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Abstract 

KAT6A syndrome is a complex neurodevelopmental disorder caused by heterozygous pathogenic KAT6A 
variants inflicting variable degrees of developmental delay and intellectual disability via a mechanism that 
remains largely uncharacterized. To further our understanding, we differentiated KAT6A syndrome 
patient-derived induced pluripotent stem cells into neural progenitor cells and cortical neurons. KAT6A 
syndrome patient-derived cells exhibit an altered transcriptome, with many of the dysregulated genes 
associated with autism spectrum disorder. At an early stage of differentiation, KAT6A-mutant cortical 
neurons show many elevated neurodevelopment-specific genes, including key transcription factors. 
Detailed electrophysiological measurements uncover that KAT6A-mutant cortical neurons display a 
hyperexcitability phenotype at an early stage of differentiation, followed by hypoexcitability at a later 
stage, compared with control neurons. These electrophysiological alterations were accompanied by 
decreased sodium and potassium currents. Remarkably, early KAT6A-mutant neurons exhibit a markedly 
lower percentage of GABA-positive neurons and increased spontaneous calcium activity as compared 
with control neurons. Moreover, multiple morphometric alterations in early-stage KAT6A-mutant 
cortical neurons indicate premature maturation, including increased neurite outgrowth, arbor 
complexity and soma size. Consistently, KAT6A knockout SH-SY5Y cells exhibit impaired differentiation 
capability and dysregulated gene expression. These novel findings establish the deleterious impact of 
pathogenic KAT6A variants on cortical neuron differentiation and electrophysiological function. 

Keywords: KAT6A, KAT6B, lysine acetyltransferase, neurodevelopmental syndromes, autism spectrum disorder, molecular 
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Introduction 
KAT6A (formerly known as MOZ and MYST3) is 

a lysine acetyltransferase which belongs to the MYST 
family of acetyltransferases, along with its paralog 
KAT6B (formerly known as MORF and MYST4) [1,2]. 
Lysine acetyltransferases, including KAT6A and 

KAT6B, catalyze the acylation of lysine residues on 
histones and non-histone proteins [3]. By post-
translationally modifying lysine residues, KAT6 
acetyltransferases play an essential role in the 
regulation of many important cellular processes, 

 
Ivyspring  

International Publisher 



Int. J. Biol. Sci. 2026, Vol. 22 
 

 
https://www.ijbs.com 

8449 

including transcription, cell cycle progression, cell 
proliferation and differentiation, various 
developmental processes as well as the maintenance of 
hematopoietic and neuronal stem cells [4,5]. 

Proper histone modifications are essential for 
precise regulation of gene expression [6]. This tight 
regulation over the level and spatiotemporal pattern of 
gene expression is critical for accurate cell 
proliferation, differentiation and development, with 
particular importance for neural development. Hence, 
dysregulation of histone-modifying enzymes and 
histone modifications are consistently associated with 
neurodevelopmental disorders [2,4,6,7]. Specifically, 
pathogenic variants in genes encoding 
acetyltransferases, such as CREBBP (KAT3A), EP300 
(KAT3B), KAT5, KAT6A, KAT6B and KAT8, were 
linked to various neurodevelopmental disorders 
(OMIM# 180849, # 613684, # 618332, # 618333, 
#619103, # 616268, #606170, #603736, #618974) [6]. The 
majority of these acetyltransferases have been shown 
to regulate the proliferation and differentiation of 
neural stem/progenitor cells and/or impact 
neurogenesis as well as cerebral development [8]. The 
molecular and cellular etiology of the clinical 
phenotypes associated with these syndromes remains 
to be elucidated [6]. 

KAT6A is located on chromosome 8 (8p11.21) and 
was first discovered as a target of recurrent 
chromosomal translocations, resulting in acute 
myeloid leukemia (AML) [9,10]. Since then, 
pathogenic variants in KAT6A and its aberrant 
expression have been found in an assortment of 
cancers [4,5]. Furthermore, heterozygous pathogenic 
variants in KAT6A were found to be the cause of a 
neurodevelopmental disorder, now called KAT6A 
syndrome, also known as the Arboleda-Tham 
syndrome, OMIM#616268 [11–13]. Most of the 
pathogenic variants reported so far in KAT6A 
syndrome patients are de novo loss-of-function (LoF) 
truncating variants, while some missense variants 
were also identified [14,15]. KAT6A syndrome is 
primarily characterized by developmental delay and 
variable degrees of intellectual disability (ID). While 
most patients display craniofacial abnormalities, 
speech delay, and hypotonia, other patients exhibit 
additional neurological and developmental symptoms 
such as autistic behavior, epilepsy, sleep disturbances, 
visual defects, cardiac anomalies, as well as 
gastrointestinal and feeding problems [4,14,16,17]. 
Magnetic Resonance Imaging (MRI) scans of the brain 
did not identify structural anomalies in most KAT6A 
syndrome patients [14]. However, some patients were 
reported to have microcephaly, and rare structural 
anomalies that were reported in several patients 
include craniosynostosis, pituitary malformation, thin 

corpus callosum as well as large cisterna magna [14]. 
Studies aiming to characterize the cognitive and 
neurobehavioral profile of individuals with 
pathogenic KAT6A variants found that most of the 
patients display an impairment in self-care skills, 
socialization as well as impairment of both receptive 
and expressive language skills [15,17,18]. Non-verbal 
cognition is also impaired in KAT6A syndrome 
patients [18]. Although individuals with KAT6A 
syndrome experience significant cognitive difficulties, 
they exhibit low rates of behavioral problems [15,18]. 
While they are able to regulate their emotions and 
show social drive, they exhibit autism-related features, 
such as inflexible behavior and impaired adaptive 
skills [18]. 

Knockout (KO) of Kat6a in mice resulted in the 
disruption of early development, leading to 
embryonic lethality [19–21]. Studies in mice and 
zebrafish revealed that KAT6A modulates the 
expression of multiple homeodomain transcription 
factor (TF) genes that are crucial for regulation of 
development. Among these genes are the HOX family 
genes, which regulate body segment identity 
[19,22,23], and DLX genes, which control craniofacial 
development [24].  

The molecular and cellular mechanisms 
underlying the manifestation of KAT6A syndrome, 
and their specific effect on neurodevelopment, remain 
largely unknown. A recent study in mice revealed that 
KAT6A deficiency in the hippocampus led to impaired 
synaptic structure and plasticity in CA3 (but not in 
CA1) hippocampal neurons, consequently attenuating 
memory formation [25]. This synaptic impairment was 
found to be the consequence of downregulated 
RSPO2-mediated Wnt signaling. Additionally, Eccles 
et al., reported that Kat6a haploinsufficient mice exhibit 
hyperactivity as well as cognitive deficits [26]. They 
further observed a decrease in global histone H3 lysine 
23 acetylation (H3K23ac) in the brain and peripheral 
white blood cells of Kat6a+/− mice and consistently in 
human HEK293T cells carrying human pathogenic 
KAT6A variants. These mice further displayed an 
altered transcriptome in the dorsal telencephalon at 
E12.5 and in E16.5 cortical neurons.  

In the current study, we used cortical neurons 
differentiated from iPSCs derived from a KAT6A 
syndrome patient and two healthy donors, in order to 
characterize the impact of a pathogenic KAT6A variant 
on the electrophysiological characteristics of cortical 
neurons. We also examined gene expression profiles in 
neural progenitor cells (NPCs) and cortical neurons, 
differentiated from these iPSCs, using RNA 
sequencing. We show that young KAT6A-mutant 
neurons exhibit accelerated differentiation at an early 
differentiation stage, involving morphometric growth 
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alterations and hyperexcitability, while KAT6A-
mutant neurons that were differentiated for a longer 
period of time became hypoexcitable. We have 
previously reported similar phenotypes of early 
maturation and hyperexcitability, where later the 
neurons degrade and become hypoexcitable with less 
synaptic connections in other neurodevelopmental 
and autism spectrum disorder (ASD) related variants 
and idiopathic patients [27–30]. Gene expression 
profiles of NPCs as well as cortical neurons, at two 
time points along their differentiation, revealed many 
dysregulated genes in KAT6A-mutant cells and 
neurons. Moreover, we show that KAT6A KO impairs 
the differentiation capacity of SH-SY5Y cells, a bona fide 
human neuronal differentiation and function model, 
treated with retinoic acid (RA) and brain-derived 
neurotrophic factor (BDNF). We present a 
comprehensive investigation and characterization of 
the pathophysiological changes in KAT6A-mutant 
NPCs and cortical neurons. These findings enhance 
our ability to identify therapeutic targets for KAT6A 
syndrome towards the development of possible 
therapeutic interventions.  

Materials and Methods 
Reprogramming of dermal fibroblasts into 
iPSCs 

Skin biopsies were obtained from a KAT6A 
syndrome patient and her healthy mother following 
informed consent at CHOP (Children's Hospital of 
Philadelphia, PA, USA). The study was approved by 
the Technion’s Institutional Review Board (IRB 228-
2025). Two independent clones of iPSCs were 
generated from dermal fibroblasts derived from a 7-
year-old female patient carrying a de novo 
heterozygous frameshift variant (c.4025delA) in 
KAT6A, identified by clinical exome sequencing (Fig. 
S1). The patient exhibited phenotypes of 
developmental delay affecting her motor and 
language skills. Her clinical characterization included 
speech delay, hypotonia in trunk and hands, motor 
delay and disjointed gait, atrial septal defect; she 
experienced intermittent strabismus, feeding 
difficulties and sleep disturbances. She didn’t have 
seizures and MRI was normal.  

Control iPSCs were generated from dermal 
fibroblasts derived from the patient's mother (Fig. S1), 
and a non-related female control iPSC line previously 
described [31]. All new iPSC lines were generated and 
characterized as previously described [31]. In brief, a 
total of 0.5-1x106 cells were collected with TrypLE 
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) 
and electroporated with non-integrating episomal 
vectors using a Neon transfection system (Invitrogen, 

Carlsbad, CA, USA). Cells were cultured in DMEM 
supplemented with 15% FBS, 5 ng/ml basic fibroblast 
growth factor (bFGF, peprotech, NJ, USA), and 5 µM 
ROCK inhibitor on mouse embryonic fibroblast 
(MEF)-coated plates (Sigma-Aldrich, St. Louis, MO, 
USA). After 2 days, Nutristem medium (Biological 
Industries, Beit HaEmek, Israel) supplemented with 5 
ng/ml bFGF was utilized with medium refreshment 
every other day. Colonies were selected and 
transferred to MEF-coated plates with Nutristem 
medium containing 5 ng/ml bFGF. Three colonies 
were selected and manually transferred to Matrigel 
(Corning)-coated plates with Nutristem medium, 
which was replenished daily.  

Characterization of iPSCs  
iPSCs were characterized as previously described 

[31]. In brief, the retention of the pathogenic KAT6A 
variant in the iPSC lines was verified using Sanger 
sequencing of genomic DNA (Fig. S1A). Genomic 
DNA was isolated using TriReagent according to the 
manufacturer’s protocol (T9424, Sigma-Aldrich). PCR 
was performed using Hy-Taq Ready Mix (#EZ3007, 
Hylabs, Rehovot, Israel); primers are listed in 
Supplementary Table S5. G-band karyotype analysis 
confirmed that the iPSC lines showed no chromosomal 
abnormalities (Fig. S1B). Pluripotency was confirmed 
using immunofluorescence as well as flow cytometry 
analysis of OCT3/4, SSEA4, and TRA-1-60 markers 
(Fig. S1D, E). iPSCs gave rise to embryoid bodies (EBs) 
(Fig. S1F), and spontaneous differentiation into the 
three germ layers was validated by 
immunofluorescence for three germ layer markers, 
Neurofilament (NF66), α-SMA, and α-fetoprotein (Fig. 
S1G). All lines were screened for mycoplasma 
contamination using the Hy mycoplasma PCR kit 
(Hylabs). 

iPSC culturing and generation of NPCs 
iPSCs were cultured and maintained using 

mTesR Plus medium (#100-0276, StemCell 
Technologies, Canada). Cortical neurons were 
generated using a previously described protocol [32]. 
In brief, iPSCs were grown to approximately 80% 
confluency, then dissociated using 1 ml of Dispase 
(#07923, StemCell Technologies) and plated onto low-
adherence plates (#351007, Falcon) in mTeSR medium 
supplemented with 10 µM ROCK inhibitor (#72307, 
StemCell Technologies), allowing for the formation of 
EBs. The next day, the medium was replaced with 
mTesR Plus medium without ROCK inhibitor. In the 
following 10 days, the cells were fed with EB medium: 
DMEM/F12 supplemented with 2 mM Glutamax 
(#35050038, Gibco), 2% B27 supplement (#17504044, 
Gibco), 1% N2 supplement (#17502048, Gibco), and 0.1 
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μM LDN193189 Hydrochloride (#1066208, Biogems, 
Westlake Village, CA, USA). The EBs were plated onto 
poly-L-ornithine/laminin (#P3655, Sigma-Aldrich, 
#3400-010-03, R&D Systems, Minneapolis, MN, USA) 
coated six-well dishes and fed with EB medium 
containing 1 µg/ml laminin (#23-017-015, Gibco) for 
the following 7 days to allow for the formation of 
neural rosettes. The rosettes were selected based on 
their morphology and were manually picked, 
dissociated with Accutase (#07920, StemCell 
Technologies), and plated onto poly-L-
ornithine/laminin-coated dishes in NPC medium: 
DMEM/F12 supplemented with 2 mM Glutamax, 2% 
B27 supplement, 1% N2 supplement, 1 µg/ml laminin, 
and 20 ng/ml bFGF (# PHG0264, Gibco). A complete 
medium change was performed every other day until 
full confluency was achieved. 

Differentiation of NPCs into cortical neurons 
NPCs were differentiated into cortical neurons 

using a differentiation medium containing: 
DMEM/F12, 2 mM Glutamax, 2% B27 supplement, 1% 
N2, 0.2 nM L-Ascorbic Acid (#5088177, Biogems), 500 
µg/ml dibutyryl-cAMP (#A15914-5, Adooq, Irvine, 
CA, USA), 1 µg/ml laminin, 20 ng/ml BDNF (#AF-
450-02, Peprotech), and 20 ng/ml GDNF (# 450-10, 
Peprotech) for 10 days. Between days 11 and 14, the 
cells were dissociated again and seeded on coverslips 
and then fed with Brainphys-based medium (#05790, 
STEMCELL Technologies) supplemented with 2 mM 
Glutamax, 2% B27 supplement, 1% N2, 0.2 nM L-
Ascorbic Acid, 500 µg/ml dibutyryl-cAMP, 1 µg/ml 
laminin, 20 ng/ml BDNF, and 20 ng/ml GDNF.  

Electrophysiology 
Whole-cell patch-clamp recordings were 

performed on neurons derived from two clones of 
KAT6A-mutant cortical neurons, and neurons derived 
from two healthy control individuals, 4-5 weeks after 
the start of the differentiation for the 1st tp and 9-10 
weeks post-differentiation for the 2nd tp. Culture 
coverslips were placed inside a recording chamber 
filled with HEPES-based artificial cerebrospinal fluid 
(ACSF) containing: 10 mM HEPES (#H0887, Sigma-
Aldrich), 139 mM NaCl (#S9888, Sigma-Aldrich), 4 
mM KCl (#P3911, Sigma-Aldrich,), 2 mM CaCl2 
(#223506, Sigma-Aldrich), 10 mM D-glucose (#G7021, 
Sigma-Aldrich), and 1 mM MgCl2 (#7791-18-6, Merck), 
at pH 7.4 and osmolarity was adjusted to 305-310 
mOsm/L. Fire-polished borosilicate glass capillaries 
(#BF150-75-10, Sutter Instrument, Novato, CA, USA) 
were pulled (tip resistance of about 9–12 MΩ) and 
filled with an internal solution containing: 130 mM K-
gluconate (#G4500, Sigma-Aldrich), 6 mM KCl, 4 mM 
NaCl, 10 mM Na-HEPES (#H3784, Sigma-Aldrich), 0.2 

mM EGTA (#03777, Sigma-Aldrich), 0.3 mM GTP 
(#51120, Sigma-Aldrich), 2 mM Mg-ATP (#A9187, 
Sigma-Aldrich), 0.2 mM cAMP, and 10 mM D-glucose. 
All measurements were performed at room 
temperature using a patch clamp amplifier 
(MultiClamp 700B, Molecular Devices, San Jose, CA, 
USA), connected to a digitizer (Axon Digidata 1550B, 
Molecular Devices, San Jose, CA, USA), and controlled 
by MultiClamp 700B Commander and pCLAMP 11 
software. Pipette offset was corrected before seal 
formation, pipette capacitance was neutralized, and 
automated bridge-balance compensation was applied, 
following establishment of the whole-cell 
configuration prior to current-clamp recordings. Data 
were acquired at a sampling rate of 20 kHz. 

Analysis of electrophysiological recordings 
The acquired data were analyzed using 

previously described methods [33] and custom-
written MATLAB scripts. Briefly: 

(a) Synaptic currents analysis 

Neurons were held in a voltage clamp mode at -
60 mV and spontaneous excitatory postsynaptic 
current (sEPSC) event rate and amplitudes for each 
active cell were calculated. The frequency of events for 
each cell (sEPSC rate) was calculated by dividing the 
number of events by the duration of the recording 
(including non-active cells, which were assigned an 
event rate of 0 Hz).  

(b) Sodium, fast and slow potassium currents 

Neurons were held in voltage clamp mode at -60 
mV, and voltage steps of 400 ms were applied in the 
range of -100 to 90 mV. The cells’ capacitance typically 
normalizes currents. The sodium current was 
computed by subtracting the sodium current after 
stabilization from the lowest value of the inward 
sodium current. The fast potassium currents were 
measured by the maximum outward currents that 
appeared within a few milliseconds after a 
depolarization step. The slow potassium currents were 
measured at the end of the 400 ms depolarization step. 
Input conductance was calculated by measuring the 
steady-state current response to small voltage steps 
around the resting membrane potential. Specifically, 
the mean current was extracted at holding potentials 
of -70 mV and -60 mV, and the difference in the current 
between these two steps was divided by the difference 
in voltage.  

(c) Evoked action potentials (APs)  

Holding: Neurons were held at -60 mV in a 
current-clamp mode by adjusting the holding current. 

Stimulation: Current was injected in 3 pA steps 
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for 400 ms each, starting 12 pA below the steady-hold 
current.  

Counting: The total count of evoked action 
potential was the total number of action potentials that 
were counted in the 38 depolarization steps.  

(d) Spontaneous APs 

Holding: Neurons were held at -45 mV in a 
current-clamp mode by adjusting the holding current. 

Recording: Spontaneous spikes were counted 
during a 51-second window. 

Counting: The latter represents the total number 
of action potentials counted. 

Calcium imaging and analysis 
Calcium imaging experiments were performed 

on cortical neurons derived from two KAT6A-mutant 
clones and from two healthy donor lines at the same 
two time points indicated for the electrophysiology 
recordings. To monitor spontaneous calcium activity, 
cortical neuron cultures were incubated for 1 hour in 
culture medium containing 2 μM Fluo-5 AM, a cell 
permeant green fluorescent calcium probe (AB241083, 
abcam). Following incubation, the coverslips were 
washed once with pre-warmed ACSF for 5 minutes 
and then transferred to a recording chamber 
containing fresh pre-warmed ACSF. Calcium 
transients were recorded using a Leica THUNDER 
imager fluorescence microscope at a sampling rate of 
10 Hz. For each coverslip, 10-12 independent 
recordings were acquired, each consisting of a 3-
minute recording (i.e., 1,800 frames). Fluorescence 
intensity traces were extracted for individual neurons 
from each recording and analyzed using custom-
written MATLAB scripts (R2026a, MathWorks). To 
reduce high-frequency noise, fluorescence traces were 
smoothed before analysis. Calcium transients were 
identified using an automated peak-detection 
algorithm based on peak prominence, peak distance, 
and peak width. Cells exhibiting at least one detectable 
calcium transient were classified as active neurons. For 
each region of interest, fluorescence traces were 
normalized to the baseline fluorescence and expressed 
as ΔF/F0 according to the equation ΔF/F0 = (F - F0)/F0, 
where F is the fluorescence intensity at each acquired 
frame and F0 is the baseline fluorescence intensity. 

For each recording, the following parameters 
were quantified: the total number of calcium 
transients, mean event frequency, average peak width, 
average peak prominence (peak amplitude relative to 
the surrounding baseline), and the percentage of active 
neurons. Furthermore, the kinetics of calcium 
transients were assessed by measuring the rise time 
(i.e., time from the estimated onset of the event to the 
peak) and the rise slope (rate of fluorescence increase 

during the rising phase).  

RNA extraction, sequencing and analysis 
Total RNA from two to three million cells per 

sample (NPCs and cortical neurons at 1st tp and 2nd tp 
of differentiation, derived from two patient clones 
with the pathogenic KAT6A variant, and two healthy 
control lines) was extracted using TRIzol (#15596026, 
Invitrogen). The isolated aqueous phase was mixed 
with 100% ethanol at 1:1 ratio and subsequently 
purified using the Zymo RNA clean & concentrator kit 
as per the manufacturer’s instructions (#R1017, Zymo 
Research, Irvine, CA, USA). Two biological replicates 
were performed for each cell line (Except for the 
unrelated control neurons at 2nd tp, for which we had 
one sample).  

RNA QC, RNA-seq library preparation and 
sequencing were conducted by the Technion 
Genomics Center, Technion- Israel Institute of 
Technology. Quality and concentration measurements 
for total RNA were performed using the TapeStation 
4200 (Agilent, Santa Clara, CA, USA) with the RNA kit 
(#5067-5576, Agilent). All samples exhibited high 
integrity (RIN>9.6). 23 RNA-seq libraries were 
constructed simultaneously using NEBNext 
UltraExpress RNA Library Prep Kit for Illumina 
(#E3330, NEB, Ipswich, MA, USA). 100 ng total RNA 
was used as starting material. mRNAs pull-down was 
performed using the NEBNext® Poly(A) mRNA 
Magnetic Isolation Module (#E7490, NEB). RNA-seq 
library QC was performed by measuring library 
concentration using Qubit (Invitrogen) with the 
Equalbit dsDNA HS Assay Kit (#EQ121, Vazyme, 
Nanjing, China) and size determination using the 
TapeStation 4200 (Agilent) with the High Sensitivity 
D1000 kit (#5067-5584, Agilent). All libraries were 
mixed into a single tube with equal molarity. 

The RNA-seq data were generated on Illumina 
NextSeq2000, using P3 XLEAP-SBS Reagent Kit (200 
cycles) (Read1-100; Index1-8; Index2-8; Read2-100) 
(#20100989, Illumina, San Diego, CA, USA). To 
analyze the RNA sequencing data, sequencing reads 
using a next-generation sequencing (NGS) platform 
were processed in FASTQ-format files. Sequences 
were quality-checked using the FASTQC algorithm 
and then aligned to the hg38 human genome using the 
STAR aligner version 2.78a. Mapping was carried out 
using default parameters, filtering non-canonical 
introns, allowing up to 10 mismatches per read, and 
only keeping uniquely mapped reads. The expression 
levels of each gene were quantified by counting the 
number of reads that aligned to each exon or full-
length transcript and normalized by its mean across all 
samples using HTseq v0.9.1. Differentially expressed 
genes (DEGs) were determined using the DESeq2 
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algorithm, and the p-value was adjusted for multiple 
hypotheses with the Benjamini–Hochberg procedure, 
controlling for the false discovery rate (FDR). Genes 
with an FDR < 0.05 and |log2 fold change | > 0.5 were 
included in the analysis. To characterize the biological 
functions and pathways associated with DEGs, Gene 
Ontology (GO) enrichment and KEGG pathway 
analysis were performed at the three time points. To 
assess the potential relevance of dysregulated genes to 
ASD, gene lists were compared with known ASD-
linked genes from the SFARI Gene database (3 April 
2025 update release). All the analyses were performed 
using a custom-written R scripts (Version 4.4.2). 

Immunofluorescence microscopy analysis 
Cells grown on 48-well glass coverslips were 

fixed in 4% paraformaldehyde for 15 minutes and 
washed with PBS three times. Before blocking the cells 
with blocking solution (PBS containing 10% horse 
serum), permeabilization of the cells was performed in 
blocking solution containing 0.1-0.2% Triton X-100. 
Coverslips were incubated with the primary 
antibodies: chicken anti-MAP2 (ab92434, Abcam, 
Cambridge, UK, 1:500), rat anti-CTIP2 (ab18465, 
Abcam, 1:400), rabbit anti-VGLUT1 (ab227805, Abcam, 
1:500), and Mouse anti-GABA (ab86186, Abcam, 1:400) 
in blocking solution overnight at 4°C. The next day, 
coverslips were washed in PBS, incubated with DAPI 
(ab228549, Abcam, 1:2500) and the corresponding 
secondary antibodies: Donkey anti-Chicken IgY 
(H+L), Alexa Fluor 594 (A78951, Thermo Fisher 
Scientific, 1:500), Donkey Anti-Rat IgG-488 (ab150153, 
Abcam 1:300), Donkey Anti-Mouse IgG-555 (ab150110, 
Abcam 1:300), and Donkey Anti-Rabbit IgG-488 
(ab150061, Abcam 1:300) for one hour at room 
temperature, washed again in PBS, mounted on slides 
using Fluoromount G (Thermo Fisher Scientific), and 
dried overnight, protected from light. For 
quantification, images were acquired at 20X 
magnification using a Leica THUNDER imager. For 
CTIP2 counting, the images were processed and 
counted using ImageJ. For VGLUT1 and GABA 
counting, fluorescence staining was quantified using a 
custom-written MATLAB script. Artifacts were 
excluded to prevent outlier signals. For each image, 
the fluorescence intensity distribution was evaluated 
using an intensity histogram, and Otsu thresholding 
[34] was used to determine a threshold to distinguish 
positive fluorescence from background, thereby 
minimizing the contribution of nonspecific 
background fluorescence. Pixels with intensities above 
the selected threshold were scored as positive. Similar 
criteria for artifact exclusion, background 
discrimination and threshold selection were applied 
consistently across all experimental groups and 

images. 
 Confocal images were captured at 20X and 60X 

using a Nikon Eclipse Ti2-E Spinning Disk Confocal 
Microscope (Nikon, Minato City, Tokyo, Japan) 
equipped with a CSU-W1 Confocal Scanner Unit and 
dual camera (Yokogawa Electric Corporation, 
Musashino, Tokyo, Japan), using 405 and 561 nm 
diode lasers. Confocal images were processed using 
the IMARIS (v10.0.1) software (Oxford Instruments) 
and images at 20X are shown following projection of 
Z-stacks using the maximum intensity projection type.  

Morphometric analysis  
MAP2-immunostained neuronal images at the 1st 

tp acquired at 20X as Z-stacks were processed to 
generate two-dimensional representations of the 
MAP2-positive neuronal arbor for subsequent 
morphometric analysis. Neuronal morphology was 
quantified using a custom semi-automated MATLAB 
pipeline (MathWorks 2026a; Image Processing 
Toolbox). Prior to segmentation, MAP2 images 
underwent background correction and Gaussian 
filtering. MAP2-positive structures were then 
segmented using an intensity threshold determined by 
Otsu's method and manually optimized when needed. 
Individual neurons were identified by manually 
marking the center of each neuronal soma on the 
MAP2 image. Following this initial manual 
identification, neuronal reconstruction and 
morphometric analysis were automatically 
performed. To separate processes belonging to 
neighboring neurons within the same MAP2-positive 
network, all manually identified somas were used as 
seeds for a geodesic distance-based algorithm [35]. 
Each MAP2-positive pixel was assigned to a single 
neuron according to the shortest path through the 
MAP2-positive mask from the corresponding soma 
seed. For each neuron, the reconstructed neuronal 
mask was skeletonized, allowing quantitative 
characterization of neurite extension and branching 
architecture. Morphometric measurements were 
derived from the neuronal mask and skeleton and 
included parameters describing soma morphology, 
neurite length, arbor extent and density, branching 
and terminal complexity, as well as soma-to-terminal 
path geometry. Neurite width was estimated from the 
local distance transform of the MAP2-positive mask 
along the neurite skeleton, excluding the soma and an 
adjacent buffer region.  

Branching complexity was further assessed using 
Sholl analysis [36]. Concentric rings were generated 
from the soma at 5 µm intervals, and intersections 
between each ring and the reconstructed neuronal 
skeleton were automatically quantified. Thus, the 
analysis provided complementary measurements of 
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neuronal size, outgrowth, branching complexity, 
spatial organization, and neurite morphology. 

A detailed description of all morphometric 
parameters quantified by the analysis pipeline is 
provided in Supplementary Table S6. 

SH-SY5Y cell culture 
SH-SY5Y cells (Kindly provided by Prof. Ayelet 

Fishman, Technion-Israel Institute of Technology) 
were maintained in growth medium: DMEM/F12 
media (01-170-1A, Sartorius, Beit HaEmek, Israel) 
supplemented with 10% heat-inactivated fetal bovine 
serum (FBS, A5256701, Gibco) (heat-inactivated at 
56°C for 30 min), 2.5 mM L-Glutamine (03-020-1A, 
Sartorius), 100 μg/mL penicillin-streptomycin (L0022, 
Biowest, France), in a 5% CO2 humidified incubator at 
37°C.  

KAT6A KO SH-SY5Y clones were generated by 
transfection using the jetOPTIMUS DNA transfection 
reagent (Polyplus, France) of two LentiCRISPRv2 
(Addgene no. 52961) plasmids that contain two 
different single-guide RNAs (sgRNAs) targeting 
KAT6A (sg1: GCTATTCGCCCAGGATTATC; sg2: 
CTCGATGCACTGCCACCGTA), following the 
manufacturer’s instructions. Single-cell clones were 
isolated after selection with 2 µg/ml puromycin (BML-
GR312, Enzo Life Sciences, Inc., Farmingdale, NY, 
USA). The KO was validated by Sanger sequencing of 
PCR fragments amplified from clones’ cDNA (Fig. S2). 
PCR was performed using Hy-Taq Ready Mix; 
primers are listed in Supplementary Table S5. Mutated 
alleles were separated by ligating the PCR fragments 
into a T-vector (pGEM-T Easy Vector, Promega, USA) 
according to the manufacturer’s instructions. Plasmids 
from single clones were extracted using GeneJET 
Plasmid Miniprep Kit (Thermo Scientific) and 
sequenced using primers listed in Supplementary 
Table S5. 

Differentiation of SH-SY5Y  
Cells were seeded at a density of ~4.7 x 104 

cells/cm2 in growth medium on 6-well plates for 
microscope visualization or 60-mm plates for RNA 
isolation. On day 1 of the differentiation, the medium 
was replaced with “differentiation medium” 
(DMEM/F12 supplemented with 1% FBS, 2.5 mM L-
Glutamine, 100 μg/mL penicillin-streptomycin, 10µM 
RA (Stock solutions were diluted in DMSO) (R2625, 
Sigma-Aldrich). On day 3, the medium was 
replenished. On day 6, the medium was replaced with 
serum-free differentiation medium, supplemented 
with 50 ng/ml BDNF (#B-250, Alomone Labs, 
Jerusalem, Israel), for 2 days. Phase-contrast images of 
undifferentiated and differentiated SH-SY5Y cells 
were acquired using a BioTek Cytation5 microscope 

(Agilent) at 20X magnification. 

RNA isolation, cDNA synthesis, and real-time 
PCR analysis  

Total RNA was isolated from SH-SY5Y cells 
using the TriReagent protocol (#T9424, Sigma-
Aldrich). cDNA synthesis was carried out using the 
High-Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems-Life Technologies, Grand Island, 
NY, USA) according to the manufacturer’s 
instructions. Real-time PCR was performed using a 
QuantStudio1 RT-PCR (Applied Biosystem, Foster 
City, CA, USA). Quantitative PCR was carried out 
using 1x PerfeCTa qPCR FastMix, LOW ROX (Quanta 
Biosciences, Gaithersburg, MD, USA). Expression 
levels were normalized using the EMC7 gene as an 
internal control for SH-SY5Y cells, RPLP0 for NPCs, 
and GAPDH for neurons.  

Statistical analysis 
For RNA-seq datasets, statistical analysis was 

carried out as described in the respective experimental 
section. MATLAB (version 2023a, 2026a) was used to 
generate the graphs and statistics for the 
electrophysiology, calcium imaging experiments, 
analysis of GABA/VGLUT1 positive cells and 
morphometric analysis (Data are presented as mean ± 
SEM). The normality of distributions was assessed 
using the Kolmogorov-Smirnov test, and the data 
passed the normality test. Analysis of CTIP2/ MAP2-
positive neurons (Data are presented as mean ± SD) 
were analyzed using Excel. The Shapiro-Wilk 
normality test was performed to assess the normality 
of the data distribution on GraphPad Prism (version 
8.0), and the data passed the normality test. RT-PCR 
data (Data are presented as mean ± SD) were analyzed 
using Excel. Statistical significance of differences was 
determined using an independent (paired when 
comparing SH-SY5Y treated cells) two-tailed Student’s 
t-test for two-group comparisons, except for the 
sodium and potassium currents, which were 
compared at various potentials using a one-way 
ANOVA. A p-value < 0.05 was considered statistically 
significant. Significance levels are indicated as follows: 
*p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. 

Results 
Two clones of iPSCs were generated from dermal 

fibroblasts derived from a KAT6A syndrome patient 
who carries a de novo heterozygous frameshift variant 
(c.4025delA) in KAT6A, identified by exome 
sequencing. This variant, previously reported as part 
of a KAT6A syndrome cohort [14], is located in exon 
17, resulting in a frameshift leading to 10 missense 
mutations before a premature stop codon 
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(p.K1342Rfs*11) (Fig. S1A). Control iPSCs were 
generated from dermal fibroblast cells derived from 
the patient’s healthy mother (Fig. S1A-G) as well as 
from a non-related healthy individual (iPSCs are 
characterized in Fig. S1A-G and Nayak et al., 2022 
[31]). To study the functional electrophysiological 
characteristics and how this pathogenic KAT6A 
variant may affect gene expression and neuron 
morphology, we differentiated the iPSCs into NPCs 
and further differentiated them into cortical neurons.  

Immature KAT6A-mutant cortical neurons 
display decreased sodium and potassium 
currents, increased synaptic activity and 
hyperexcitability 

Whole-cell patch-clamp recordings were 
performed 4-5 weeks after the initiation of 
differentiation (first time point- 1st tp, days 28-35) in 52 
KAT6A-mutant cortical neurons derived from two 
independent iPSC clones. Recordings were also 
obtained from 55 control neurons derived from two 
healthy control lines, differentiated for the same 
duration. 

In voltage clamp mode, spontaneous excitatory 
postsynaptic currents (sEPSCs) were recorded while 
clamping the membrane potential at -60 mV (Fig. 1A-
D). KAT6A-mutant cortical neurons exhibited a 16-fold 
increased frequency of sEPSCs compared with control 
neurons (0.16 ± 0.06 Hz vs. 0.01 ± 0.002 Hz, 
respectively, p = 0.007, effect size = 0.502, CI = [0.36, 
0.76]) (Fig. 1A-C). Additionally, a significant increase 
in the mean amplitude of sEPSCs was observed in the 
KAT6A-mutant neurons compared with controls 
(6.8 ± 0.9 pA vs. 4.0 ± 0.8 pA, respectively, p = 0.03, 
effect size = 0.45, CI = [0.045, 0.910]) (Fig. 1D). We next 
assessed voltage-gated sodium and potassium 
currents under a voltage clamp configuration (Fig. 1E-
I). KAT6A-mutant neurons displayed significantly 
reduced sodium current density relative to control 
neurons (p  =  9.9 x 10-5) (Fig. 1G). Furthermore, both 
slow and fast potassium current densities were 
significantly lower in KAT6A-mutant neurons 
compared with controls (p = 0.006 and p = 0.002, 
respectively) (Fig. 1H, I). KAT6A-mutant neurons 
showed significantly larger capacitance with a mean of 
29.30 ± 7.10 pF compared with control neurons 
displaying a mean capacitance of 27.76 ± 9.60 pF (p = 
0.049, effect size = 0.18, CI = [0.04, 0.36]) (Fig 1J). The 
membrane input conductance is shaped by ion 
channels, particularly inward-rectifying potassium 
channels and other channels active at the resting 

potential [37]. Measurements of the input conductance 
showed 0.22 ± 0.04 nS for KAT6A-mutant neurons and 
0.30 ± 0.10 nS for control neurons (p = 0.08, effect size 
= 0.26, CI = [-0.02, 0.73]) (Fig. 1K). Moreover, there 
were no significant differences in resting membrane 
potential between the two experimental groups (-44.96 
± 8.18 mV for control and -43.66 ± 10.79 mV for the 
patient, p = 0.61, effect size = 0.14, CI = [-0.26 to 0.53]) 
(Fig. 1L). To evaluate intrinsic excitability, we 
recorded evoked action potentials in current clamp 
mode. KAT6A-mutant neurons fired a significantly 
greater number of action potentials than control 
neurons in response to depolarizing current injections 
(52 ± 4 vs. 36 ± 3, respectively, p = 0.004, effect size = 
0.71, CI = [0.33, 1.11]) (Fig. 1M-O). Lastly, spontaneous 
neuronal activity was recorded (see Experimental 
section) in a current clamp mode. KAT6A-mutant 
neurons displayed a marked increase in spontaneous 
firing relative to control neurons (12.4 ± 2.5 vs. 
2.6 ± 1.2, respectively, p = 4.99 x 10-4, effect size = 0.73, 
CI = [0.32, 1.17]) (Fig. 1P-R).  

Concurrently, calcium imaging performed at the 
1st tp demonstrated significant alterations in 
spontaneous calcium activity in KAT6A-mutant 
cortical neurons compared with controls (Fig. 2). 
KAT6A-mutant neurons exhibited a significantly 
higher calcium-event frequency (0.007 ± 0.009 Hz vs. 
0.001 ± 0.003 Hz, p = 0.003, effect size = 0.75, CI = [0.24, 
1.25]), indicating that more frequent spontaneous 
calcium events occurred (Fig. 2A). In addition, the 
calcium-event amplitude was significantly increased 
in KAT6A-mutant neurons (111.29 ± 20.77 vs. 97.53 ± 
14.82, p = 0.004, effect size = 0.72, CI = [0.21, 1.22]) (Fig. 
2B). Likewise, the kinetics of calcium events were also 
altered. KAT6A-mutant neurons displayed a 
significantly shorter rise time (0.30 ± 0.15 s vs. 0.39 ± 
0.09 s, p = 0.004, effect size = -0.68, CI = [-1.19, -0.18]) 
(Fig. 2C) along with a significantly steeper rise slope 
(0.21 ± 0.03 ΔF/F₀/s vs. 0.19 ± 0.02 ΔF/F₀/s, p = 0.014, 
effect size = 0.61, CI = [0.11, 1.11]) (Fig. 2D). These 
suggest a more rapid calcium influx during 
spontaneous events. Additionally, KAT6A-mutant 
neurons exhibited a greater total number of calcium 
transients than control neurons (589 ± 209 vs. 500 ± 126, 
p = 0.04, effect size = 0.47, CI = [-0.02, 0.96]) (Fig. 2E). 
In contrast, calcium-transient width was comparable 
between the two groups (0.61 ± 0.052 s vs. 0.61 ± 0.06 
s, p = 0.54, effect size = 0.16, CI = [-0.33, 0.65]), and no 
significant difference was observed in the percentage 
of active neurons (66.77 ± 5.30 % vs. 65.08 ± 5.96 %, p = 
0.28, effect size = 0.30, CI = [-0.19, 0.79]) (Fig. 2F, G). 
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Figure 1. Young (i.e., following 4-5 weeks of differentiation) KAT6A-mutant cortical neurons display hyperexcitability yet diminished sodium and potassium 
currents. A, B) Representative traces of sEPSCs measured in control (A) and KAT6A-mutant (B) cortical neurons. C) The mean rate of synaptic events is higher in KAT6A-
mutant neurons compared with control neurons (p = 0.007). D) The mean amplitude of sEPSCs is increased in KAT6A-mutant neurons (p = 0.03). E, F) Representative traces of 
sodium and potassium currents recorded in a voltage-clamp mode in control (E) and KAT6A-mutant (F) neurons. G) Mean sodium currents in KAT6A-mutant neurons are 
decreased compared with control neurons (p = 9.9 x 10-5). H) Mean slow potassium currents in KAT6A-mutant neurons are decreased compared with control neurons (p = 
0.006). I) Mean fast potassium currents are decreased in KAT6A-mutant compared with control neurons (p = 0.002). J) Cell capacitance is increased in KAT6A-mutant neurons 
(p = 0.049). K) Input conductance of KAT6A-mutant neurons compared with control neurons (p = 0.08). L) No significant difference in resting membrane potential was observed 
between the two groups (p = 0.501). M, N) Representative recordings of evoked action potentials in a current-clamp mode of a control (M) and a KAT6A-mutant (N) neuron. 
O) The total number of evoked action potentials is higher in KAT6A-mutant neurons compared with control neurons (p = 0.004); (The black line represents the mean and the 
black dot represents the median). P, Q) Representative recordings of spontaneous action potentials in a current-clamp mode of a control (P) and a KAT6A-mutant (Q) neuron. 
R) The total number of spontaneous action potentials is higher in KAT6A-mutant neurons compared with control neurons (p = 4.99 x 10-4). Error bars represent the standard 
error; control (n = 55 neurons), KAT6A (n = 52 neurons). In this figure and the following figures, asterisks represent statistical significance as follows: *p < 0.05, ** p < 0.01, 
*** p < 0.001 and **** p < 0.0001. 
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Figure 2. Young (i.e., following 4-5 weeks of differentiation) KAT6A-mutant cortical neurons display increased spontaneous calcium activity. Calcium-event 
frequency (A) and amplitude (B) are significantly higher in KAT6A-mutant neurons (p  = 0.003, p = 0.004, respectively) Mutant neurons display a significantly shorter rise time 
(p = 0.004 (C), a steeper rise slope (p = 0.014) (D), and a higher total number of calcium transients (p = 0.041) (E). Calcium-transient width (F) and percentage of active neurons 
(G) are not significantly changed (p = 0.54, p = 0.28, respectively). Data are presented as mean ± SEM. ns, not significant. 

 
KAT6A-mutant cortical neurons display 
decreased sodium and potassium currents as 
well as decreased synaptic activity and 
hypoexcitability at a later stage of 
differentiation 

Whole-cell patch-clamp recordings were 
performed 9-10 weeks after the initiation of 
differentiation (second time point- 2nd tp, days 63-70) 
in 38 KAT6A-mutant cortical neurons, derived from 
two independent iPSC clones, and 38 control neurons 
derived from the two control lines, differentiated for 
the same duration. sEPSC recordings were performed 
as mentioned above. We observed a 9-fold decrease in 
the rate of sEPSCs of the KAT6A-mutant cortical 
neurons compared with the controls (0.05 ± 0.02 Hz vs. 
0.45 ± 0.12 Hz, respectively, p = 1.13 x 10-6, effect size = 
-0.66, CI = [-0.84, -0.46]), as shown in Fig. 3A-C. In 
addition, a significant decrease in the mean amplitude 
of the sEPSCs was observed; KAT6A-mutant neurons 
displayed a 5.7-fold smaller amplitude compared with 
control neurons i.e., 5.00 ± 1.10 pA vs. 28.40 ± 9.80 pA, 
respectively (p = 6.84 x 10-7, effect size = -0.68, CI = [-
0.85, -0.48]) (Fig. 3D). We next recorded the sodium 
and potassium currents in a voltage clamp mode (Fig.3 
E, F). We observed a significantly lower normalized 
sodium current in the KAT6A-mutant neurons 
compared with the control neurons (p = 1.36 x 10-5) 

(Fig. 3G). In addition, we observed smaller slow and 
fast potassium currents (normalized by the 
capacitance) in the KAT6A-mutant neurons compared 
with controls (p = 4.47 x 10-4, p = 0.004, respectively) 
(Fig. 3H, I). KAT6A-mutant neurons showed 
significantly lower capacitance with a mean of 27.87 ± 
6.23 pF compared with control neurons displaying a 
mean of 33.34 ± 7.51 pF (p = 0.002, effect size = 0.78, CI 
= [-1.26, -0.31]) (Fig. 3J).  

Measurements of the input conductance at this 
time point revealed a significantly higher input 
conductance for the KAT6A-mutant neurons 
compared with control neurons (0.060 + 0.010 nS vs. 
0.027 ± 0.010 nS, respectively, p = 0.035, effect size = 
0.62, CI = [0.160, 1.095]) (Fig. 3K). However, the resting 
membrane potential was similar in both groups (-45.66 
± 6.35 mV for control and -47.76 ± 7.57 mV for KAT6A-
mutant neurons, p = 0.22, effect size = -0.30, CI = [-0.78, 
0.19]) (Fig. 3L). 

To evaluate the intrinsic excitability, we recorded 
evoked action potentials in current clamp mode. 
KAT6A-mutant neurons fired a 3.4-fold lower number 
of action potentials than control neurons in response 
to depolarizing current injections (24 ± 3 vs. 81 ± 10, 
respectively, p = 8.03 x 10-7, effect size = -1.28, CI = [-
1.79, -0.92]) (Fig. 3M-O). Lastly, spontaneous neuronal 
activity was recorded again. KAT6A-mutant neurons 
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demonstrated a 13.9-fold decrease in spontaneous 
firing relative to control neurons (0.46 ± 0.20 vs. 6.38 

± 2.12, respectively, p = 0.02, effect size = -0.64, CI = [-
0.95, -0.37]) (Fig. 3P-R). 

 

 
Figure 3. Following 9-10 weeks of differentiation, KAT6A-mutant cortical neurons display hypoexcitability and exhibit reduced sodium and potassium 
currents. A, B) Representative traces of sEPSCs measured in control (A) and KAT6A-mutant (B) cortical neurons. C) The mean rate of synaptic events is significantly decreased 
in KAT6A-mutant neurons compared with control neurons (p = 1.13 x 10-6). D) The mean amplitude of sEPSCs is significantly decreased in KAT6A-mutant neurons (p = 6.83 x 
10-7). E, F) Representative traces of sodium and potassium currents recorded in a voltage-clamp mode in control (E) and KAT6A-mutant (F) neurons. G) Mean sodium currents 
in KAT6A-mutant neurons are decreased compared with control neurons (p = 1.36x10-5). H) The mean slow potassium currents in KAT6A-mutant neurons are decreased 
compared with control neurons (p = 4.47 x 10-4). I) The mean fast potassium currents are decreased in KAT6A-mutant neurons compared with control neurons (p = 0.004). J) 
Cell capacitance is decreased in KAT6A-mutant neurons (p = 0.002). K) Input conductance of KAT6A-mutant neurons is increased compared with control neurons (p = 0.035). 
L) Resting membrane potential did not significantly differ between the two experimental groups (p = 0.22). M, N) Representative recordings of evoked action potentials in a 
current-clamp mode of a control (M) and a KAT6A-mutant (N) neuron. O) The total number of evoked action potentials is significantly lower in KAT6A-mutant neurons 
compared with control neurons (p = 8.03 x 10-7); (The black line represents the mean, and the black dot represents the median). P, Q) Representative recordings of spontaneous 
action potentials in a current-clamp mode of a control (P) and a KAT6A-mutant (Q) neuron. R) The total number of spontaneous action potentials is significantly lower in 
KAT6A-mutant neurons compared with control neurons (p = 0.02). Error bars represent the standard error; control (n = 38 neurons), KAT6A (n = 38 neurons). 
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Figure 4. Following 9-10 weeks of differentiation, KAT6A-mutant cortical neurons display decreased spontaneous calcium activity. Calcium-event frequency 
(A) and amplitude (B), as well as total number of calcium transients (C), and calcium-transient width (D), are significantly decreased in KAT6A-mutant neurons (p < 0.0001, p = 
0.015, p < 0.0001, p = 0.016, respectively). In contrast, rise time (E), rise slope (F), and the percentage of active neurons (G) are not significantly changed (p = 0.27, p = 0.47, p 
= 0.078, respectively). Data are presented as mean ± SEM. ns, not significant. 

 
In contrast to the 1st tp, calcium imaging 

performed at the 2nd tp demonstrated reduced 
spontaneous calcium activity in KAT6A-mutant 
cortical neurons compared with control neurons (Fig. 
4). KAT6A-mutant neurons exhibited a significantly 
lower calcium-event frequency compared with control 
neurons (0.0035 ± 0.0025 Hz vs. 0.0058 ± 0.0019 Hz, p < 
0.0001, effect size = -1.03, CI = [-1.50, -0.54]) (Fig. 4A). 
Moreover, the calcium-event amplitude was 
significantly reduced in KAT6A-mutant neurons 
(137.00 ± 58.01 vs. 176.02 ± 62.40, p = 0.015, effect size 
= -0.64, CI = [-1.1, -0.17]) (Fig. 4B). The total number of 
spontaneous calcium transients was also markedly 
decreased in mutant neurons (288 ± 190 vs. 466 ± 150, 
p < 0.0001, effect size = -0.61, CI = [-1.07, -0.14]) (Fig. 
4C). Furthermore, calcium-transient width was 
significantly shorter in mutant neurons (0.66 ± 0.10 s 
vs. 0.73 ± 0.10 s, p = 0.016, effect size = -0.61, CI = [-1.07, 
-0.15]) (Fig. 4D), indicating briefer calcium events. In 
contrast, no significant differences were observed in 
calcium-transient rise time (0.51 ± 0.12 s vs. 0.56 ± 0.19 
s, p = 0.27, effect size = -0.28, CI = [-0.74, 0.17]) (Fig. 4E), 
rise slope (0.24 ± 0.06 ΔF/F₀/s vs. 0.25 ± 0.07 ΔF/F₀/s, 
p = 0.47, effect size = -0.16, CI = [-0.62, 0.28]) (Fig. 4F), 
or the percentage of active neurons (66.66 ± 4.81% vs. 
63.91 ± 7.04%, p = 0.078, effect size = 0.46, CI = [-0.002, 
0.91]) (Fig. 4G). 

NPCs and cortical neurons differentiated 
from KAT6A-mutant iPSCs exhibit altered 
transcriptome 

To identify the mechanisms underlying the 
altered electrophysiological characteristics of KAT6A-
mutant cortical neurons, we undertook RNA 
sequencing using RNA isolated from NPCs, neurons 
at the 1st tp of differentiation as well as neurons at the 
2nd tp of differentiation. Differential gene expression 
analysis at each time point quantified the gene 
expression (protein-coding genes and non-coding 
RNAs) fold change between KAT6A-mutant clones 
and the two control cell lines. We identified a total of 
387 and 182 genes that were down- and up-regulated, 
respectively, in KAT6A-mutant NPC cells, compared 
with control cells (log2 fold change > ±0.5, FDR< 0.05) 
(Fig. 5A); 208 and 72 protein-coding genes were down- 
and upregulated, respectively (Fig. 5B). At the 1st tp of 
cortical neuron differentiation, we identified 1,164 
genes that were down-regulated and 984 genes that 
were up-regulated (Fig. 5A); 658 and 434 protein-
coding genes were down- and upregulated, 
respectively (Fig. 5B). At the 2nd tp of cortical neuron 
differentiation, we identified 515 genes that were 
down-regulated and 315 genes that were up-regulated 
(Fig. 5A); 293 and 159 protein-coding genes were 
down- and upregulated, respectively (Fig. 5B). Across 
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all three time points of the differentiation, there were 
114 common downregulated genes and 31 common 

upregulated genes (Fig. 5A) (of which, 61 and 13 were 
protein-coding genes, respectively (Fig. 5B). 

 

 
Figure 5. Transcriptome alterations in NPCs and cortical neurons differentiated from iPSCs derived from a KAT6A patient. (A, B) Gene overlap analysis. A) 
Venn diagrams of overlapping down-regulated and up-regulated genes among NPCs, cortical neurons at the 1st tp, and the 2nd tp of differentiation, respectively. B) Same as (A) 
for protein-coding genes only. C) Significantly enriched KEGG pathways in NPCs and cortical neurons differentiated from KAT6A patient’s and controls’ iPSCs. Dysregulated 
pathways that were common to all three stages of differentiation are marked in red. D) The top dysregulated GO biological functions in NPCs and cortical neurons differentiated 
from iPSCs derived from a KAT6A patient and healthy controls.  
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Enriched KEGG pathways (FDR < 0.05) that were 
common to all three stages of neuron development 
were focal adhesion, proteoglycans in cancer, ECM-
receptor interaction as well as PI3K-Akt signaling 
pathway (Fig. 5C, Supplementary Tables S1-3). These 
pathways were among the top enriched dysregulated 
KEGG pathways, while most of the dysregulated 
genes in these pathways were downregulated. We 
identified additional enriched signaling pathways, 
such as the Hippo signaling pathway, which is a 
common enriched pathway to both NPCs and young 
neurons (1st tp), as well as the Wnt signaling pathway, 
which is a common enriched pathway to both stages 
of neuronal differentiation (Fig. 5C, Supplementary 
Tables S1-3). KAT6A was previously shown to 
regulate several signaling pathways including the 
PI3K-Akt [38], Hippo [39,40] and Wnt signaling 
pathway [25] via modulation of the expression of 
several TFs and transcriptional coregulators.  

Biological process (GO:BP) enrichment analysis 
revealed many enriched GO terms related to tissue 
development and morphogenesis in all 3 stages of 
differentiation (Fig. 5D, Supplementary Tables S1-3). 
Among them were GO terms related to organ 
development such as neuron, bone, muscle, and heart, 
to name a few. Other GO terms were related to the 
regulation of cell motility and migration, cell adhesion, 
as well as regulation of signaling (Fig. 5D, 
Supplementary Tables S1-3). The full list of 
dysregulated KEGG pathways and enriched GO terms 
are depicted in Supplementary Tables S1-3. 

Since KAT6A syndrome was previously 
correlated with autistic features [17,18], we compared 
the list of dysregulated genes in KAT6A-mutant cells 
from our RNA-seq results with the Simons Foundation 
Autism Research Initiative (SFARI) database. We 
found that many of the dysregulated genes in our 
RNA-seq were associated with ASD (Supplementary 
Tables S1-4); 27/280 (9.6%), 79/1092 (7.2%) and 
31/452 (6.8%) of the dysregulated protein-coding 
genes in NPCs, 1st tp, and 2nd tp neurons, respectively, 
were associated with ASD. Among these genes were 
several TF genes, including PAX6, FOXP2 and TBX1.  

Cortical neurons differentiated from KAT6A-
mutant iPSCs exhibit upregulation of neural 
development and neuronal-related genes in 
the early differentiation stage 

An analysis of GO-term enrichment for 
downregulated and upregulated genes separately 
revealed that the GO-BP “Nervous system 
development” (GO:0007399) was significantly 
enriched with upregulated genes in neurons at the 1st 
tp of differentiation (78 genes, FDR = 0.038) (Fig. 6A, 
Supplementary Table S2). This list of genes includes 

genes encoding the TFs PAX6, ASCL1, MYT1L, 
FOXP2, IRX1, IRX2 as well as SOX1, which are key TFs 
in brain development [41–45]. Thirteen of these 78 
upregulated genes were also upregulated in neurons 
at the 2nd tp of differentiation, including the TF genes 
PAX6, ASCL1, SOX1 and IRX1 (Supplementary Table 
S3).  

GO:0008066, Glutamate receptor activity and 
GO:0004351, Glutamate decarboxylase activity, were 
among the GO-MF (molecular function) that were 
enriched with upregulated genes in neurons at the 1st 
tp of differentiation (Supplementary Table S2). Young 
cortical neurons (4-5 weeks) harboring the pathogenic 
KAT6A variant exhibited upregulation of six 
glutamate receptor genes (GRM3, GRM6 (Glutamate 
Metabotropic Receptor 3,6), GRIA1, GRIA4 (Glutamate 
Ionotropic Receptor AMPA Type Subunit 1,4), GRIN1 
(Glutamate Ionotropic Receptor NMDA Type Subunit 
1), and GRIK1 (Glutamate Ionotropic Receptor Kainate 
Type Subunit 1)) (Fig. 6B). GABAergic neuron-related 
genes were also upregulated (Fig. 6B): GAD1 and 
GAD2 (which encode Glutamate Decarboxylase 1 and 
2) that catalyze the production of GABA (Gamma-
Aminobutyric Acid) from glutamate. SLC6A1, which 
encodes GAT-1, a GABA reuptake transporter, was 
upregulated. GAT-1 removes GABA from the synaptic 
cleft, thereby restoring it to presynaptic terminals. The 
GABA-B receptor GABBR1 was upregulated as well.  

Although many neuronal-related genes were 
upregulated in KAT6A-mutant cortical neurons, RNA-
seq results revealed that the SCN8A (Sodium Voltage-
Gated Channel Alpha Subunit 8/ Nav1.6), KCNJ2 
(Potassium Inwardly Rectifying Channel Subfamily J 
Member 2) and CACNA1G (Calcium Voltage-Gated 
Channel Subunit Alpha1 G (Cav3.1)) genes, which 
play a crucial role in neuronal excitability [46–48], 
were significantly downregulated in KAT6A-mutant 
neurons in both the 1st and the 2nd tp of neuron 
differentiation (Fig. 6C). 

Cortical neurons differentiated from KAT6A-
mutant iPSCs display a reduced percentage of 
GABA-positive neurons in the early 
differentiation stage 

We determined the percentage of GABA-positive 
and VGLUT1 (Vesicular glutamate transporter 1)-
positive neurons in our cultures (Fig 7A-C). At the 1st 
tp, KAT6A-mutant neurons exhibited a markedly 
lower percentage of GABA-positive neurons 
compared with controls (8.51 ± 0.68% vs. 18.49 ± 2.48%, 
p = 0.0046, effect size = 2.12, CI = [−15.92, −4.06]) (Fig. 
7B). In contrast, the percentage of VGLUT1-positive 
neurons was similar between these groups (69.51 ± 
1.89% vs. 67.28 ± 3.10%, p = 0.55, effect size = 0.27, CI = 
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[−5.66, 10.12]) (Fig. 7C). Consistent with the selective 
reduction in the GABA-positive population, KAT6A-
mutant neurons displayed a significantly higher 

(excitatory/inhibitory) E/I ratio compared with 
controls (9.00 ± 0.76 vs. 4.41 ± 0.95, p = 0.0017, effect 
size = 1.51, CI = [2.00, 7.17]) (Fig. 7D).  

 

 
Figure 6. Aberrant gene expression in neurons differentiated from KAT6A-mutant NPCs. A) Heatmap of upregulated GO-BP -Nervous system development 
dysregulated genes in KAT6A-mutant at the 1st tp of differentiation (78 genes). Upregulated TFs are marked in purple. B) Glutamate and GABA-related genes are upregulated 
in KAT6A-mutant neurons at the 1st tp of differentiation (p-adj values are indicated inside each bar). C) The sodium channel gene SCN8A, potassium channel gene KCNJ2 and the 
calcium channel gene CACNA1G are downregulated in KAT6A-mutant neurons (p-adj values are indicated inside each bar). 
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Figure 7. KAT6A-mutant neurons display a reduced percentage of GABA-positive neurons and an increased E/I ratio at the 1st tp. A) Representative images 
of immunofluorescence microscopy analysis of VGLUT1 (Green; a marker for glutamatergic neurons), GABA (red; a marker for inhibitory neurons) and DAPI (blue) at a 60X 
magnification for control and KAT6A-mutant iPSC-derived cortical neurons differentiated for 4-5 weeks. Scale bar denotes 20 µm. B) Quantification of immunofluorescence 
microscopy analysis for percentages of GABA-positive cells out of all cells (stained with DAPI) revealed significantly lower percentages in the KAT6A-mutant neurons at the 1st 
tp compared to control neurons (p = 0.0046) and similar percentages at the 2nd tp (p = 0.67). C) The percentages of VGLUT1-positive cells were similar between KAT6A-
mutant neurons and control neurons in both time points (p = 0.55, p = 0.36, respectively). D) E/I ratio in KAT6A-mutant neuron culture is higher compared with the control in 
the 1st tp and similar in the 2nd tp (p = 0.0017, p = 0.25, respectively). Data are presented as mean ± SEM. ns, not significant.  

 
At the 2nd tp, the percentage of GABA-positive 

neurons was similar between KAT6A-mutant and 
control cultures (15.55 ± 1.78% vs. 14.72 ± 0.77%, p = 
0.67, effect size = 0.14, CI = [−3.20, 4.87]) (Fig. 7B). No 
significant differences were detected in the percentage 
of VGLUT1-positive neurons as well (70.96 ± 1.59% vs. 
67.75 ± 3.01%, p = 0.36, effect size = 0.36, CI = [−3.93, 
10.36]) (Fig. 7C), neither in the E/I ratio (5.67 ± 0.72 vs. 
4.75 ± 0.30, p = 0.25, effect size = 0.40, CI = [−0.70, 2.55]) 
(Fig. 7D). Comparison across differentiation time 
points revealed a significant increase in the proportion 
of GABA-positive neurons in KAT6A-mutant cultures, 
from 8.51 ± 0.68% at the 1st tp to 15.55 ± 1.78% at the 
2nd tp (p = 0.0015, effect size = 1.28, CI = [3.07, 11.02]) 
(Fig. 7B). In contrast, the proportion of GABA-positive 
neurons did not significantly change over time in 
control cultures (18.49 ± 2.48% vs. 14.72 ± 0.77%, p = 
0.18, effect size = −0.76, CI = [−9.73, 2.17]).  

The proportion of VGLUT1-positive neurons 
remained constant over time in both control cultures 
(67.28 ± 3.10% vs. 67.75 ± 3.01%, p = 0.91, effect size = 
0.04, CI = [−8.64, 9.57]) and KAT6A-mutant cultures 
(69.51 ± 1.89% vs. 70.96 ± 1.59%, p = 0.56, effect size = 
0.20, CI = [−3.60, 6.50]) (Fig. 7C).  

Consistent with the increase in the GABA-

positive population, the E/I ratio in KAT6A-mutant 
cultures significantly decreased from 9.00 ± 0.76 at the 
1st tp to 5.67 ± 0.72 at the 2nd tp (p = 0.0034, effect size = 
−1.10, CI = [−5.46, −1.19]) (Fig. 7D).  

The E/I ratio remained unchanged in control 
cultures (4.41 ± 0.95 vs. 4.75 ± 0.30, p = 0.74, effect size 
= 0.17, CI = [−1.95, 2.62]). Thus, KAT6A-mutant 
cultures displayed an early reduction in the GABA-
positive neuronal population accompanied by a 
pronounced shift towards a higher E/I ratio, whereas 
these differences were no longer evident at the later 
differentiation stage.  

Young cortical neurons differentiated from 
KAT6A-mutant iPSCs exhibit increased 
neurite outgrowth, arbor complexity and 
soma size 

To demonstrate cortical neuron differentiation, 
neurons at the 1st tp were immunostained with the 
neuronal biomarker microtubule-associated protein 
2 (MAP2) and CTIP2, a deep-layer cortical neuron TF 
marker (Fig. 8A). KAT6A-mutant neurons displayed a 
similar percentage of CTIP2-positive neurons out of 
MAP2-positive neurons to control neurons (Fig. 8B). 
To evaluate morphological differences between 
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KAT6A-mutant and control cortical neurons, we 
quantified neurite outgrowth and arbor complexity by 
tracing MAP2-stained dendritic arbors (Fig. 8C-K and 
Supplementary Table S6) [28]. MAP2 immunostaining 
serves as a specific biomarker for neurons, 
highlighting their overall neuronal presence and 
dendritic branching. Morphometric quantification 
demonstrated a marked neurite outgrowth and hyper-
arborization phenotype in KAT6A-mutant neurons 
compared with control neurons. KAT6A-mutant 
neurons demonstrated a four-fold increase in total 
neurite length (497 ± 40 µm vs. 119 ± 11 µm, p = 3.25 x  
10-17, effect size = 0.85, CI = [−459, −296]) (Fig. 8D), and 
a higher maximum radial extent, which indicates the 
Euclidean distance (straight-line distance) from the 
center of the cell soma to the tip of the furthest 
dendritic termination (54.16 ± 2.85 µm vs. 28.32 ± 1.89 
µm, p = 3.2 x 10-13, effect size = 0.71, CI = [−32.56, 
−19.11]) (Fig. 8E). Furthermore, KAT6A-mutant 
neurons demonstrated a nearly five-fold increase in 
the number of branch points, which indicates higher 
dendritic branching (64.48 ± 5.27 vs. 11.96 ± 1.25, p = 
6.57 x 10-19, effect size = 0.90, CI = [−63.19, −41.85]) (Fig. 
8F), alongside increased terminal-to-primary ratio, 
which estimates how many terminal tips are produced 
per primary neurite, demonstrating higher-order 
arbor complexity (6.53 ± 0.37 vs. 2.82 ± 0.15, p = 7.52 x 
10-18, effect size = 0.89, CI = [−4.50, −2.92] (Fig. 8G). 
Consistently, integrated Sholl complexity was 
markedly elevated for the KAT6A-mutant neurons 
(336.58 ± 24.75 intersections x μm vs. 93.48 ± 8.45 
intersections x µm, p = 7.85 x 10-18, effect size = 0.88, CI 
= [−294.6, −191.6]) (Fig. 8H). Notably, the average 
branch length was similar between KAT6A-mutant 
and control neurons (7.11 ± 0.06 µm vs. 7.08 ± 0.13 µm, 
p = 0.83, effect size = 0.02, CI = [−0.32, 0.25]) (Fig. 8I). 
However, KAT6A-mutant neurites exhibited 
structural thickening, as evidenced by a significant 
increase in the mean neurite width (2.60 ± 0.05 µm vs. 
1.82 ± 0.06 µm, p = 7.67 x 10-23, effect size = 1.06, CI = 
[−0.92, −0.63]) (Fig. 8J). Further morphological 
evaluation revealed increased cellular growth, 
evidenced by a significant enlargement of the soma 
area (22.67 ± 0.81 µm2 vs. 16.61 ± 0.68 µm2, p = 2.2 x 10-

8, effect size = 0.54, CI = [−8.15, −3.97]) (Fig. 8K).  

KAT6A knock-out decreases the 
differentiation capacity of SH-SY5Y cells 
treated with retinoic acid and brain-derived 
neurotrophic factor  

The neuroblastoma SH-SY5Y cell line is widely 
used as an in vitro model for a variety of 
neuropsychiatric and neurodegenerative disorders 
[49]. Researchers utilize a fast and straightforward 
differentiation protocol, employing RA and BDNF, to 

induce the differentiation of SH-SY5Y cells into 
neuron-like cells that display extensive neurites and 
upregulated neuronal-related genes [50–52]. 

To further investigate the role of KAT6A in 
neuronal differentiation, we generated KAT6A knock-
out (KO) SH-SY5Y clones using CRISPR/Cas9. The 
KAT6A KO clones were validated by RT-PCR (Fig. 9A) 
and Sanger sequencing (Fig. S2). Usually, Western blot 
analysis is shown for KO cells in order to demonstrate 
that there is no protein expression, however, there is 
no current commercially available KAT6A antibody 
that is truly specific. Sanger sequencing revealed that 
the KAT6A KO clones harbor DNA deletions that 
result in frameshift and premature stop codons in 
exons 2 and 4 of KAT6A. Most importantly, KAT6A KO 
did not affect the gene expression of its paralog, 
KAT6B (Fig. 9B).  

In order to differentiate SH-SY5Y cells into 
neuronal-like cells, SH-SY5Y WT (Wild type) and 
KAT6A KO cells were treated with RA in reduced 
serum medium (1% FBS) for 5 days, followed by BDNF 
treatment in medium without serum for an additional 
48 hours (Fig. 9C, D). WT cells treated with RA 
displayed decreased cell clustering along with 
extension of neurites, a typical neuronal phenotype 
[51,52]. BDNF treatment enhanced this neuronal 
phenotype, and WT cells accordingly exhibited an 
extensive network of neurites (Fig. 9C, D). In contrast, 
the KAT6A KO clones displayed reduced 
differentiation capacity. KAT6A KO cells treated with 
RA were less dispersed than WT cells and did not form 
an extensive network of neurites as their WT cell 
counterparts did, following treatment with BDNF (Fig. 
9C, D).  

KAT6A KO alters gene expression in 
undifferentiated and differentiated SH-SY5Y 
cells 

To further evaluate the impact of KAT6A KO on 
SH-SY5Y cell differentiation capacity, we quantified 
neuronal markers that were previously shown to be 
upregulated in SH-SY5Y cells following differentiation 
with RA and BDNF [53,54], using RT-PCR. WT cells 
displayed a significant increase in the gene expression 
of NTRK2, the BDNF receptor TrkB, in differentiated 
cells, when compared with cells treated with DMSO as 
a control (Fig. 10A). The increase in the expression of 
NTRK2 indicates that the cells were differentiated into 
neuron-like cells. NTRK2 expression increased in RA-
treated KAT6A KO cells, compared with KAT6A KO 
cells treated with DMSO as a control, but was much 
lower than in WT cells (accounting for only ~45-fold 
increase as compared with the ~500-fold increase in 
WT cells; p = 0.006 for both KAT6A KO C1 and C2 
clones). BDNF treatment did not affect NTRK2 
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expression in WT cells, but further increased NTRK2 
expression in the KAT6A KO clones by ~2.6-fold 
(accounting for 23% of WT expression level, p = 0.01 
for both KAT6A KO C1 and C2 clones). Gene 

expression of additional neuronal biomarkers, PSD95, 
SYP and ENO2 was elevated only in WT cells but not 
in KAT6A KO cells (Fig. 10B-D). 

 

 
Figure 8. Characterization of the morphology of iPSC-derived KAT6A-mutant cortical neurons. A) A representative image of immunofluorescence analysis of 
MAP2 (red; a neuronal marker of dendrites and soma), CTIP2 (Green; a marker for cortical neurons), and DAPI (blue) at 60X for control and KAT6A-mutant iPSC-derived 
cortical neurons differentiated for 4-5 weeks. Scale bar denotes 10 µm. B) Quantification of immunofluorescence microscopy analysis in (A) for the percentage of CTIP2-
positive cells out of MAP2-positive cells in control and KAT6A-mutant neurons. Data are presented as mean ± SD. C) Representative images of control and KAT6A-mutant 
neuronal networks following 4-5 weeks of differentiation that were immunostained for MAP2 and DAPI at 20X. Scale bar = 50 µm. D-I) Quantitative morphometric profiling 
of neuronal architecture revealed that, compared to control neurons, KAT6A-mutant neurons demonstrate elevated total neurite length (p = 3.2 x 10-17) (D), maximum radial 
extent (p = 3.2 x 10-13) (E), number of branch points (p = 6.6 x 10-19) (F), terminal to primary ratio (p = 7.52 x 10-18) (G), and integrated Sholl complexity (p = 7.9 x 10-18) (H). 
Mean branch length was similar between KAT6A-mutant neurons and control neurons (p = 0.83) (I). Mean neurite width (p = 7.67 x 10-23) (J) and soma size (p = 2.20 x 10-08) 
(K) were larger in KAT6A-mutant neurons compared with control neurons. Data are presented as mean ± SEM. ns, not significant.  
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Figure 9. KAT6A KO SH-SY5Y cells display an attenuated differentiation upon RA and BDNF treatment. A) RT-PCR shows ~60% reduction in mRNA levels of 
KAT6A. B) Relative gene expression of KAT6B in KAT6A KO SH-SY5Y cells. ns, not significant. The results represent mean ± SD of at least three independent experiments. C, 
D) KO of KAT6A attenuates neuronal differentiation of SH-SY5Y cells treated with RA and BDNF. Phase contrast microscopy images (at 20X magnification) of undifferentiated 
WT and KAT6A KO SH-SY5Y cells cultured in complete growth medium; cells treated with 10 µM RA for 5 days and cells treated with RA for 5 days followed by 50 ng/ml 
BDNF treatment for 2 days. Scale bar denotes 50 µm. D) Enlarged insets from microscope images appear in panel (C). The images are representative of the results obtained 
from three independent experiments. 

 
We also determined the gene expression of 

KAT6A as well as KAT6B following differentiation 
with RA and BDNF. KAT6A gene expression did not 
change in WT cells following RA and BDNF treatment 
(Fig. 10E). However, KAT6B expression was elevated 
in WT cells after treatment with RA, by 1.6-fold (p = 
0.049), whereas KAT6B was also upregulated in 
KAT6A KO cells, but to a lower extent (55% and 60% 
of expression in KAT6A KO cells compared with WT 
cells after RA treatment, respectively; p = 0.007, 0.005 
for KAT6A KO C1 and C2 clones, respectively) (Fig. 
10F). Using RT-PCR, the quantification of KAT6B 

expression levels in NPCs differentiated from iPSCs 
revealed that KAT6B mRNA levels were similar 
between KAT6A-mutant and control NPCs (Fig. 10G), 
consistent with the results obtained with 
undifferentiated SH-SY5Y cells (Fig. 9B). In sharp 
contrast, KAT6B gene expression in KAT6A-mutant 
young neurons was markedly upregulated compared 
with control neurons (Fig. 10G), being similar to the 
elevation of KAT6B following differentiation of SH-
SY5Y cells (Fig. 10F). 

To further decipher the impact of KAT6A 
deficiency on gene expression in KAT6A-mutant cells, 
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we utilized RT-PCR to quantify gene expression and 
identify genes that are dysregulated in both cells that 
were differentiated from KAT6A-mutant iPSCs, as 
well as in KAT6A KO SH-SY5Y clones. We found that 
RSRC1, CRABP2 and SHOX2 were downregulated in 
KAT6A-mutant NPCs as well as in KAT6A KO SH-
SY5Y cells (Fig. 10H-M). RSRC1, a member of the 
serine and arginine rich-related protein family, has a 

role in alternative splicing and transcription 
regulation [55]. RNA-seq results of NPCs showed a 
marked downregulation of RSRC1 expression in 
KAT6A-mutant cells compared with control cells (log2 

fold change = -3) (Fig. 10H). RSRC1 expression was 
also downregulated in KAT6A KO SH-SY5Y clones C1 
and C2,   to 66% (p = 2.97 x 10-5)  and  67% (p = 1.29 x 
10-4), respectively, compared with WT cells) (Fig. 10I). 

 

 
Figure 10. Altered gene expression in KAT6A KO SH-SY5Y cells. A-D) Relative gene expression of neuronal differentiation markers (NTRK2, SYP, PSD95 and ENO2) 
in WT and KAT6A KO SH-SY5Y cells treated with DMSO/10 µM RA for 5 days and cells treated with RA for 5 days followed by 50 ng/ml BDNF treatment for 2 days. E, F) 
Relative gene expression of KAT6A (E) in WT cells and KAT6B (F) in WT and KAT6A KO SH-SY5Y cells following differentiation. G) KAT6B gene expression in KAT6A-mutant 
NPCs and young neurons compared with control cells. H) RSRC1, CRABP2 and SHOX2 gene expression is downregulated in RNA-seq of KAT6A-mutant NPCs (p-adj values are 
indicated inside each bar). I, J) RSRC1 (I) and CRABP2 (J) gene expression is also downregulated in KAT6A KO SH-SY5Y cells compared with WT cells. (K) Relative gene 
expression of CRABP2 in WT and KAT6A KO SH-SY5Y cells following differentiation. L) SHOX2 gene expression is downregulated in KAT6A KO SH-SY5Y cells compared with 
WT cells. M) Relative gene expression of SHOX2 in WT and KAT6A KO SH-SY5Y cells following differentiation. The results represent mean ± SD of at least three independent 
experiments.  
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Figure 11. Generation and characterization of NPCs and cortical neurons harboring a mutation in KAT6A. A) Schematic diagram showing the generation of 
iPSC-derived NPCs and cortical neurons from a KAT6A syndrome patient and healthy individuals. B) Characterization of KAT6A-mutant NPCs and cortical neurons. KAT6A-
mutant cortical neurons differentiated for 4-5 weeks displayed hyperexcitability and reduced sodium and potassium currents. Analysis of young KAT6A-mutant neurons revealed 
premature maturation that was characterized by the elevation of neural development and neuronal-related genes and increased total neurite length, neurite arborization, neurite 
width and soma size. Following 9-10 weeks of differentiation, KAT6A-mutant neurons exhibited hypoexcitability and reduced sodium and potassium currents.  

 
The CRABP2 gene, which was shown to be 

upregulated upon RA treatment, encodes the cellular 
retinoic acid-binding protein 2, which binds to and 
shuttles RA from the cytoplasm to the nucleus, where 
RA regulates gene expression [54,56]. We found that 
CRABP2 was also downregulated in KAT6A-mutant 
NPCs as well as in KAT6A KO SH-SY5Y cells. RNA-
seq results of NPCs showed CRABP2 downregulation 
in KAT6A-mutant cells (log2 fold change = -2.54) 
compared with control cells (Fig. 10H). CRABP2 
expression was also downregulated in KAT6A KO SH-
SY5Y clones C1 and C2, to 66% (p = 0.02) and 55% (p = 
0.01), respectively, compared with WT cells (Fig. 10J). 
In agreement with previous reports [56], CRABP2 gene 
expression was elevated following RA treatment (Fig. 
10K). Remarkably, CRABP2 expression was elevated 
in WT SH-SY5Y cells by 277-fold compared with 
control cells treated with DMSO, whereas its 
expression increased in RA-treated KAT6A KO clones, 

compared with KAT6A KO cells treated with DMSO as 
a control, albeit was much lower than in WT cells 
(accounting for only ~30% increase as compared with 
the increase of the WT cells; p = 0.0001/0.002 for 
KAT6A KO C1 and C2 clones, respectively). 

Lastly, the homeobox TF SHOX2 was highly 
downregulated in KAT6A-mutant NPCs (log2 fold 
change = -5) (Fig. 10H). We also observed a 2-fold 
decrease in SHOX2 expression in KAT6A KO SH-SY5Y 
clones C1 and C2, (p = 2.5 x 10-5 and p = 4.4 x 10-5, 
respectively, compared with WT cells) (Fig. 10L). 
Furthermore, when WT SH-SY5Y cells were 
differentiated with RA and BDNF, SHOX2 expression 
was increased by 2-fold (p = 0.02), whereas SHOX2 
expression remained 2-fold lower in KAT6A KO SH-
SY5Y clones C1 and C2 treated with RA and BDNF, 
compared with WT cells (p = 0.03 and 0.02, 
respectively) (Fig. 10M).  
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Discussion  
Herein, we report on the generation of iPSCs 

from a KAT6A syndrome patient and healthy controls, 
enabling us to establish and characterize the first in 
vitro model of iPSC-derived KAT6A-mutant NPCs and 
cortical neurons. The cerebral cortex and its cortical 
neurons are of paramount importance for higher-level 
brain functions; these include memory, thinking, 
learning, reasoning, perception, problem solving, 
emotions, awareness and consciousness [57–59]. 
Furthermore, motor cortex neurons initiate voluntary 
motor functions. Since both categories of activity have 
been reported to be impaired in KAT6A syndrome 
patients [18], we chose to differentiate the above NPCs 
into cortical neurons. Using a whole-cortical neuron 
cell patch-clamp, electrophysiological recordings 
revealed a hyperexcitability pattern in young KAT6A-
mutant neurons differentiated for 4-5 weeks. 
Furthermore, KAT6A-mutant neurons displayed a 
reduced percentage of GABA-positive cells at this time 
point, leading to an increased E/I ratio. In contrast, 
cortical neurons differentiated for 9-10 weeks 
exhibited hypoexcitability when compared with 
cortical neurons from healthy individuals. The 
calcium-imaging findings are consistent with the 
electrophysiological recordings obtained at both 
developmental stages. Specifically, the increased 
frequency, larger amplitude, and faster kinetics of 
spontaneous calcium events at the 1st tp indicate 
enhanced spontaneous activity in KAT6A-mutant 
cortical neurons. These results accord with the patch-
clamp recordings, which demonstrated increased 
spontaneous firing, elevated spontaneous synaptic 
activity, and enhanced intrinsic excitability. Finally, 
the identical proportion of active neurons suggests 
that the mutation alters the functional properties of 
existing active neurons, rather than shifting the total 
fraction of neurons contributing to network activity. 
Remarkably, early maturation, hyperexcitability, and 
a reduced percentage of GABA-positive neurons are 
phenotypes that were previously observed in young 
(differentiated for 3–5 weeks) cortical neurons derived 
from iPSCs harboring pathogenic variants in genes 
underlying neurodevelopmental disorders with a high 
prevalence of ASD, including GRIN2B, SHANK3, and 
UBTF [29]. Likewise, a similar phenotype was also 
observed in additional cases of neurons differentiated 
from iPSCs obtained from patients with ASD or with 
ID and epilepsy syndromes [28,30,60]. 

Our KAT6A-mutant cortical neurons were less 
excitable than healthy control neurons at a later stage 
of the differentiation, resembling neurons derived 
from an ASD patient carrying an IQSEC2 pathogenic 
variant [30]. Unexpectedly however, although our 

KAT6A-mutant cortical neurons exhibited early 
hyperexcitability which was later followed by 
hypoexcitability, we observed substantially decreased 
sodium and potassium currents in both early and late 
stages of neuronal differentiation. This is in sharp 
contrast to the increased sodium currents in young 
cortical neurons differentiated from iPSCs derived 
from patients harboring pathogenic variants in ASD 
related genes [29,30]. 

To gain mechanistic insight into the molecular 
basis of this early excitability yet decreased sodium 
and potassium currents, we undertook RNA-seq 
analysis. This revealed that the sodium voltage-gated 
channel gene SCN8A was downregulated in KAT6A-
mutant cortical neurons, possibly accounting for the 
decreased sodium currents. SCN8A encodes a member 
of the sodium channel α subunit gene family that is 
abundantly expressed in neurons of the central 
nervous system (CNS) and plays a critical role in 
regulating neuronal excitability [61]. LoF pathogenic 
variants in SCN8A leading to a decrease in sodium 
current and neuronal firing are associated with ASD, 
ID and motor impairment [46,61–63].  

Potassium ion channels are also crucial for 
cellular excitability. Remarkably, KCNJ2, which 
encodes the potassium inwardly rectifying channel 
Kir2.1, was markedly downregulated in differentiated 
KAT6A-mutant cortical neurons. It was previously 
shown that overexpression of KCNJ2 in various 
neuron types leads to decreased neuronal excitability 
[64–67]. Kir2.1 channels play a key role in maintaining 
a stable resting membrane potential (RMP), thereby 
regulating neuronal firing. As KCNJ2 was markedly 
downregulated in our KAT6A-mutant cortical 
neurons, the low levels of Kir2.1 channels necessarily 
result in a diminished inward potassium current and 
possibly a less negative RMP, rendering neurons more 
prone to depolarization and firing action potentials. 
Intriguingly, our findings revealed that the RMP 
remained unchanged in KAT6A-mutant neurons, 
indicating that an alternative mechanism must 
account for this increased cellular excitability. 
Furthermore, although not statistically significant, 
neurons derived from the KAT6A syndrome patient 
exhibited reduced input conductance compared with 
control neurons at the 1st tp, which can reflect altered 
channel activity. While a decrease in input 
conductance often coincides with shifts in RMP due to 
altered leak currents, our findings demonstrate a 
stable RMP alongside decreased conductance at the 1st 
tp. This suggests that Kir2.1 downregulation may 
trigger compensatory adjustments in other 
background leak channels, thereby maintaining 
electrochemical balance, while altering overall 
membrane excitability. Interestingly, this pattern was 
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reversed at the 2nd tp, where patient-derived neurons 
displayed higher input conductance relative to control 
neurons. This transition aligns precisely with the 
phenotype we observed, i.e. hyperexcitability and 
decreased potassium current in the early KAT6A-
mutant cortical neurons followed by hypoexcitability 
in the 2nd tp. Interestingly, previous studies have 
shown that increased excitability can contribute to 
various neurological conditions, including epilepsy, 
ASD, ataxia, and ID [68,69]. Hyperexcitability was also 
shown to elicit excitotoxicity that may lead to neuronal 
damage or cell death and is associated with 
neurodegenerative diseases and ASD [70–72]. 

Of special note is our finding via MAP2 
immunostaining, that KAT6A-mutant cortical neurons 
exhibit early maturation, represented by increased 
spatial coverage, dendritic arbor complexity, neurite 
width and soma size, compared with their healthy 
counterparts. These remarkable morphometric 
features are likely a result of differential gene 
expression, as previously observed in iPSC-derived 
neurons from ASD patients [28]. This further supports 
the electrophysiological findings showing that the 
KAT6A-mutant neurons mature faster than control 
neurons [73]. The major morphometric alterations 
detected in our precociously differentiated KAT6A-
mutant neurons may have inflicted a highly distinct 
electrophysiological activity than normal neurons. In 
this respect, dendritic abnormalities are constantly 
found in ASD and neurodevelopmental disorders 
associated with ID [28,74–77], including 
neurodevelopmental disorders associated with 
pathogenic variants in CREBBP and EP300, encoding 
the homologous CBP and p300 lysine-
acetyltransferases [78]. Neurons differentiated from 
iPSCs derived from Rubinstein-Taybi Syndrome 
(RSTS) patients, carrying pathogenic variants in 
CREBBP- and EP300, exhibited altered morphology of 
young neurons (differentiated for 6 weeks), and 
hypoexcitability after 10 weeks of differentiation [78], 
similar to our results with KAT6A-mutant neurons. 
Dendritic anomalies reported for ID disorders mostly 
included decreased dendrite length/branching or 
decreased spine density [75,76]. RSTS neurons 
displayed a higher branch number, however their 
mean branch length was significantly decreased [78].  

Interestingly, similarly to our findings, neural 
differentiation of iPSCs derived from 
cardiofaciocutaneous (CFC) syndrome patients 
showed early maturation of cortical glutamatergic 
neurons [79]. CFC patients commonly display 
developmental delay, hypotonia and motor delay, 
epilepsy, ID, increased risk for ASD, seizures, and a 
higher incidence of structural brain abnormalities 
[79,80]. CFC iPSCs carried a gain-of-function 

pathogenic variant in BRAF (B-Raf Proto-Oncogene, 
Serine/Threonine Kinase), which we found to be 
upregulated in our KAT6A-mutant young neurons 
(Supplementary Table S2). BRAF plays a role in 
regulating the MAP kinase/ERK signaling pathway, 
which affects cell division and differentiation [81]. 
Ras/MAPK pathway signaling is a major regulator of 
neurodevelopment. Its dysregulation by pathogenic 
variants in genes that encode protein components of 
the pathway leads to various neurological disorders 
collectively called RASopathies [80,81]. A previous 
study suggested that NPCs carrying a pathogenic 
variant in BRAF were leaving the mitotic progenitor 
state earlier than controls [79]. Furthermore, neurons 
differentiated from the CFC NPCs displayed a higher 
number of neurites, which were also longer.  

Evidence that identifies the neural progenitor cell 
stage as the critical developmental period affecting the 
accelerated differentiation of neurons comes from 
recent studies [28,82]. Ciceri et. al., revealed that the 
epigenetic profile of NPCs serves as a rate-limiting 
factor that determines the pace of neuronal maturation 
by delaying the expression of maturation genes [82]. 
This repression is gradually alleviated as 
differentiation progressively proceeds, allowing for 
the timely expression of maturation-specific genes. 
Alteration of this molecular program in NPCs, 
following the inhibition of several histone lysine 
methyltransferases, resulted in an accelerated 
maturation of cortical neurons [82]. Furthermore, 
Schafer et. al., found changes in chromatin accessibility 
in ASD neural stem cells, and direct differentiation of 
ASD iPSCs into induced cortical neurons abolished 
ASD-associated phenotypes in the differentiated 
neurons [28]. Given its role as a histone 
acetyltransferase, KAT6A may function as a key 
epigenetic regulator which directly or indirectly 
regulates the timely expression of neuronal 
maturation genes.  

In contrast to the early maturation of neurons 
differentiated from KAT6A-mutant iPSCs, we find that 
KAT6A KO impaired the differentiation of human SH-
SY5Y cells. However, one should bear in mind that the 
patient-derived KAT6A-mutant iPSCs that we studied 
here are in fact heterozygous for the pathogenic 
variant and therefore are not completely deficient in 
KAT6A. While a reduction in KAT6A dosage as in 
heterozygotes may relieve transcriptional repression 
or prematurely trigger developmental gene programs 
to accelerate maturation, a complete KO likely causes 
widespread transcriptional failure that impairs 
differentiation and other cellular functions. Neural 
differentiation requires tight regulation of gene 
expression, therefore, when gene expression is 
impaired, it could lead to premature differentiation or 
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even inhibition of differentiation, both of which impair 
neurodevelopment [7]. Epigenetic regulators, such as 
histone acetyltransferases and histone deacetylases, 
maintain epigenetic control of lineage-specific gene 
transcription, and their expression is required for 
proper neural development [83,84]. Precise regulation 
of H3K9 acetylation was found to be crucial for neural 
development [83]. The authors showed that the level 
of H3K9 changes along the in vitro neural 
differentiation of human ESCs. During the first 4 days 
of the differentiation it decreases, and then increases 
during days 5–8, shifting from H3K9 acetylation at 
pluripotency genes’ loci to H3K9 acetylation at 
neurodevelopmental genes' loci. In this respect, both 
KAT6A and KAT6B were found to acetylate histone 
residue H3K9 at the promoters of specific genes 
[4,12,19,24,85–90]. The complete loss of KAT6B in mice 
led to a global decrease in acetylated H3K9 and 
resulted in impaired cortex development [85,91]. Kat6b 
KO in mouse embryonic neural stem and progenitor 
cells attenuated self-renewal as well as neuronal 
differentiation and neurite outgrowth, whereas 
overexpression of Kat6b resulted in increased neuronal 
differentiation from neural stem cells and increased 
the number of neurons, demonstrating the significant 
role of KAT6B in neuronal development [85,87,92]. 
These results are consistent with the increased 
expression of Kat6b during cortical neurogenesis in 
mice [85,91]. KAT6B elevation following the 
differentiation of SH-SY5Y cells implies that KAT6B is 
directly involved in neuronal differentiation of SH-
SY5Y cells and supports previous data suggesting that 
KAT6B has a role in neural development as stated 
above. KAT6B was also upregulated in our young 
KAT6A-mutant neurons, supporting our evidence of 
their early maturation.  

Consistent with the early maturation of KAT6A-
mutant cortical neurons, they exhibited an early 
upregulation of many genes related to neuronal 
development and differentiation, including several 
key TFs vital for neuronal lineage fate and 
differentiation, including SOX1, PAX6, FOXP2, 
MYT1L, ASCL1 and TBX1 [93]. In accord with our 
present findings, Kat6a+/− mice display upregulation 
of neuronal development and maturation genes, 
including axon guidance and synapse organization-
related genes, in the developing dorsal telencephalon 
at E12.5 [26]. These findings lend further support to 
our observations, suggesting that downregulation of 
KAT6A accelerates neurons' maturation. Interestingly, 
some of the upregulated TFs in our KAT6A-mutant 
cortical neurons, including PAX6, FOXP2, MYT1L and 
TBX1 are associated with ASD (Supplementary Tables 
S1-4). SOX1 plays a direct role in neuronal lineage 
commitment and differentiation and its 

overexpression in cultured neural progenitor cells is 
sufficient to induce neuronal lineage commitment 
[44,94]. PAX6, which was among the elevated TFs in 
our current study, is a key TF that regulates the 
expression of many genes implicated in brain 
development, many of which are ASD-associated 
genes [41,95–97]. PAX6 maintains neural stem cells 
and progenitor cells while also promoting neuronal 
differentiation, generation and migration of neurons 
[98]. PAX6 interacts with FOXP2 [41], which was also 
upregulated in our young KAT6A-mutant neurons. 
FOXP2 was found to regulate neurogenesis during 
embryonic cortical development and plays a major 
role in language development [99]. Pathogenic 
variants in FOXP2 or dysregulation of its gene 
expression are associated with ASD and language 
impairment [41,93,100]. The combination of ASCL1, 
POU3F2 (BRN2) and MYT1L expression was shown to 
be sufficient to reprogram fibroblasts and other 
somatic cells to induced neuronal cells [42]. Both 
ASCL1 and MYT1L were upregulated in young 
KAT6A-mutant neuron cells. MYT1L expression is 
regulated by PAX6 [41]. Along this line, TBX1 was 
previously shown to play a key role in cortical 
neurogenesis [101]. Indeed, disruption of the TBX1 
gene in mice resulted in altered neuronal 
differentiation and polarity as well as impaired 
cortical lamination. Collectively, the above findings 
lend strong support to the molecular mechanisms 
underlying altered cortical differentiation and 
function. The model of TF-driven developmental 
acceleration is highly convergent with a recent study 
by Wang et al. [102], revealing that multiple ASD-
associated variants rewire convergent protein 
interaction networks to drive neurodevelopmental 
pathology. Specifically, the authors demonstrated that 
high-confidence ASD risk proteins systematically 
converge on physical networks enriched within NPCs 
of the excitatory lineage, and that patient-derived 
missense FOXP1 variants selectively disrupt FOXP1 
interaction with FOXP4. This disruption causes a gain-
of-function redistribution of FOXP4 to ectopic 
genomic sites, directly driving premature cortical 
neuron differentiation and altered neural activity in 
human brain organoids. It is highly plausible that in a 
similar manner to these ASD network-rewiring 
variants, the heterozygous loss of KAT6A also drives 
precocious maturation by altering the physical 
interactions and genomic targeting of central 
transcriptional networks. Supporting this convergent 
network hypothesis is our finding of early 
upregulation of key TFs, some of which are associated 
with ASD, including FOXP2. These findings suggest 
that epigenetic disruption of the KAT6A chromatin 
landscape may directly perturb the precise 
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transcriptional balance and physical interactome of the 
abovementioned differentially expressed TFs, and 
specifically the FOXP family, during early cortical 
neurogenesis.  

Our finding that CRABP2, RSRC1 and SHOX2 
were downregulated in both KAT6A-mutant NPCs 
and KAT6A KO SH-SY5Y cells suggests that KAT6A 
regulates the expression of these key genes, either 
directly or indirectly. RA binds to CRABP2, following 
which the latter shuttles it to the nucleus, where it 
regulates the transcription of key developmental 
genes [103]. In our current study, SH-SY5Y cell 
differentiation was induced by RA, therefore, CRABP2 
downregulation is likely to underly their impaired 
differentiation capacity. Importantly, RA signaling 
pathways were found to be involved in neuronal 
differentiation [103–106], hence, CRABP2 
downregulation presumably negatively affected the 
expression of neuronal genes in KAT6A-mutant NPCs.  

Another interesting gene that was 
downregulated in KAT6A-mutant NPCs and KAT6A 
KO SH-SY5Y cells is RSRC1. In this respect, KAT6A KO 
MOLM-13 AML cells exhibited downregulation of 
H3K9ac on the RSRC1 gene [107]. These data suggest 
that RSRC1 may be a KAT6A target gene. Genetic LoF 
pathogenic variants in RSRC1, which plays a role in 
alternative splicing, were found to be associated with 
an autosomal recessive syndrome of ID, accompanied 
by aberrant behavior, hypotonia and mild facial 
dysmorphism [55]. Using long-read RNA sequencing 
(Iso-Seq), Nava et al., reported dysregulated isoform 
usage in KAT6A-mutant cerebral organoids [108]. 
Among these, seven ASD risk genes displayed a 
significant isoform-specific dysregulation, 
including EPHB2 and CACNA1G, which are also 
known as epilepsy-related genes. The authors 
concluded that this isoform-specific dysregulation 
highlights the impact of pathogenic KAT6A variants 
on alternative splicing and neural development. 

Yan and colleagues [107] found that KAT6A 
binds to the chromatin of the TF SHOX2, which is 
downregulated following KAT6A KO, and is 
associated with H3K9ac downregulated regions 
following KAT6A KO in human MOLM-13 AML cells. 
These results indicate that KAT6A directly regulates 
SHOX2 gene expression in AML cells and possibly in 
other cell types. The SHOX2 gene, which is located 
adjacent to the RSRC1 gene on chromosome 3, is a 
homeobox gene that is essential for the development 
of multiple organs, including limb, heart, craniofacial 
compartments, as well as neurons and brain [109–114]. 
SHOX2 is expressed in embryonic and mature CNS, 
and evidence suggests that it may be important to 
brain function as well. Using conditional KO animals 
it was recently [114] demonstrated that SHOX2 is 

important for neuron firing capacities, likely by 
affecting the expression of mRNAs of multiple ion 
channels, including CACNA1G (Cav3.1), which was 
consistently downregulated in our KAT6A-mutant 
cortical neurons. As described above, a recent study 
showed that the CACNA1G gene exhibited a 
significantly reduced usage of a specific RNA isoform 
in cerebral organoids differentiated from KAT6A-
patients’ iPSCs [108]. In this respect, CACNA1G 
encodes a subunit of a T-type, low-voltage activated 
calcium channel, which regulates neuronal 
excitability. Importantly, pathogenic variants in genes 
encoding for Cav3 channels, including CACNA1G, 
CACNA1H, and CACNA1I, have been linked to an 
assortment of neurodevelopmental, neurological, and 
psychiatric disorders known as neuronal Cav3 
channelopathies [47]. Consistently, Cacna1g KO mice 
display impaired motor performance and cerebellar 
learning [47]. Along this vein, pathogenic variants in 
the CACNA1G gene, as well as monoallelic deletions, 
were linked to ID disorders [47,115–117].  

In summary (Fig. 11), we conclude that the 
pathogenic KAT6A variant induces premature 
maturation of differentiated cortical neurons. This is 
supported by our novel findings that, compared with 
control neurons, young KAT6A-mutant neurons 
express high levels of multiple key neuronal 
development genes, exhibit extended spatial coverage 
and neurite arborization, and display 
hyperexcitability. The premature hyperexcitability at 
an early stage of neuron development possibly leads 
to increased neuronal vulnerability and excitotoxicity. 
At a later differentiation stage, downregulation of key 
ion channel genes that leads to decreased sodium and 
potassium currents, result in neuron hypoexcitability, 
presumably accounting for various behavioral, 
intellectual and physical disabilities.  
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