd1a gene. We

transfected these three shRNAs along with control vector

into mouse primary cortical neurons and total RNAs were

collected after culture for 5 days. The expression of

Setd1a, Neurl4, and Usp39 was determined by RT-qPCR

and normalized to Gapdh. The results showed that

knockdown of Setd1a strongly increased the expression

levels of Neurl4 and Usp39 (Fig. 6A–C).

Discussion

In the current study, we used next-generation sequencing-

based whole-exome sequencing to investigate the genetic

etiology of early-onset epilepsy. By screening genetic

mutants with early-onset epilepsy from 1 day to 2 years

old in four families with early-onset epilepsy, we first

identified one inherited and three de novo mutations of

Fig. 2 Mutations of SETD1A do not regulate axon growth of mouse

primary cortical neurons. A–F Mouse primary cortical neurons after

transfection with GFP, SETD1A wild-type, and SETD1A R913C,

Q269R, G1369R, and R1392H mutants. Neurons were fixed for

immunohistochemistry at 4 DIV with GFP antibody for axon length

determination. Scale bar, 50 lm. G Total axon length in each group

(one-way ANOVA with Dunnett’s multiple comparisons test).
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Fig. 3 Mutations of SETD1A affect spine development. A–L Mouse

primary cortical neurons transfected at 5 DIV with GFP alone,

SETD1A WT, or the SETD1A R913C, Q269R, G1369R, or R1392H

mutations. Neurons were fixed for immunohistochemistry at 14 DIV

with GFP antibody for average spine density determination. The

secondary branches of dendrites were chosen for spine number

counting. Scale bars, 50 lm (A–F) and 10 lm (G–L). M Average

spine density measured as the number of spines 10 lm dendritic

length (one-way ANOVA with Dunnett’s multiple comparisons test,

****P\ 0.0001).
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SETD1A, which were considered to be pathogenic variants.

In addition, the R913C mutation of SETD1A was found in 4

members affected by neonatal seizures in a four-generation

family.

We then further found that the four mutations of

SETD1A significantly reduced the average density of

spines, while the R913C mutation also changed the

migration of cortical neurons in fetal mice, suggesting that

all four are functional in neuronal development. The results

reflected a subtle change in the neuronal development,

which may affect the synaptic function of neural circuits

and have long-term consequences for development.

Furthermore, we compared the total RNA sequencing

results between each mutant group and the WT group, and

Fig. 4 R913C of SETD1A affects cortical development. A–B Exam-

ples of cortical migration in control and SETD1A WT overexpression

groups. C Quantification of data as in panels A and B. Percentages of

GFP-positive cells in the superficial, middle, and deep layers of

cortex. D–E Examples of cortical migration in control and SETD1A

R913C overexpression groups. F. Quantification of data as in panels

D and E. Percentages of GFP-positive cells in the superficial, middle,

and deep layers. *P = 0.0392, ***P = 0.0003 (unpaired t test). Scale

bars, 200 lm.
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discovered two common differentially-expressed genes,

Neurl4 and Usp39. We then followed this up and found that

knockdown of Setd1a in neurons significantly increases the

expression of Neurl4 and Usp39. These are both ubiquitin-

related proteins. Past research has shown a relationship

between ubiquitylation and H3K4 methylation [12]. And

recent studies have shown that knockdown of Neurl4 is

important for presynaptic bouton formation in the rodent

cerebellum [13].

The SET Domain-Containing Protein 1A (SETD1A,

OMIM: 611052) gene, also named Lysine-Specific Methyl-

transferase 2F, located on chromosome 16p11.2, encodes a

catalytic component of SET/COMPASS (for a complex of

proteins associated with Set1), which is capable of mono-,

di-, and tri-methylation of H3K4. In humans, SET/

Fig. 5 Genes were differentially expressed between each mutant and

the wildtype. Primary mouse cortical neurons were transfected with

control, SETD1A WT, R913C, Q269R, G1369R or R1392H vectors.

A Heatmap showing the common differentially-expressed genes in

the total transcriptome of each mutant group versus the WT group.

Each column represents one gene. B–C Venn Analysis of the

common differentially-expressed genes (B) and the core network (C).
D RT-qPCR results of Neurl4 normalized to Gapdh (one-way

ANOVA with Dunnett’s multiple comparisons test, *P\ 0.5).

E GO analysis of the target genes (SETD1A WT vs R1392H).
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COMPASS includes four MLL homologues (MLL1 to

MLL4), another Set-related protein SET1B, and several

other types of protein [14, 15]. Although SET1/MLL

family members and the functional components were

discovered years ago, the crystal structure of the COM-

PASS catalytic core of yeast was not clearly shown until

2018 [16, 17]. Histone methylation at lysine residues,

especially methylation of lysine 4 on histone 3 (H3K4), is

considered to be a marker of transcriptional activity and is

essential for neuronal differentiation [18]. Loss-of-function

(LOF) variants of methyltransferases can lead to severe

developmental diseases such as autism, Wiedemann–

Steiner syndrome, Kabuki syndrome, Kleefstra syndrome,

and some intellectual disability [11, 19].

In 2014, Takata et al. used exome sequencing to identify

two de novo LOF variants in the SETD1A gene in 231

schizophrenia cases, indicating that the SETD1A gene is a

risk factor in neurodevelopmental disorders [10]. By

analyzing the whole-exome sequence data for 1077 pub-

lished schizophrenia families, Singh and colleagues found

a significant association between the SETD1A gene and

schizophrenia (Fisher’s combined P = 3.3 9 10-9), sug-

gesting that LOF mutations are a risk factor for schizophre-

nia. In addition, the authors also found seven SETD1A LOF

variants with learning difficulties and four SETD1A LOF

carriers in children with developmental disorders [11]

(Table S3). These recent findings both indicate that LOF

mutation of SETD1A can lead to neuropsychiatric disorders

like schizophrenia, but the mechanism by which the

SETD1A gene regulates neuronal development is still

poorly understood.

Although gene-testing methods like WES and WGS

provide insights into neurobiological diseases, as gene

mutations are frequently discovered, determining the

relationship between genotype and phenotype remains

problematic. The genetic landscape is complex, and

phenotypic heterogeneity adds further complexity [20].

For example, 80% of cases of benign familial neonatal

seizures are caused by mutation of the KCNQ2 gene

[21–23]. However, this gene is also associated with severe

early-onset epileptic encephalopathies, such as Ohtahara

syndrome, which may lead to severe developmental deficits

[24]. A similar phenomenon has also been reported for the

SCN1A (sodium voltage-gated channel alpha subunit 1)

and KCNT1 genes [20]. Similarly, in our study, mutations

of the SETD1A gene were found in different types of early-

onset epileptic syndromes and led to distinct outcomes. We

then examined the locations of mutations in the SETD1A

gene (Fig. 1A), and interestingly found that the R913C (on

exon 6) and the Q269R (on exon 10) variants were far from

the SET domain, so this may result in a relatively benign

prognosis. On the other hand, the G1369R and R1392H

variants were on exon 14, close to the SET domain, leading

to more severe clinical phenotypes and outcomes.

Recently, next-generation sequencing was performed in a

large cohort of children with epilepsy in China, and the

results indicated that genetic data are important for

precision medicine approaches [6].

In 1995, Lee et al. developed a model of early-onset

epilepsy by injecting tetanus toxin into rats during early life

[25]. Later, Jiang et al. found a considerable reduction in

the density of dendritic spine and anatomical alterations of

hippocampal cells in this model of epilepsy [26].

In conclusion, we have identified four novel mutations

in the SETD1A gene in patients with early-onset epilepsy

using WES. Although further study is needed to determine

Fig. 6 Knockdown of Setd1a significantly increased the mRNA

expression of Neurl4 and Usp39. A Setd1a mRNA levels by RT-

qPCR showing that sh1# was the most effective (one-way ANOVA,

***P\ 0.001). B Neurl4 mRNA levels by qPCR (unpaired t test,

*P = 0.0415). C Usp39 mRNA levels by qPCR (unpaired t test,

****P\ 0.0001).
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the precise role of the SETD1A gene in the occurrence of

seizures, our work reveals SETD1A as a new candidate

gene for early-onset epilepsy in early childhood.
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