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ARTICLE

De novo missense variants in HDAC3 leading
to epigenetic machinery dysfunction are associated
with a variable neurodevelopmental disorder

Jihoon G. Yoon,1,2,16 Seong-Kyun Lim,3,4,16 Hoseok Seo,5 Seungbok Lee,1,6 Jaeso Cho,1,6

Soo Yeon Kim,1,6 Hyun Yong Koh,7 Annapurna H. Poduri,7 Vijayalakshmi Ramakumaran,8

Pradeep Vasudevan,8 Martijn J. de Groot,9 Jung Min Ko,1,6 Dohyun Han,5,10 Jong-Hee Chae,1,6,17,*
and Chul-Hwan Lee3,4,11,12,13,14,15,17,*
Summary
Histone deacetylase 3 (HDAC3) is a crucial epigenetic modulator essential for various developmental and physiological

functions. Although its dysfunction is increasingly recognized in abnormal phenotypes, to our knowledge, there have been no es-

tablished reports of human diseases directly linked to HDAC3 dysfunction. Using trio exome sequencing and extensive

phenotypic analysis, we correlated heterozygous de novo variants in HDAC3 with a neurodevelopmental disorder having variable

clinical presentations, frequently associated with intellectual disability, developmental delay, epilepsy, and musculoskeletal abnor-

malities. In a cohort of six individuals, we identified missense variants in HDAC3 (c.277G>A [p.Asp93Asn], c.328G>A

[p.Ala110Thr], c.601C>T [p.Pro201Ser], c. 797T>C [p.Leu266Ser], c.799G>A [p.Gly267Ser], and c.1075C>T [p.Arg359Cys]), all

located in evolutionarily conserved sites and confirmed as de novo. Experimental studies identified defective deacetylation activity

in the p.Asp93Asn, p.Pro201Ser, p.Leu266Ser, and p.Gly267Ser variants, positioned near the enzymatic pocket. In addition, prote-

omic analysis employing co-immunoprecipitation revealed that the disrupted interactions with molecules involved in the CoREST

and NCoR complexes, particularly in the p.Ala110Thr variant, consist of a central pathogenic mechanism. Moreover, immunoflu-

orescence analysis showed diminished nuclear to cytoplasmic fluorescence ratio in the p.Ala110Thr, p.Gly267Ser, and p.Arg359Cys

variants, indicating impaired nuclear localization. Taken together, our study highlights that de novo missense variants in HDAC3 are

associated with a broad spectrum of neurodevelopmental disorders, which emphasizes the complex role of HDAC3 in histone de-

acetylase activity, multi-protein complex interactions, and nuclear localization for proper physiological functions. These insights

open new avenues for understanding the molecular mechanisms of HDAC3-related disorders and may inform future therapeutic

strategies.
Introduction

Epigenetic control of gene expression plays a pivotal role

in numerous developmental processes. Among the major

epigenetic modifications, histone acetylation is critical,

regulated by two classes of proteins: histone acetyltrans-

ferases (HATs) and histone deacetylases (HDACs).1,2

HDACs remove acetyl groups from lysine (K) residues on

histones (H) and are thereby often associated with

inducing a closed chromatin structure and transcriptional

repression.3–5 The deacetylation of histones H3K9 and

H3K27 is particularly important, as these lysine residues
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can be methylated, facilitating chromatin compaction

and gene silencing.6–8

There are 18 mammalian HDACs classified into four

classes (I, II, III, and IV).9 HDAC1, HDAC2, HDAC3,

and HDAC8 are class I HDACs, primarily nuclear en-

zymes with strong HDAC activity. These HDACs are

often found in multi-protein complexes including the

nuclear receptor co-repressor (NCoR) complex, co-

repressor of repressor element 1 silencing transcription

factor (CoREST) complex, and nucleosome remodeling

and deacetylase (NuRD) complex.10 Notably, either

NCoR1 or NCoR2 (also known as silencing mediator of
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retinoic acid and thyroid hormone receptor [SMRT]) is

essential for HDAC activity.11–13 HDACs also interact

with lysine-specific histone demethylase 1 (KDM1A;

also known as LSD1), which is found in the CoREST com-

plex. KDM1A is responsible for demethylating H3K4 and

potentially H3K9 through REST corepressor 1/2 (RCOR1/

2).14–16 HDACs also work cooperatively with chromatin

remodelers, such as chromodomain helicase DNA bind-

ing proteins (CHD3, CHD4, and CHD5), by forming

the NuRD complex.17

HDAC3, widely present in the cell nucleus and cyto-

plasm, is recognized as a crucial regulator of numerous

developmental and physiological functions.18 Global

deletion of Hdac3 in mice has resulted in embryonic

lethality,19,20 suggesting that other HDACs cannot

compensate for the loss of Hdac3 in early development.

The conditional depletion of Hdac3 in mouse models

has revealed profound impacts on metabolic and develop-

mental functions in various tissues and organs, including

the cerebral cortex and cerebellum,21–23 heart,20,24

liver,25,26 lung,27 skeletal bone and muscles,28,29 brown

adipose tissue,30 and uterus.31 Particularly, the absence

of Hdac3 in the forebrain and Purkinje neurons of the cer-

ebellum has revealed a disrupted organization of neuronal

and glial cell types in both the cortex and cerebellum,

highlighting its essential role in regulating both neuronal

and glial cell development.21 It is not only the deacetyla-

tion activity that is critical; the interaction with

multi-protein complexes also plays a vital role in brain

functions. For instance, NCoR complexes, comprising

NCoR1 or NCoR2, are essential in regulating GABA

signaling, thereby influencing memory and learning.32

Furthermore, HDAC3 has been implicated in Rett-like

phenotypes through its interaction with methyl CpG

binding protein 2 (MECP2). This interaction between

MECP2 and HDAC3 contributes to the activation of fork-

head box protein O3 (FOXO3), which in turn positively

regulates a specific subset of neuronal genes playing

crucial roles in cognition, sociability, and locomotor

coordination.18,22

To date, several genes in the epigenetic machinery

have been associated with Mendelian disorders, collec-

tively termed chromatinopathies.33 Among HDACs,

HDAC4 (MIM: 605314) and HDAC8 (MIM: 300269)

have been identified as contributors to neurodevelop-

mental disorder with central hypotonia and dysmorphic

facies (MIM: 619797) and Cornelia de Lange syndrome 5

(MIM: 300882), respectively.34,35 While previous studies

have robustly supported the association between

abnormal brain development and Hdac3 defects in

mice, and although one individual has been reported,32

further evidence is needed to establish a clear gene-dis-

ease association and genotype-phenotype relationships

in humans. To address this, we describe the phenotypes

of six individuals with heterozygous de novo variants in

HDAC3 (MIM: 605166) and characterize the functional

impacts of these missense variants on HDAC activity, in-
The American
teractions with multi-protein complexes, and nuclear

localization.
Subjects and methods

Subjects
Two individuals (individuals 1 and 2, see Table S1) were enrolled

from the Rare Disease Center of Seoul National University Hospital

(SNUH) cohort, Seoul, Republic of Korea.36 Three other individ-

uals (individuals 3, 4, and 5) were ascertained from the Decipher-

ing Developmental Disorders (DDD) study,37 while individual 6

was enrolled in the Boston Children’s Hospital (BCH) Rare Disease

Cohorts Initiative.38 Appropriate informed consent was obtained

from individuals in the SNUH, BCH, and DDD cohorts, including

for the publication of all photographic material, if applicable. The

study received approval from the Institutional Review Boards of

the participating institutions (IRB no. SNUH 1406-081-588, BCH

X10-04-0197) in compliance with the Declaration of Helsinki.

Sequencing analysis
Blood samples were collected from trios (proband and parents),

and genomic DNA was subjected to Illumina short-read

sequencing. Detailed methods for exome sequencing have been

previously documented.39 Sequenced reads were aligned to the

human reference genome hg38 and processed using the Exome

Germline Single Sample pipeline (version 3.0.4), as provided by

the WDL Analysis Research Pipelines (WARP; Broad Institute,

MA, USA). Detected de novo variants in HDAC3 were subsequently

validated through Sanger sequencing (Figure S1) with PCR exper-

iments using the target-specific primers (Table S2).

Protein modeling
The protein structure of the NCoR2 DAD domain-HDAC3 com-

plex was retrieved from the Protein DataBank (PDB: 4A69).40 Sub-

sequent structural adjustment and three-dimensional visualiza-

tion were performed using PyMOL (v.2.5.5; PyMOL Molecular

Graphics System, Schrödinger Inc., New York, NY, USA).

Mutagenesis of HDAC3 variants
To generate HDAC3 variants, we performed PCR with mutagenic

primers (Macrogen, Seoul, Korea; Table S2) using nPfu-Forte poly-

merase (Enzynomics, Daejeon, Korea). After the PCR reaction, PCR

products were digested with DpnI restriction enzyme (Enzynom-

ics, Daejeon, Korea) and incubated at 37�C for 1 h to remove the

template DNA. The variant clones were then transformed into

DH5a competent cells and were confirmed by Sanger sequencing

(Figure S2B).

Purification of proteins using baculovirus expression

system
To purify the complexes of the human NCoR1 DAD domain and

HDAC3, 6 3 His-tagged NCoR1 DAD domain and FLAG-tagged

HDAC3 were cloned into the baculovirus expression vector, pFast-

Bac1 (Invitrogen, Cat. 10-360-014). The NCoR1 DAD domain,

HDAC3 wild type (WT), or variants were co-expressed in Sf9 cells

(Life Technologies, Cat. 11496-015) through baculovirus infection

(Figure S2C). After 64 h of infection, Sf9 cells were harvested in

BC350 buffer (20 mM HEPES-NaCl at pH 7.8, 350 mM NaCl,

10% glycerol, 0.1% NP-40, and 1 mM EDTA) with protease inhib-

itors (1 mM phenylmethylsulfonyl fluoride [PMSF], 0.1 mM
Journal of Human Genetics 111, 1588–1604, August 8, 2024 1589



Benzamidine hydrochloride, 1.25 mg/mL Leupeptin, and

0.625 mg/mL Pepstatin A) and phosphatase inhibitors (20 mM

NaF, 1 mM Na3VO4). Cells were lysed by sonication, and the

WT or variant recombinants were purified by Ni-NTA Agarose

(QIAGEN) and Anti-FLAG M2 Affinity Gel (Sigma). The NCoR1

DAD domain (Clone ID: KU017294) and HDAC3 plasmids (Clone

ID: hMU006316) were provided by the Korea Human Gene Bank

(Medical Genomics Research Center, KRIBB, Korea).

HDAC assay
HDAC assays were performed with HDAC buffer (10 mM Tris-HCl

at pH 8.0, 150 mMNaCl, and 10% glycerol), recombinant H3K27-

acetylated mononucleosomes or recombinant H3K4,9,14,18-/

H4K5,8,12,16-acetylated mononucleosomes (EpiCypher), and re-

combinant human NCoR1 DAD domain-HDAC3 complexes.

The reaction proceeded for 60 min at 30�C and stopped with the

addition of 4 mL of sample buffer (50 mM Tris-HCl at pH 6.8, 2%

sodium dodecyl sulfate [SDS], 6% glycerol, 0.004% bromophenol

blue, and 5% b-mercaptoethanol). HDAC activities were measured

with H3K27ac, H3ac, and H4ac antibodies (Table S3).

Cell culture, lentiviral production and transduction, and

lysate preparation
Human embryonic kidney (HEK) 293T cells (Cat. CRL-3216) were

obtained from the American Type Culture Collection (ATCC,

USA). HEK293T cells were maintained in Dulbecco’s modified Ea-

gle’s medium (DMEM; Biowest) supplemented with 5% (v/v) fetal

bovine serum (FBS) and 13 Antibiotic-Antimycotic (Gibco) in a

humidified atmosphere of 5% CO2 at 37
�C. HDAC3WTor variant

plasmids were subcloned into the pLV-EF1a-IRES-Puro vector

(Addgene, Cat. 85132) for lentiviral production. Lentiviral vectors

containingHDAC3WTor variants at a concentration of 10 mg each

were co-transfected with 2.5 mg of pcREV, 3 mg of BH10, and 5 mg of

vesicular stomatitis virus G (VSVG) packaging vector into

HEK293T cells. The viral supernatant was harvested 48 h after

transfection and used to infect target cells, which were plated in

6-well plates. Infected cells were selected with 2 mg/ml puromycin

for 5 days, and the medium containing puromycin was refreshed

daily. To prepare cell lysates, 8.8 3 106 cells were washed with

ice-cold phosphate-buffered saline (PBS) and subsequently lysed

using RIPA buffer (50 mM Tris-HCl at pH 8.0, 400 mM NaCl, 1%

NP-40, 0.5% sodium deoxycholate, and 0.1% SDS) along with pro-

tease inhibitors, as well as phosphatase inhibitors. The cells were

subjected to sonication for lysis and subsequently clarified by

centrifugation at 13,000 rpm at 4�C for 20 min. The total protein

concentration was measured by Pierce BCA Assay Kit (Thermo

Fisher Scientific).

Western blotting
Cell lysates were prepared by quantifying and normalizing protein

concentrations, followed by denaturation of 10–15 mg of total pro-

tein in sample buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 6% glyc-

erol, 0.004% bromophenol blue, and 5% b-mercaptoethanol) at

95�C for 5 min. The samples were then resolved by SDS-PAGE,

running initially at 100 V for 15 min and subsequently at 120 V

for 75 min. Proteins were transferred onto polyvinylidene fluoride

(PVDF) membranes (Merck Millipore), which were subsequently

blocked with 5% skim milk in TBS containing 0.1% Tween 20

(TBS-T) at room temperature (RT) for 1 h. The membranes were

incubated overnight at 4�C with the primary antibodies.

Following primary incubation, membranes were rinsed three
1590 The American Journal of Human Genetics 111, 1588–1604, Aug
times for 10 min each with TBS-T at RT. Next, the membranes

were probed with horseradish peroxidase (HRP)-conjugated sec-

ondary antibodies at RT for 1 h. After secondary antibody incuba-

tion, the membranes underwent three additional 5-min washes

with TBS-T. Detection was performed using an enhanced chemilu-

minescent substrate (Thermo Fisher Scientific). The antibodies uti-

lized are specified in Table S3.
Co-immunoprecipitation (Co-IP)
A total of 1.5 mg of cell lysate was prepared with BC150 buffer

composed of 20 mM HEPES-NaCl, pH 7.8, 150 mM NaCl, 10%

glycerol, 0.1% NP-40, and 1 mM EDTA, supplemented with prote-

ase inhibitors and phosphatase inhibitors. The lysate was then

incubated with 50 mL of Anti-FLAG M2 Affinity Gel (Sigma) at

4�C for 3 h. After incubation, the gel was washed three times

with BC150 buffer at 4�C for 10 min per wash. Following the final

wash, the complexes were eluted using 0.2 mg/ml 3 3 FLAG pep-

tide at 4�C for 1 h. The eluted proteins were resolved on SDS-PAGE

gels, which were subsequently either silver stained or electro-

transferred onto 0.45 mm PVDF membranes (Merck Millipore) for

western blot analysis.
Silver staining
The SDS-PAGE gel was fixed using a fixative solution containing

methanol. The gel was immersed in this solution at RT for

20min; the procedure was repeated twice and subsequently rinsed

twice with distilled water for 10 min each. The gel was then

stained with a solution containing NaOH, ammonium hydroxide,

and silver nitrate (Chemicals Duksan, Incheon, Korea) at RT for

15 min. Following the staining, the gel was rinsed twice with

distilled water and developed in a solution of citric acid and form-

aldehyde at RT for a duration ranging from 2 to 20min, depending

on the desired intensity of staining.
Mass-spectrometry (MS) analysis
Proteomic analysis was performed through an optimized protocol

integrating filter-aided sample preparation and StageTip desalting,

as previously established.41 Protein samples were initially dena-

tured using a buffer containing 2% SDS, 50 mM chloroacetamide,

and 10 mM tris(2-carboxyethyl)phosphine hydrochloride in a

0.1 M Tris-HCl solution (pH 8.5). The mixture underwent reduc-

tion and alkylation processes at 95�C for 15 min. Digestion was

facilitated overnight at 37�C with a trypsin/Lys-C mix at a 1:100

protease-to-protein mass ratio. Post-digestion, peptides were acid-

ified with 10% trifluoroacetic acid and purified using StageTip col-

umns, with styrene-divinylbenzene-reverse phase sulfonate as the

adsorbent.

The peptides were then separated and analyzed on a Q-Exactive

HF-X mass spectrometer (Thermo Fisher Scientific, Waltham, MA,

USA) coupled with an Ultimate 3000 RSLCnano system (Dionex,

Sunnyvale, CA, USA).42 A comprehensive dual-column setup,

comprising a C18 trapping column and an EASY-Spray C18 analyt-

ical column, was utilized for peptide separation. A 120-min

gradient, ranging from 5% to 40% acetonitrile, was employed at

a 300 nL/min flow rate. MS detection was operated in positive

ion mode, performing an initial full scan across an m/z range of

300 to 1,800 at 60,000 resolutions, followed by MS/MS scans at

15,000 resolutions for the top 15 precursor ions, selected within

a 1.6 m/z isolation window and fragmented with a normalized

collision energy of 30%.
ust 8, 2024



Data processing was conducted usingMaxQuant (v.2.2.0.0; Max

Planck Institute of Biochemistry, Munich, Germany),43 with

MS/MS spectra matched against the Human UniProtKB/Swiss-

Prot database (June 2023 release; Homo sapiens, 20,423 entries)

complemented by four HDAC3 variant proteins and common

contaminants. A 6-ppm tolerance was applied to the precursor

ion, with 20 ppm for MS/MS ions. Fixed and variable modifica-

tions included carbamidomethylation of cysteine and, respec-

tively, N-terminal acetylation and methionine oxidation. A strin-

gent 1% false discovery rate was maintained for all peptide and

protein identifications. Label-free quantification leveraged the

intensity-based absolute quantification (iBAQ) algorithm,44 facili-

tating robust absolute quantification within theMaxQuant frame-

work (Table S4).

Immunofluorescence staining
HEK293T cells were seeded onto Cell Culture Slide I (SPL,

Gyeonggi-do, Korea). The cells were fixed with 4% paraformalde-

hyde (v/v) for 30 min and then permeabilized with 0.1% Triton

X-100 for 20min. Nonspecific antibody binding sites were blocked

by incubation with 1% bovine serum albumin in PBS for 20 min.

The cells were then incubated overnight at 4�C with a primary

antibody specific to FLAGM2, followed by washingwith PBS three

times. An anti-mouse IgG-Alexa Fluor 488 secondary antibody was

added to the cells and incubated for 2 h at RT. Cell culture slides

were then washed and mounted by applying Antifade Mounting

Medium (Vectashield). Fluorescence images were acquired using

a confocal laser-scanning microscope and software (FV31S-SW

v.2.3), with a 603 objective (Olympus FV3000, Tokyo, Japan).

4’,6-diamidino-2-phenylindole (DAPI) staining was performed

for nuclear staining.

Statistical analysis
Our analysis employed two-sample t tests to compare protein

interaction alterations between HDAC3 WT and variant proteins.

Significance was assigned to proteins displaying a minimum fold

change (FC) of 1.5 coupled with a p value less than 0.05. We uti-

lized Perseus software (v.2.0.11) for the statistical analysis of the

MS data.45 To discern potential interaction partners, we processed

the iBAQ intensities through a log2 transformation. Proteins were

considered for further analysis if they exhibited at least two-thirds

valid data points within each experimental condition. We ad-

dressed missing values using the deterministic minimal value

(MinDet) imputation method,46 which aids in mitigating the

bias that can arise from non-random data absence. ImageJ

(v.1.54) was used for the quantification of western blot and anal-

ysis of immunofluorescent images. Statistical analysis was per-

formed using GraphPad Prism (v.9.5.0).
Results

Clinical presentations in individuals with HDAC3 variants

We first identified two unrelated females with de novo var-

iants inHDAC3 (GenBank: NM_003883.4) whowere previ-

ously undiagnosed by exome sequencing and presented

with neurodevelopmental problems with additional syn-

dromic features among 2,510 individuals enrolled in the

rare disease cohort.36 The identified variants, c.328G>A

(p.Ala110Thr) and c.1075C>T (p.Arg359Cys), were

validated through Sanger sequencing as depicted in
The American
Figure S1. Further analysis of publicly available databases

revealed three additional heterozygous de novo HDAC3 var-

iants, c.277G>A (p.Asp93Asn), c.797T>C (p.Leu266Ser),

and c.799G>A (p.Gly267Ser), among 13,451 individuals

enrolled in the DDD cohort.37 We also found a proband

with c.601C>T (p.Pro201Ser) variant in an epilepsy cohort

comprising 522 individuals.38 Consequently, six different

missense variants were found, as outlined in Table 1; all

variants occurred as de novo, were predicted to be function-

ally deleterious bymultiple in silico tools (Table S1), and are

located at evolutionarily conserved sites in vertebrates

(Figure 1A), thus classified as likely pathogenic variants ac-

cording to the American College of Medical Genetics

and Genomics (ACMG) and the Association for Molecular

Pathology (AMP) criteria.47

Individual 1, who harbors the p.Ala110Thr variant, has

two older sisters with no reported developmental prob-

lems. She exhibited various syndromic features, including

facial dysmorphism, profound primary microcephaly

(Z score �7.0), microphthalmia, sensorineural hearing

loss, and short stature. She also underwent cardiac surgery

for an atrial septal defect. X-ray imaging revealed several

skeletal anomalies, including early epiphyseal fusion of

the middle phalanx of the fifth finger and scoliosis

(Figure 1B, upper). Her growth was severely retarded, and

she experienced generalized seizures; electroencephalo-

gram (EEG) findings showed a few spikes or spike-and-

wave discharges in the left frontal lobe. Moreover, she ex-

hibited severe intellectual disability and autistic behaviors,

including hand stereotypy, while no anatomical abnor-

malities were detected in brain magnetic resonance imag-

ing (MRI) findings. Individual 2, with the p.Arg359Cys

variant, was born as the third baby. The first and second

children, who are dizygotic twins, had no medical issues.

In contrast, she received neonatal intensive care after birth

for more than a month due to laryngomalacia and feeding

difficulties. This individual exhibited facial dysmorphism

with broad thumbs and fingers; a small, retracted chin;

low-set ears; and hypertrichosis (Figure 1B, lower).

Rubinstein-Taybi syndrome (MIM: 180849) was clinically

suspected, but the sequencing of CREBBP (MIM: 600140)

and EP300 (MIM: 602700) failed to detect causative vari-

ants. She exhibited primary microcephaly (Z score �5.1),

global developmental delay, short stature, and failure to

thrive. Furthermore, congenital hydronephrosis and limb

anomalies were observed, including complete syndactyly

on the fourth web of the left hand, partial syndactyly on

the third web of both hands, polysyndactyly on the left

fifth toe, and bilateral triangular shape of the proximal

phalanx on the toe. Brain MRI findings revealed no struc-

tural anomalies.

Similarly, individual 3, harboring the p.Asp93Asn

variant, initially presented at 16 months of age with de-

layed speech and language development, delayed motor

development, and phimosis. Over the following years,

this individual additionally showed a moderate intellec-

tual disability, autistic features, and epilepsy. A brain MRI
Journal of Human Genetics 111, 1588–1604, August 8, 2024 1591



Table 1. Clinical findings in individuals with heterozygous de novo HDAC3 variants

Proband Individual 1 Individual 2 Individual 3 Individual 4 Individual 5 Individual 6

mRNA (GenBank: NM_003883.4) c.328G>A c.1075C>T c.277G>A c.797T>C c.799G>A c.601C>T

Protein (GenBank: NP_003874.2) p.Ala110Thr p.Arg359Cys p.Asp93Asn p.Leu266Ser p.Gly267Ser p.Pro201Ser

Ancestry Asian Asian European European European European

Sex female female male female male male

Age at last evaluation 25 years 5 years 6 years 12 years 15 years 12 years

Gestational age at delivery full-term, cesarean delivery 36 weeks,
vaginal
delivery

40 weeks, vaginal delivery not available 35 weeks, vaginal delivery
(dizygotic twin)

full-term, vaginal delivery

Birth weight 1.98 kg 2.10 kg 3.30 kg not available 2.04 kg 4.17 kg

Intellectual disability severe severe moderate mild moderate no

Neurodevelopmental delay yes yes yes yes yes no

Musculoskeletal abnormalities scoliosis, varus of the
proximal tibia, hand
joint deformity

polydactyly,
syndactyly

no joint hypermobility hand joint deformity neonatal torticollis

Seizure yes no yes no no yes

Facial dysmorphism yes yes no no yes no

Brain MRI findings no specific findings no specific
findings

subcortical heterotopia focus of nodular
heterotopia

mildly dilated vestibular ducts no specific findings

Genitourinary anomaly no congenital
hydronephrosis

phimosis no congenital unilateral right
hydronephrosis with
vesicoureteral reflux

no

Microcephaly yes yes no no no no

Hearing impairment sensorineural type no no no mixed type no

Failure to thrive yes yes no no no no

Congenital heart disease yes yes no no no no

Autistic behavior yes no yes no no no

Other findings microtia – – subcutaneous scalp
arteriovenous
malformation

type 1 diabetes, chronic acral warts –
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Figure 1. Locus conservation, phenotypic characteristics, and three-dimensional location on the protein structure of HDAC3 variants
(A) Genomic locations of identified variants. All variants are missense and situated in highly conserved regions across vertebrate species.
The blue bar indicates the presence of the nuclear localization signal (NLS) domain.
(B) Phenotypic characteristics of individuals 1 and 2 carrying the p.Ala110Thr and p.Arg359Cys variants, respectively. Both females ex-
hibited facial dysmorphism, profoundmicrocephaly with no abnormal brainMRI findings, and skeletal abnormalities such as joint stiff-
ness, scoliosis, or polysyndactyly (yellow triangle).
(C) Three-dimensional structure of the bound form of NCoR2 DAD domain-HDAC3 complex and variant locations on HDAC3 protein
(modified from PDB: 4A69). This panel shows the three-dimensional positioning of HDAC3 variants on the protein structure, high-
lighting the responsible amino acid residues in magenta.
study revealed subcortical heterotopia, with otherwise

normal findings. Compared to the previous individuals, in-

dividual 4, possessing the p.Leu266Ser variant, exhibited

relatively milder phenotypes, although the brain MRI

also indicated nodular heterotopia. She exhibited mild in-

tellectual disability, subcutaneous scalp arteriovenous mal-

formation, and joint hypermobility. Individual 5, with the
The American
p.Gly267Ser variant, is a 15-year-old male and a fraternal

twin, with his twin sibling being unaffected. He has pre-

sented multiple syndromic clinical features, including

facial dysmorphism and mixed-type hearing loss, and he

recently developed type 1 diabetes. He also exhibited renal

pelviectasis both antenatally and postnatally and had uni-

lateral hydronephrosis associated with vesicoureteral
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Table 2. Summary of clinical features in this cohort

Clinical findings (HPO identifier) Frequency %

Ancestry 2 Asian, 4 European –

Sex 3 male, 3 female –

De novo inheritance (HP:0025352) 6/6 100.0

Intellectual disability (HP:0001249) 5/6 83.3

Neurodevelopmental delay (HP:0012758) 5/6 83.3

Abnormality of the musculoskeletal system (HP:0033127) 4/6 66.7

Seizure (HP:0001250) 3/6 50.0

Abnormal facial shape (HP:0001999) 3/6 50.0

Brain imaging abnormality (HP:0410263) 3/6 50.0

Abnormality of the genitourinary system (HP:0000119) 3/6 50.0

Microcephaly (HP:0000252) 2/6 33.3

Hearing impairment (HP:0000365) 2/6 33.3

Failure to thrive (HP:0001508) 2/6 33.3

Abnormal heart morphology (HP:0001627) 2/6 33.3

Autistic behavior (HP:0000729) 2/6 33.3

Abnormality of the endocrine system (HP:0000818) 1/6 16.7

Abbreviation: HPO, human phenotype ontology.
reflux, evolving into an atrophic non-functioning kidney.

His brain MRIs revealed mildly dilated vestibular ducts.

Lastly, individual 6 with the p.Pro201Ser variant exhibited

mild or no notable abnormalities in developmental prog-

ress. He reported no perinatal issues except for neonatal

torticollis. He is currently a 12-year-old boy with normal

intelligence but has experienced two unprovoked seizures,

one of which was noticed at the age of two. EEG moni-

toring has shown generalized spikes, indicating high-risk

recurrent seizures.

Overall, the clinical presentations of individuals with de

novo HDAC3 variants vary, and they were frequently

associated with a wide range of neurodevelopmental con-

ditions (Table 2). Intellectual disability and neurodevelop-

mental delay were the most common conditions (83.3%),

followed by musculoskeletal abnormalities (66.7%). Addi-

tionally, seizure, facial dysmorphism, abnormalities of

the genitourinary system, and brain imaging abnormal-

ities were observed in half of this cohort. Other associated

phenotypes include microcephaly, hearing impairments,

congenital heart disease, and autistic behavior, each

observed in two individuals. Furthermore, an endocrino-

logical issue, such as type 2 diabetes, was noted in a

single individual, indicating the systemic involvement of

HDAC3-related disorders.

Changes in the HDAC activities

Next, we reviewed the published structure of the NCoR2

DAD-HDAC3 complex (PDB: 4A69) to determine the loca-

tion of each variant (Figure 1C).40 This enabled us to cate-

gorize the variants based on their proximity to the catalytic
1594 The American Journal of Human Genetics 111, 1588–1604, Aug
pocket (His134 and His135) of HDAC3. The residues

Asp93, Pro201, Leu266, and Gly267 were found near the

catalytic pocket, whereas the residues Ala110 and Arg359

were positioned distant from the catalytic center.

Following this classification, we investigated the impact

of HDAC3 variants on HDAC activity in the cellular

context by over-expressing either HDAC3 WT or four

selected variants (p.Ala110Thr, p.Leu266Ser, p.Gly267Ser,

and p.Arg359Cys) in HEK293T cells using lentivirus

expression system (Figure 2A). Through the expression sys-

tem, we noted that the protein accumulation of HDAC3

WT and its variant forms were comparable. Additionally,

there were no significant alterations in the accumulation

of NCoR1 and NCoR2, which are crucial proteins interact-

ing with HDAC3 and necessary for its activity, across the

samples. The p.Leu266Ser and p.Gly267Ser variants,

which are located near the catalytic pocket, exhibited

higher levels of acetylated histones (H3K9ac, H3K27ac,

and H3ac) compared to the WT counterparts (Figure 2B).

These findings suggest that the missense variants close to

locating the catalytic pocket substantially impair HDAC

activity. In contrast, the p.Ala110Thr and p.Arg359Cys var-

iants did not exhibit noticeable defects in overall HDAC

activities.

To further validate whether theHDAC3 variants directly

influence HDAC activity, we purified WT and variant

HDAC3 proteins in combination with the NCoR1 DAD

domain, which is the minimal requirement for optimal

HDAC activity, using a baculovirus expression sys-

tem.12,13 Although the interaction with the full-length

NCoR1 may have defects in the cell (see proteomic
ust 8, 2024



Figure 2. HDAC3 variants near catalytic sites display deficient HDAC activity
(A) Western blot analyses were conducted on HEK293T cells transduced with either empty vector (EV), FLAG-tagged wild-type (WT)
HDAC3, or selected HDAC3 variants (p.Ala110Thr, p.Gly267Ser, p.Leu266Ser, and p.Arg359Cys) using a lentiviral expression system.
The detection of HDAC3; FLAG-HDAC3; acetylated histones H3K9, H3K27, andH3; total H3; NCoR1; NCoR2; andGAPDH (loading con-
trol) was visualized. Notably, increased acetylation levels of H3K9, H3K27, and H3 were observed in p.Gly267Ser and p.Leu266Ser var-
iants (red dashed rectangle), indicating a defective deacetylation function.
(B) Quantitative analysis of acetylation levels at histone sites H3K9, H3K27, and H3 from (A). The p.Gly267Ser and p.Leu266Ser variants
show increased acetylation levels compared to the WT at H3K9, H3K27, and H3, indicating impaired histone deacetylation function.
**p < 0.01, ***p < 0.001, ****p < 0.0001, n ¼ 3/data point. Data are plotted as mean 5 SD.
(C) HDAC assays were performed using H3K27ac-mononucleosomes or H3/H4Kac-mononucleosomes as substrates at various concen-
trations (0, 60, 120 nM) in conjunction with 100 nM of acetylated mononucleosomes. The deacetylation activities of complexes
comprising either the NCoR1 DAD domain-HDAC3 WT or variant forms were measured for histone H3K27ac, H3ac, and H4ac in trip-
licate (n ¼ 3/data point). The results are plotted as mean5 SD. The p.Gly267Ser and p.Leu266Ser variants do not result in histone acet-
ylation levels, indicating defective HDAC activity. In contrast, the p.Ala110Thr and p.Arg359Cys variants retain deacetylation activities
comparable to the WT form.
analysis using Co-IP), the HDAC3 variants did not exhibit

any defects in their interaction with the NCoR1 DAD

domain (Figure S2). Subsequently, we performed HDAC

assays in triplicate using either mono-nucleosomes acety-

lated at H3K27 or mono-nucleosomes with acetylation on

H3 and H4 (Figures 2C, S3, and S4). Consistent with

the findings from the cellular experiments, the combina-

tion of the NCoR1 DAD domain with variants near cata-

lytic sites (p.Asp93Asn, p.Pro201Ser, p.Leu266Ser, and

p.Gly267Ser) displayed a notable impairment in HDAC

activity. Similarly, when the NCoR1 DAD domain was

paired with either p.Ala110Thr or p.Arg359Cys, no de-

fects in HDAC activity were observed. Taken together,

HDAC3 variants near catalytic sites (p.Asp93Asn,

p.Pro201Ser, p.Leu266Ser, and p.Gly267Ser) exhibited
The American
significantly dampened HDAC activity, while p.Ala110

Thr and p.Arg359Cys variants did not.

Proteomic analysis using Co-IP

To further delineate the underlying mechanism for the

HDAC3 variants with retained HDAC activity, specifically

for p.Ala110Thr and p.Arg359Cys, we explored potential

changes in protein-protein interactions using Co-IP. Prote-

omic analysis was conducted on co-immunoprecipitated

samples from HEK293T cells expressing HDAC3 WT and

the four selected variants (p.Ala110Thr, p.Leu266Ser,

p.Gly267Ser, and p.Arg359Cys). We normalized protein

abundance to WT levels by using FC and iBAQ as a quan-

titative measurement (Table S4). Volcano plot analysis

(Figure 3A) of HDAC3 variants revealed decreased
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Figure 3. Proteomic analysis using co-immunoprecipitation reveals reduced interactions between HDAC3 variants and the subunits
of NCoR and CoREST complexes
(A) Volcano plots of protein interaction profiles for four selected HDAC3 variants (p.Ala110Thr, p.Gly267Ser, p.Leu266Ser, and
p.Arg359Cys) compared to HDAC3 wild-type (WT) in HEK293T cells. The plots highlight important proteins involved in the NCoR
and CoREST complexes or the proteasome pathway, with the x axis representing the log2 fold change (FC) and the y axis showing
the �log10 p value (measured in triplicate for each data point).
(B) Schematic presentation of the NCoR and CoREST complexes, with the position of HDAC3 and its interacting subunits within each
complex.
(C) A heatmap summarizes the log2 FC in protein interactions for HDAC3 variants relative to WT. Each column represents a distinct
protein, as highlighted in (A), and each row corresponds to the four tested HDAC3 variants. Blue shades denote decreased, and red
shades indicate increased interaction strength. The data show decreased interactions with subunits of the NCoR and CoREST complexes
and contrasted with an increased interaction tendency with subunits of the proteasome pathway, illustrating variant-specific effects on
HDAC3 function and complex integrity.
(D) Bar graphs display quantified protein levels using the intensity-based absolute quantification (iBAQ) method for three major pro-
teins: NCoR1, NCoR2, and KDM1A. The data reveal a consistent reduction in association with the HDAC3 variants for these proteins.
*p < 0.05, **p < 0.01, ****p < 0.0001. Data are plotted as mean 5 SD (n ¼ 3/data point).
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Figure 4. Impaired interactions of HDAC3 variants with NCoR1/2 and KDM1A
(A) Silver-stained SDS-PAGE analysis demonstrating the protein complexes co-immunoprecipitated (IP) with FLAG-tagged HDAC3 from
HEK293T cells. Tested conditions include an empty vector (EV), wild type (WT), and HDAC3 variants (p.Ala110Thr, p.Gly267Ser,
p.Leu266Ser, and p.Arg359Cys). The band intensities corresponding to the NCoR complex (indicated by red arrow) and KDM1A (indi-
cated by blue arrow) are reduced in the variant forms. Specifically, the p.Ala110Thr shows a remarkable decrease in NCoR complex band
intensity (red rectangle), and all variants exhibit diminished KDM1A bands (blue rectangle).
(B) Western blot analyses confirm the differential co-immunoprecipitation of NCoR1, NCoR2, and KDM1Awith HDAC3 variants, using
an anti-FLAG antibody for immunoprecipitation. FLAG-tagged HDAC3 and GAPDH serve as a reference for protein levels and loading
control, respectively.
(C) Quantification of co-immunoprecipitated NCoR1, NCoR2, and KDM1A, normalized to the WT HDAC3 levels, based on theWestern
blot data in (B). This panel quantitatively depicts the significant interaction deficits in the p.Ala110Thr and p.Arg359Cys variants with
NCoR1, NCoR2, and KDM1A, despite these variants retaining deacetylase activity comparable to WT. *p < 0.05, **p < 0.01,
****p < 0.0001. Data are plotted as mean 5 SD (n ¼ 3/data point).
protein interactions (highlighted in blue) with NCoR1/2,

TBL1X/Y, GPS2, KDM1A, RCOR1/3, and GSE1, which

are associated with the NCoR and CoREST complexes

(Figure 3B).10 Conversely, proteins such as PSMA7/8,

PSMC1, and PSMD14, involved in proteasome degradation

pathways, exhibited increased interaction with HDAC3

variants (highlighted in red). Overall, the heatmap presen-

tations of interactome changes show decreased protein in-

teractions with molecules participating in the NCoR and

CoREST complexes and decreased protein interactions

with molecules involved in proteasome degradation path-

ways (Figure 3C). Notably, a universal disruption with

KDM1A interaction was observed across all HDAC3 vari-

ants, implicating a critical role of the CoREST complex

integrity in the disease mechanism. Furthermore, attenua-

tion of the NCoR complex association was significant in

the p.Ala110Thr, p.Leu266Ser, and p.Gly267Ser variants.

In contrast, common upregulation of the proteasome

pathways suggested that the HDAC3 variants may be

more susceptible to proteasome-mediated degradation

due to their impaired interactions with key multi-protein

complexes. Remarkably, quantified protein levels in iBAQ

intensity showed a substantial decrease in NCoR1/2 and

KDM1A (Figure 3D), which further corroborated previous

results. Moreover, pathway enrichment analysis focused

on consistently reduced or increased protein interactions
The American
revealed several interesting Gene Ontology (GO) terms

(Figure S5). Specifically, there was a significant reduction

in interactions with proteins involved in histone deacety-

lation (GO: 0016575) and glial cell differentiation (GO:

0010001), while interactions with ATP-dependent protein

folding chaperones were significantly increased (GO:

0140662).

To validate these proteomic findings, we employed silver

staining and western blot analyses. Immunoprecipitation

assays in HEK293T cells expressing either HDAC3 WT or

variants delineated distinct protein interaction profiles

visualized by silver staining (Figures 4A and S4). In partic-

ular, the p.Ala110Thr variant displayed a diminished band

correlating with the NCoR complex interaction, and a uni-

versally reduced interaction with KDM1A was evident

across all variants. Western blot analysis (Figures 4B, 4C,

and S4) further substantiated the significant disruption of

the p.Ala110Thr variant’s interactions with full-length

NCoR1 and NCoR2. In addition, the p.Leu266Ser variant

presented more severe impairments than the p.Gly267Ser

variant with these proteins, consistent with our proteomic

analysis (Figure 3D). Furthermore, all HDAC3 variants

showed diminished interactions with KDM1A. Collec-

tively, our experiments demonstrate that HDAC3 variants

perturb interactions with the CoREST and NCoR com-

plexes, particularly involving KDM1A and NCoR1/2,
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Figure 5. Differential nuclear localization of HDAC3 variants in HEK293T cells
(A) Immunofluorescence analysis of HEK293T cells transduced with wild-type (WT) or HDAC3 variants (p.Ala110Thr, p.Gly267Ser,
p.Leu266Ser, and p.Arg359Cys). Cells were stained with an anti-FLAG antibody to visualize HDAC3 or its variants (green) and with
DAPI to mark DNA (blue). HDAC3 WT prominently localizes in the nucleus, as shown by intense green fluorescence. In contrast, the
p.Ala110Thr and p.Leu266Ser variants show notably weaker nuclear fluorescence and relatively stronger cytoplasmic fluorescence,
implying compromised nuclear localization of HDAC3. In addition, the p.Gly267Ser variant exhibits relatively conserved nuclear local-
ization similar to the WT, although the overall nuclear fluorescent intensity was weaker than the WT.
(B) Quantitative assessment of nuclear localization. This panel presents the quantification of nuclear versus cytoplasmic fluorescence
intensity, expressed as the nuclear-to-cytoplasmic (N/C) ratio, in cells transduced with WT or variant forms of HDAC3. Individual
data points correspond to measurements from single cells, with the median value of each variant depicted by a horizontal red line
(cell counts of approximately 30–50 cells were used for each condition in the analysis). The N/C ratios for p.Ala110Thr, p.Leu266Ser,
and p.Arg359Cys variants are reduced in comparison to the WT, indicating a deficiency in nuclear localization. Conversely, the
p.Gly267Ser variant exhibits an N/C ratio similar to theWT, though the broad spread of data points indicates variable localizationwithin
the cell population. Statistical significance is indicated by asterisks (****p < 0.0001).
which we posit as a central pathogenic mechanism under-

lying the clinical findings observed in the affected

individuals.

Diminished nuclear localization

Next, we investigated the localization of HDAC3 within

HEK293T cells using fluorescence microscopy to assess its

subcellular distribution (Figure 5A). The localization of

WT or variant forms of HDAC3 protein was detected

with an anti-FLAG antibody, while DAPI staining was em-

ployed to outline the nuclear boundary. HDAC3 was pre-

dominantly localized in the nucleus in cells expressing

the WT, whereas cells expressing the variants displayed a

discernible reduction in nuclear localization. Quantitative

analysis of immunofluorescent intensities, represented as

the nuclear-to-cytoplasmic (N/C) ratio, revealed a signifi-

cant decrease in nuclear signal for the p.Ala110Thr,

p.Leu266Ser, and p.Arg359Cys variants (median N/C ra-

tios: 0.67, 0.92, and 1.55, respectively) compared to the

WT cells, which had a median N/C ratio of 2.03

(Figure 5B). This reduction is consistent with our proteo-

mic data (Figure 3), which showed diminished interactions

with components of the NCoR complex, potentially lead-

ing to decreased nuclear stability and increased protea-

some degradation, particularly for the p.Ala110Thr and

p.Leu266Ser variants. Moreover, the p.Arg359Cys variant
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lies within the nuclear localization signal (NLS) sequence

(amino acids 313–428 of HDAC3).48,49 The p.Arg359Cys

variant could therefore undermine nuclear localization, re-

sulting in a lower N/C ratio compared to the WT cells.

Furthermore, the p.Gly267Ser variant, with a median

N/C ratio of 1.95, exhibits a nuclear localization similar

to the WT, although the broad distribution within the

cell population may indicate small portions of mildly

defective cells. These findings not only emphasize the po-

tential pathogenicity of HDAC3 variants but also highlight

protein mislocalization as a critical mechanism, eluci-

dating the consequences of impaired protein interactions

within cellular compartments.
Discussion

This study investigated the association between HDAC3

dysfunction and a wide spectrum of neurodevelopmental

disorders in six individuals who displayed variable clinical

presentations, such as intellectual disability, develop-

mental delay, skeletal abnormalities, and epilepsy. We

observed that all six variants were de novo missense

variants located at evolutionarily conserved sites. Our

functional analyses (Table S5) revealed that the p.As-

p93Asn, p.Pro201Ser, p.Leu266Ser, and p.Gly267Ser
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variants, located near the catalytic pocket, have defects in

HDAC activities. In contrast, the p.Ala110Thr and

p.Arg359Cys variants, located away from the catalytic

pocket, retained intact HDAC activities with the NCoR

DAD domain. Further exploration using co-IP revealed a

consistent disruption of interaction with KDM1A, a key

molecule of the CoRESTcomplex, across all variants. More-

over, disruption in interactions with the NCoR complex

was also observed in the p.Asp93Asn, p.Ala110Thr,

p.Pro201Ser, p.Leu266Ser, and p.Gly267Ser variants, but

not in the p.Arg359Cys variant, indicating that variant po-

sitionmay have different effects on downstream pathways.

Furthermore, immunofluorescence analyses also identified

that the p.Ala110Thr, p.Leu266Ser, and p.Arg359Cys vari-

ants led to protein mislocalization, highlighting the

importance of nuclear localization for the biological func-

tion of HDAC3. The p.Ala110Thr and p.Leu266Ser vari-

ants, which remarkably compromise complex integrity,

may be more prone to ubiquitin degradation machinery,

resulting in diminished levels of HDAC3 within the

nucleus.

In our cohort, the clinical profiles and disease

severity of each individual varied widely (Table 1). The pre-

dominant clinical findings in our cohort include intellec-

tual disability (83.3%), musculoskeletal abnormalities

(66.7%), and epilepsy (50.0%; Table 2). These symptoms

are consistent with those evidenced in previous studies

on mice with conditional Hdac3 knockout that displayed

neurodevelopmental21–23 and musculoskeletal28,29 pheno-

types. Individuals 1 and 2 presented with severe symp-

toms, including syndromic features such as facial dysmor-

phism, microcephaly, congenital heart defects, and hand

and foot deformities similar to Kabuki syndrome

(MIM:147920; Figure 1B). The essential role of HDAC3 in

myocardial growth, as reported in a previous study, may

explain the congenital heart disease observed in these

two individuals.24 The p.Ala110Thr and p.Arg359Cys var-

iants found in these individuals are located away from

the catalytic pocket and exhibited no defects in HDAC ac-

tivity when paired with the NCoR1 DAD domain. Howev-

er, the Ala110 residue near the NCoR2 DAD domain

interface (Figure 1C) made the p.Ala110Thr variant signif-

icantly defective in interacting with the NCoR complex,

as shown by biochemical and proteomic experiments

(Figure 3). Additionally, the interaction between the

Arg359 and His234 residues is potentially crucial for

alpha-helix interactions and the stability of the complex,

as well as other protein interactions such as KDM1A.

Further structural studies are warranted to elucidate the

detailed mechanism.

In contrast, individuals 3 and 4 presented with gray

matter heterotopia, indicating neuronal migration de-

fects as observed in their brain MRI findings. This pheno-

typic association aligns with observations in Hdac3

conditional knockout mice, highlighting the role of

HDAC3 in neuronal migration.23 Specifically, the p.As-

p93Asn and p.Leu266Ser variants, which exhibited sig-
The American
nificant defects in HDAC activities, were positioned

very close to the catalytic site (Figure 1C). Individuals 5

and 6 also had HDAC3 variants with defective HDAC ac-

tivities but did not exhibit gray matter heterotopia. The

p.Gly267Ser and p.Pro201Ser variants, though slightly

distanced from the catalytic site compared to the previ-

ous ones, showed more severe defects in interactions

with NCoR1/2 and KDM1A. Remarkably, individual 5

had a relatively severe clinical profile, including

hearing impairment, and recently developed diabetes.

In contrast, individual 6, with the p.Pro201Ser variant,

exhibited the mildest phenotypes among the cohort.

Hearing loss was observed in two individuals: individual

1 (sensorineural hearing loss with microtia) and individ-

ual 5 (mixed hearing loss with dilatated vestibular ducts

revealed by brain MRI). These phenotypes may result

from HDAC3 dysfunction, as knockdown of hdac3 in ze-

brafish showed reduced numbers of sensory hair cells and

disrupted auditory organ development.50 Furthermore,

diabetes in individual 5 may also be associated with

HDAC3 dysfunction; a previous study demonstrated

that b-cell-specific Hdac3 depletion in mice results in

decreased pancreatic insulin content, disrupted insulin

secretion, and increased susceptibility to streptozotocin-

induced diabetes.51

Wemade efforts to find additional cases related toHDAC3

variants in publicly available databases. This search led us to

identify two missense variants, c.893A>G (p.Tyr298Cys;

SCV000742177.3) and c.902G>A (p.Arg301Gln; SCV000

740901.3), classified as likely pathogenic in the ClinVar

database.52 Intellectual disability and epilepsy were both

observed with the p.Tyr298Cys and p.Arg301Gln variants.

In addition, the p.Tyr298Cys variant was found in a female

with gait disturbance and coordination abnormalities,

while the p.Arg301Gln variant was identified in a male pre-

senting with syndromic features, including microcephaly,

synophrys, agenesis of the corpus callosum, white matter

abnormalities, hemiparesis, generalized limb muscle weak-

ness, hearing impairment, and otitis media. The Tyr298 res-

idue is located close to the catalytic pocket, while the

Arg301 residue is situated at the inositol phosphate 4 (IP4)

binding sites. IP4 serves as an ‘‘intermolecular glue’’ in the

formation of the HDAC3-NCoR complex, thereby stabiliz-

ing both HDAC3 and the DAD domain of NCoR.40 The

pathogenicity of these variants is further supported by pre-

vious functional studies reporting defects with different

amino acid substitutions at the same residues (p.Tyr298Phe,

p.Tyr298His, and p.Arg301Ala).26,53 Collectively, these two

variants and the observed phenotypic information further

strengthen the diverse spectrum of phenotypic associations

in HDAC3 dysfunction. Depending on variant position or

genetic background, the penetrance or expressivity may

vary in the HDAC3-related disorder, as observed in

HDAC4.54 Future investigations involving larger cohorts

that explore the association between variant position and

disease severity may provide further insights into the geno-

type-phenotype relationship.
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To gain further insights into the underlying mecha-

nisms and genotype-phenotype correlations, we also

analyzed copy-number variations (CNVs) involving

HDAC3 using the DECIPHER database (Figure S6).55

The probability of haploinsufficiency (pHaplo) and trip-

losensitivity (pTriplo) scores for HDAC3 are 0.62 and

1.00,56 respectively, indicating a significant impact of

gene dosage on the disorder. CNV analysis revealed 11

individuals (Table S6): five with large deletions and six

with large duplications, most suspected to be de novo.

While phenotypic information was lacking for

three with large duplications, the other eight demon-

strated intellectual disability (6/8, 75.0%), musculoskel-

etal abnormalities (4/8, 50.0%), and epilepsy (4/8,

50.0%). We acknowledge that these phenotypes may be

non-specific and that the potential impact of gene

dosage from other genes due to the large CNV sizes

cannot be discounted. Nonetheless, these findings sup-

port the phenotypic associations observed with HDAC3

missense variants.

The proteomics study revealed the pivotal role of the dis-

rupted interaction with KDM1A in the CoREST complex

(Figure 3), a shared mechanism among all tested HDAC3

variants. Notably, three individuals with de novo variants

in KDM1A (MIM: 609132) have been recently described

with a Mendelian disorder characterized by ‘‘cleft

palate, psychomotor retardation, and distinctive facial

features’’ (MIM: 616728).57 The clinical findings in these

individuals showed similarities to Kabuki syndrome, and

functional assessment of the identified KDM1A variants

(GenBank: NM_001009999.3; c.1207G>A [p.Glu403Lys],

c.1739A>G [p.Asp580Gly], and c.2353T>C [p.Tyr785His])

demonstrated compromised catalytic activities and altered

interactions with transcription factors.58 Considering the

closed phenotypic overlap between individuals 1 and 2

in our cohort and the KDM1A-associated disorder, there

may be a potential link to pathways involving the

CoREST complex. Another notable observation was the

universally diminished interaction with AMER1 among

all variants, as depicted in Figure S5B. Given that patho-

genic variations in AMER1 cause ‘‘osteopathia striata with

cranial sclerosis’’ (MIM: 300373), the diminished interac-

tion with AMER1 may be further linked to the facial dys-

morphism and skeletal abnormalities, such as scoliosis

and joint contractures, observed in some individuals. Simi-

larly, diminished interactions were detected with GANAB,

AKAP8L, and EIF3B across all examined variants. Prior re-

ports have associated the gene dosage of AKAP8L (MIM:

609475) with the microcephaly phenotype in humans,59,60

suggesting that decreased interaction with AKAP8L may

also contribute to microcephaly phenotypes in our sub-

jects. Future investigations focusing on these proteins are

expected to offer a more comprehensive understanding

of genotype-phenotype correlations for the HDAC3-related

disorder.

To explore the mechanism of variant effects, we re-

viewed the probability of loss-of-function (LOF) intoler-
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ance (pLI 1.00) and the LOF observed/expected upper

bound fraction (LOEUF 0.46) scores of HDAC3 in the

gnomAD v.4.1.0 database.61 These indices have been up-

dated from a pLI of 0.57 and a LOEUF of 0.41 in the

previous version of the gnomAD v.2.1.1 database. The

significant change in the pLI score likely reflects the in-

clusion of a larger and more diverse dataset in the latest

gnomAD version, as well as the transition from hg19 to

the hg38 reference genome, which may have improved

the overall statistical power for calculating the pLI score.

These indices denote that HDAC3 is a highly constrained

gene, suggesting that haploinsufficiency may be a likely

underlying mechanism. Our investigation of 6,099 in-

house exomes identified no alleles with predicted LOF

(pLOF) variants in HDAC3,36 supporting the constraint

on it. However, all individuals in our cohort harbored

missense variants, and no individuals with pLOF variants

were discovered, suggesting that a dominant-negative

(DN) mechanism might also be at play. Systematic anal-

ysis of missense variants indicates that those with DN ef-

fects tend to cluster in three-dimensional space and are

highly enriched at protein interfaces, whereas LOF vari-

ants are more dispersed.62 In addition, a recent study

has shown that a DN effect results in ‘‘poisoning’’ pro-

tein complex assembly; therefore, complexes with

known DN effects tend to expose their interfaces late

during translation, lessening the likelihood of cotransla-

tional assembly.63 Our experimental data imply that key

mechanisms may involve not only changes in the cata-

lytic function of HDAC3 but also altered interactions

with multi-protein complexes. Hence, the mechanisms

of HDAC3-related disorders may be multifaceted, poten-

tially involving both LOF and DN effects that depend

on the variant locations and the affected protein com-

plexes. A recent study demonstrated that protein misloc-

alization, mainly attributed to effects on protein stability

and membrane insertion, is a primary mechanism for the

pathogenicity and different disease severity of many

missense variants.64 Consequently, disrupted interac-

tions with multi-protein complexes and the mislocaliza-

tion of the HDAC3 complex may play a more critical role

than the defects in the catalytic function itself.

In conclusion, our study highlights the role of HDAC3

dysfunction in a broad spectrum of neurodevelopmental

disorders by providing evidence from six individuals

with de novo heterozygous missense variants. The exper-

imental data demonstrated that the HDAC3 variants

not only impair deacetylase function but also disrupt

interactions with the CoREST and NCoR complexes,

leading to protein mislocalization in a variant-specific

manner. These findings shed light on the integrative

functions of HDAC3 as an epigenetic regulator in human

physiology. Future research with an expanded cohort will

be required to solidify the association between HDAC3

variants and the spectrum of clinical presentations and

to advance our understanding of the genotype-pheno-

type relationships.
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Figure S1. Confirmation of de novo HDAC3 variants using DNA Sanger sequencing. 

Sanger sequencing was conducted to validate the de novo variants using the primers (Table S2) for individuals 1, 2 and their parents. 

 

 



 

 

Figure S2. Characterization of NCoR1 DAD domain-HDAC3 interaction and HDAC3 
mutagenesis. 

(A) Sequence alignment of NCoR1 and NCoR2 DAD (Deacetylase Activating Domain) domains. This illustrates a 75.8% 
sequence similarity and a 91.3% similarity at the HDAC3 binding site. Alignment was conducted using the UniProt Align 
tool. (B) Mutagenesis of HDAC3. Six specific HDAC3 variants were introduced by PCR, utilizing mutagenic primers 
listed in Table S2. Sanger sequencing confirmed the presence of p.Ala110Thr, p.Gly267Ser, p.Leu266Ser, p.Arg359Cys, 
p.Asp93Asn, and p.Pro201Ser variants, indicating successful site-directed mutagenesis. (C) Purification of the NCoR1 
DAD domain in complex with HDAC3 WT or variant proteins. These proteins, along with the NCoR1 DAD domain, were 
co-accumulated in Sf9 cells using a baculovirus system. Complexes were purified using Ni-NTA Agarose and Anti-FLAG 
M2 Affinity Gel 64hrs post-infection, as visualized on the SDS-PAGE gel, indicating no defects in their interaction with 
the NCoR1 DAD domain.  



 



Figure S3. Histone deacetylase activity of HDAC3-NCoR1 DAD domain complex on acetylated mononucleosomes. 

(A) HDAC assay on H3K27ac mononucleosomes. This assay investigated the deacetylase activity of the NCoR1 DAD domain in complex with wild-type (WT) HDAC3 and its 
variants (p.Ala110Thr, p.Gly267Ser, p.Leu266Ser, and p.Arg359Cys). Mononucleosomes acetylated at lysine 27 on histone H3 (H3K27ac) served as substrates. Immunoblotting 
with an H3K27ac-specific antibody quantified the deacetylation, revealing decreased activities in the p.Gly267Ser and p.Leu266Ser variants as denoted by the red boxes. (B) 
HDAC assay on H3ac/H4ac mononucleosomes. This panel assesses the deacetylase activities of the NCoR1 DAD domain-HDAC3 complex, both WT and variant forms, on 
mononucleosomes with acetylations at various lysine residues on histones H3 (H3K4,9,14,18ac) and H4 (H4K5,8,12,16ac). Antibodies specific to acetylated H3 (H3ac) and H4 
(H4ac) detected the HDAC activities. The p.Gly267Ser and p.Leu266Ser variants exhibit notably reduced deacetylase activity, as highlighted in the red boxes across all replicates. 

  



 



Figure S4. Defective HDAC activity and decreased interactions with NCoR1/2 and KDM1A in HDAC3 p.Asp93Asn and p.Pro201Ser 
variants. 

(A) HDAC assays were conducted using H3K27ac-mononucleosomes or H3/4Kac-mononucleosomes as substrates at various concentrations (0, 30, 60, 120 nM), in conjunction 
with 100 nM of acetylated mononucleosomes. The deacetylation activities of complexes comprising either the NCoR1 DAD domain-HDAC3 WT or variant forms were measured 

for histone H3K27ac, H3ac, and H4ac in triplicate (n=3/data point). The results are plotted as mean  SD. The p.Asp93Asn and p.Pro201Ser variants do not result in histone 

acetylation levels comparable to the WT, indicating defective HDAC activity. (B) Western blot images for HDAC activity assessment using the HDAC3-NCoR1 DAD domain 
complex are provided. The analysis was performed in triplicate, with both short and long exposures displayed. (C) Silver-stained SDS-PAGE analysis demonstrating the protein 
complexes co-immunoprecipitated (IP) with FLAG-tagged HDAC3 from HEK293T cells. Tested conditions include an empty vector (EV), wild-type (WT), and HDAC3 p.Asp93Asn 
and p.Pro201Ser variants. The band intensities corresponding to the NCoR complex (red arrow) and KDM1A (blue arrow) are reduced in the variant forms. Specifically, the 
p.Pro201Ser variant shows a remarkable decrease in the NCoR complex band intensity (red rectangle), and all variants exhibit diminished KDM1A bands (second band in blue 
rectangle). (D) Western blot analyses confirm the differential co-immunoprecipitation of NCoR1, NCoR2, and KDM1A with HDAC3 variants, using an anti-FLAG antibody for 
immunoprecipitation. FLAG-tagged HDAC3 and GAPDH serve as a reference for protein expression and loading control, respectively. (E) Quantification of co-
immunoprecipitated NCoR1, NCoR2, and KDM1A, normalized to WT HDAC3 levels, based on the Western blot data in Panel B. *P < 0.05, ***P < 0.001, ****P < 0.0001. Data 

are plotted as mean  SD (n=3/data point).



 

Figure S5. Differential protein interaction profiles of HDAC3 variants in HEK293T cells. 

(A) Venn diagram analysis. This panel presents a Venn diagram that quantifies the number of proteins exhibiting 
significantly altered interactions (P < 0.05) with each of four HDAC3 variants (p.Ala110Thr, p.Leu266Ser, p.Gly267Ser, 
and p.Arg359Cys) in comparison to the wild-type (WT) HDAC3 in HEK293T cells. (B) Consistent interaction changes 
across the HDAC3 variants. This table enumerates specific proteins that display consistent changes in interaction levels 
across all HDAC3 variants tested. The proteins KDM1A, GANAB, AMER1, AKAP8L, and EIF3B show uniformly reduced 
interactions across the variants, indicating a possible common pathway or functional disruption. In contrast, HNRNPR, 
which is associated with proteasome degradation pathways, exhibits an increased interaction. (C). Pathway analysis for 
down-regulated GO terms. Bar chart of Gene Ontology (GO) terms enriched among proteins with decreased interaction 
with at least two variants, indicating decreased histone deacetylation processes (GO:0016575). (D) Network of down-
regulated GO terms. A network diagram of the down-regulated GO terms connected with biological processes, revealing 
potential pathways impacted by the altered protein interactions. (E) Pathway analysis for up-regulated GO terms among 
proteins with increased interaction with at least two variants. The increased interaction with ATP-dependent protein 
folding chaperone (GO:0016575) molecules indicated increased protein degradation. (F) Network of up-regulated GO 
terms. A network diagram displaying the interconnected GO terms and molecular functions that are up-regulated, 
providing insight into the potential compensatory mechanisms or effects of the variant interactions.



 

 

  



Figure S6. Copy-number variations (CNVs) involving HDAC3 from the DECIPHER database. 

(A) CNV deletions (loss) and duplications (gain) encompassing HDAC3. Intellectual disability and seizure were the most prevalent phenotypes reported among the eleven 
patients (see Table S6). (B) Pie chart depicting the inheritance patterns of HDAC3 CNVs, predominantly occurring de novo. (C) The size distribution of the CNVs. (D) The 
overlapping regions (chr5:141518803-142023518, 504Kb) encompassing HDAC3 across 11 patients, as cataloged in the DECIPHER database. This region included ten genes, 
with DIAPH1 and PCDH12 identified as morbid OMIM genes (indicated in dark green). DIAPH1 is associated with ‘Deafness, autosomal dominant 1, with or without 
thrombocytopenia, autosomal dominant (MIM: 124900)’, and ‘Seizures, cortical blindness, microcephaly syndrome, autosomal recessive (MIM: 616632)’, while PCDH12 is 
linked to ‘Diencephalic-mesencephalic junction dysplasia syndrome 1, autosomal recessive (MIM: 251280)’. The probability of haploinsufficiency (pHaplo) and triplosensitivity 
(pTriplo) scores for HDAC3 are 0.62 and 1.00, respectively, ranking as the third and the highest among the genes within this region. This finding highlights HDAC3's significant 
role in these CNVs, while also acknowledging the potential impact of gene dosage for the other genes present. 



Table S1. Overview of HDAC3 variants and in silico predictions. 

Proband Individual 1 Individual 2 Individual 3 Individual 4 Individual 5 Individual 6 

Cohort SNUH SNUH DDD DDD DDD BCH 

mRNA 
(NM_003883.4) 

c.328G>A c.1075C>T c.277G>A c.797T>C c.799G>A c.601C>T 

Protein 
(NP_003874.2) 

p.(Ala110Thr) p.(Arg359Cys) p.(Asp93Asn) p.(Leu266Ser) p.(Gly267Ser) p.(Pro201Ser) 

Origin De novo De novo De novo De novo De novo De novo 

CADD score 27.3 32 27.3 29.9 27.5 28.3 

REVEL score 0.754 0.636 0.798 0.877 0.801 0.891 

DANN score 0.9993 0.9991 0.9987 0.9985 0.9989 0.9989 

GERP score 4.45 5.38 5.38 5.37 5.37 5.45 

PhyloP100way 7.722 6.172 7.792 9.325 7.905 10.003 

ACMG/AMP classification 
Likely pathogenic 
(PS2, PM2, PP3) 

Likely pathogenic 
(PS2, PP2, PP3) 

Likely pathogenic 
(PS2, PM1, PM2, PP3) 

Likely pathogenic 
(PS2, PM1, PM2, PP3) 

Likely pathogenic 
(PS2, PM1, PM2, 
PP3) 

Likely pathogenic 
(PS2, PM1, PM2, 
PP3) 

Location on 
3D structure 

Close to NCoR binding 
domain 

NLS domain, protein 
stability 

Close to the enzymatic 
active site 

Close to the enzymatic 
active site 

Close to the 
enzymatic active site 

Close to the 
enzymatic active site 

Abbreviations: SNUH, Seoul National University Hospital; DDD, Deciphering Developmental Delay; BCH, Boston Children’s Hospital; CADD, Combined Annotation Dependent 
Depletion1; REVEL, Rare Exome Variant Ensemble Learner2; DANN, Deleterious Annotation of genetic variants using Neural Networks3; GERP, Genomic Evolutionary Rate 
Profiling4; PhyloP, phylogenetic p-values5; ACMG/AMP, the American College of Medical Genetics and Genomics and the Association for Molecular Pathology; NLS, nuclear 
localization signal; IP4, inositol phosphate 4. 

 

  



Table S2. Primer information. 

Target Primer Sequences (5' to 3')a 
Target 
size 

Tm 

HDAC3 (NM_003883.4): 
c.328G>A, p.Ala110Thr 

Exon4_F CCTAAGTCACAGTCCTTCCTGCC 
287 bp 

63.5 

Exon4_R ATGGAGATTGGAGGAATCTAGGATG 62.9 

HDAC3 (NM_003883.4): 
c.1075C>T, p.Arg359Cys 

Exon14_F AGGTAAGCCAGAGGCAATTAAACT 
383 bp 

60.8 

Exon14_R CTGAACTAGAGGTACCACTGAGATG 58.6 

p.Ala110Thr 
mutagenesis 

A110T_F CTCTTTGAGTTCTGCTCGCGTTACACAGGCACATCTCTGCAAGGAGCAACCCAGCTGAACAAC 
- 

76.8 

A110T_R GTTGTTCAGCTGGGTTGCTCCTTGCAGAGATGTGCCTGTGTAACGCGAGCAGAACTCAAAGAG 76.8 

p.Gly267Ser 
mutagenesis 

G267S_F TGTGGAGCTGACTCTCTGGGCTGTGATCGATTGAGCTGCTTTAACCTCAGCATCCGAGGGCATGGG 
- 

80.4 

G267S_R CCCATGCCCTCGGATGCTGAGGTTAAAGCAGCTCAATCGATCACAGCCCAGAGAGTCAGCTCCACA 80.4 

p.Leu266Ser 
mutagenesis 

L266S_F TGTGGAGCTGACTCTCTGGGCTGTGATCGATCGGGCTGCTTTAACCTCAGCATCCGAGGGCATGGG 
- 

82.3 

L266S_R CCCATGCCCTCGGATGCTGAGGTTAAAGCAGCCCGATCGATCACAGCCCAGAGAGTCAGCTCCACA 82.3 

p.Arg359Cys 
mutagenesis 

R359C_F CAGAACTCACGCCAGTATCTGGACCAGATCTGCCAGACAATCTTTGAAAACCTGAAGATGCTG 
- 

74.8 

R359C_R CAGCATCTTCAGGTTTTCAAAGATTGTCTGGCAGATCTGGTCCAGATACTGGCGTGAGTTCTG 74.8 

p.Asp93Asn 
mutagenesis 

D93N_F AAGAGTCTTAATGCCTTCAACGTAGGCGATAACTGCCCAGTGTTTCCCGGGCTCTTTGAGT 
- 

76 

D93N_R ACTCAAAGAGCCCGGGAAACACTGGGCAGTTATCGCCTACGTTGAAGGCATTAAGACTCTT 76 

p.Pro201Ser 
mutagenesis 

P201S_F TCCTTCCACAAATACGGAAATTACTTCTTCTCTGGCACAGGTGACATGTATGAAGTCGGGG 
- 

74.2 

P201S_R CCCCGACTTCATACATGTCACCTGTGCCAGAGAAGAAGTAATTTCCGTATTTGTGGAAGGA 74.2 

aMutated nucleotide sites are highlighted in red for mutagenic primers. 



Table S3. List of antibodies used in this study. 

Category Name Source Cat No. 

Primary antibody 

 FLAG M2 Sigma-Aldrich F1804 

 GAPDH GeneTex GTX627408 

 HDAC3 Cell Signaling Technology 85057 

 NCoR1 Cell Signaling Technology 5948 

 NCoR2/SMRT Cell Signaling Technology 62370 

 KDM1A/LSD1 Cell Signaling Technology 2184 

 β-tubulin Abbkine A01030 

 H3K9ac Cell Signaling Technology 9649 

 H3K27ac Abcam ab4729 

 H3ac Active Motif 39139 

 H4ac Active Motif 39243 

 H3 Abcam ab1791 

 H4 Abcam ab10158 

Secondary antibody 

 Goat anti-mouse IgG F(ab’), polyclonal antibody (HRP conjugate) Enzo Life Science ADI-SAB-100-J 

 Goat anti-rabbit IgG, polyclonal antibody (HRP conjugate) Enzo Life Science ADI-SAB-300-J 

 Anti-mouse IgG-Alexa Fluor 488 secondary antibody Invitrogen A-11001 

 

 

Table S4. Quantified protein levels measured as iBAQ intensities. 

Excel spreadsheets are provided for this table. 

 

  



Table S5. Functional assessment results of HDAC3 variants. 

HDAC3 variants p.Asp93Asn p.Ala110Thr p.Pro201Ser p.Leu266Ser p.Gly267Ser p.Tyr298Cys p.Arg301Gln p.Arg359Cys 

Location on 3D 
structure 

Close to the 
enzymatic 
active site 

Close to NCoR 
binding domain 

Close to the 
enzymatic 
active site 

Close to the 
enzymatic 
active site 

Close to the 
enzymatic 
active site 

Close to the 
enzymatic 
active site 

NCoR/IP4 
binding domain 

NLS domain 

HDAC activityb Impaired Unaffected Impaired Impaired Impaired 
Impaired 
(predicted)a 

Impaired 
(predicted)a 

Unaffected 

NCoR complex 
integrityc 

Impaired Impaired Impaired Impaired Impaired 
Impaired 
(predicted)a 

Impaired 
(predicted)a 

Unaffected 

CoREST complex 
integrityc 

Impaired Impaired Impaired Impaired Impaired 
Impaired 
(predicted)a 

Impaired 
(predicted)a 

Impaired 

Nuclear 
localizationd 

Not tested Decreased Not tested Decreased 
No significant 
changes 

Not tested Not tested 
Mildly 
decreased 

aPredicted impairment based on structural proximity to critical domains, and previous functional experiments.6,7 bsee Figures 2, S4A for the relevant findings. csee Figures 3, 4, 
S4B, S4C, S4D for the relevant findings. dsee Figure 5 for the relevant findings. 
 
Abbreviations: HDAC, histone deacetylase; NCoR, nuclear receptor co-repressor; IP4, inositol phosphate 4; CoREST, co-repressor of repressor element 1 silencing transcription 
factor; NLS, nuclear localization signal; 
  



Table S6. The complete list of patients involving HDAC3 in the DECIPHER database. 

Patient Sex Location (hg38) 
Size 
(Mb) 

Type 
Numbers 
of genes 

Inheritance / Genotype Phenotypes 

4681 46XX 5:139757679-142322798 2.57 Deletion 110 
Heterozygous de novo 
(unconfirmed parentage) 

Delayed speech and language development; Feeding difficulties in 
infancy; Hypotonia; Intellectual disability; Seizure 

307291 46XX 5:141518803-144474238 2.96 Deletion 30 
Heterozygous de novo 
(parentage confirmed) 

Camptodactyly of finger; Eczema; Flexion contracture of 
toe; Hypohidrosis 

253734 46XY 5:138175200-143214961 5.04 Deletion 162 
Heterozygous de novo 
(unconfirmed parentage) 

Feeding difficulties in infancy; Hypotonia; Intellectual disability 

264075 46XX 5:139221860-145752584 6.53 Deletion 155 
Heterozygous de novo 
(unconfirmed parentage) 

Abnormal plantar dermatoglyphics; Broad face; Lissencephaly; Seizure 

249028 46XX 5:138871137-145812309 6.94 Deletion 160 
Heterozygous de novo 
(unconfirmed parentage) 

Abnormality of the upper respiratory tract; Coarse facial features;  
Hypotonia; Intellectual disability; Patent ductus arteriosus 

293879 46XX 5:140963199-142023518 1.06 Duplication 74 Heterozygous (unknown) Not available 

401315 46XX 5:134611071-143666887 9.06 Duplication 224 
Heterozygous de novo 
(unconfirmed parentage) 

Abnormal pinna morphology; Brachycephaly; Constipation; Deeply set 
eye; Delayed speech and language development; Diabetes mellitus; 
EEG abnormality; Fine hair; Gait disturbance; Hypertelorism; Intellectual 
disability; Mandibular prognathia; Precocious puberty in females;  
Prominent nose; Recurrent infections; Scoliosis; Short philtrum; 
Strabismus; Wide mouth 

345239 Unknown 5:138673406-150130520 11.46 Duplication 230 Heterozygous (unknown) Not available 

473002 46XX 5:140753223-156697007 15.94 Duplication 239 Heterozygous (unknown) Not available 

255372 46XY 5:131740228-149668223 17.93 Duplication 348 
Heterozygous de novo 
(unconfirmed parentage) 

2-3 toe syndactyly; Inguinal hernia; Intellectual disability;  
Microcephaly; Sacral dimple; Seizure; Short stature 

261240 46XX 5:124516041-149272148 24.76 Duplication 384 
Heterozygous de novo 
(mosaic) 

Intellectual disability; Seizure 
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