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Summary
KAT5 encodes an essential lysine acetyltransferase, previously called TIP60, which is involved in regulating gene expression, DNA repair,

chromatin remodeling, apoptosis, and cell proliferation; but it remains unclear whether variants in this gene cause a genetic disease.

Here, we study three individuals with heterozygous de novo missense variants in KAT5 that affect normally invariant residues, with

one at the chromodomain (p.Arg53His) and two at or near the acetyl-CoA binding site (p.Cys369Ser and p.Ser413Ala). All three individ-

uals have cerebral malformations, seizures, global developmental delay or intellectual disability, and severe sleep disturbance. Progres-

sive cerebellar atrophy was also noted. Histone acetylation assays with purified variant KAT5 demonstrated that the variants decrease or

abolish the ability of the resulting NuA4/TIP60 multi-subunit complexes to acetylate the histone H4 tail in chromatin. Transcriptomic

analysis in affected individual fibroblasts showed deregulation of multiple genes that control development. Moreover, there was also

upregulated expression of PER1 (a key gene involved in circadian control) in agreement with sleep anomalies in all of the individuals.

In conclusion, dominant missense KAT5 variants cause histone acetylation deficiency with transcriptional dysregulation of multiples

genes, thereby leading to a neurodevelopmental syndrome with sleep disturbance, cerebellar atrophy, and facial dysmorphisms, and

suggesting a recognizable syndrome.
Introduction

Epigenetic regulation by histone acetylation is essential

for proper development, and its role in human genetic

diseases is increasingly being recognized. Notably, vari-

ants in lysine acetyltransferase genes, such as KAT6A

(MIM: 601408) and KAT6B (MIM: 605880), have been

identified in individuals with neurodevelopmental disor-

ders characterized by intellectual disability and malforma-

tions.1,2 KAT5 (MIM: 601409) (a.k.a. TIP60) variants have

not yet been associated with a syndrome. KAT5 can act as

a haploinsufficient tumor suppressor gene, and it encodes

an essential lysine acetyltransferase involved in gene

expression, DNA repair, chromatin remodeling, apoptosis,

and cell proliferation.3,4 It is part of a large, multi-protein

complex named NuA4 (also known as the TIP60/p400

complex), which includes TRRAP, EP400, and ING3

among other proteins.5 Local recruitment of the NuA4

complex and KAT5-mediated acetylation of conserved

lysine residues on histones H4 and H2A(.Z/.X) are linked

to transcription activation as well as repair of DNA dou-
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ble-strand breaks, in part through chromatin relaxation

but also through signaling and/or crosstalk with other

chromatin-binding factors.6,7 KAT5 can also directly

acetylate non-histone proteins such as ATM in DNA

damage response, p53 at lysine 120 in apoptosis, and

other mitotic regulators that impact cell cycle control.

KAT5-dependent acetylation of specific transcription fac-

tors can also lead to transcription activation or repres-

sion.8–10 The NuA4/TIP60 complex is essential for stem

cell maintenance and renewal,11 and recent work revealed

that KAT5 may play a role in epithelial-mesenchymal

transition induction12; all of these are key processes in

the developing embryo. Finally, KAT5 contributes to

genome integrity by maintaining accurate chromosome

alignment and segregation.13 KAT5 depletion was shown

to impair the chromosomal segregation during mitosis

and to result in polyploidy.14

We studied three individuals with de novo heterozygous

missense variants in KAT5 that affect normally invariant

residues. All three individuals have short stature, cerebral

malformations, seizures, and global developmental delay
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or intellectual disability along with a significant speech

disorder and a severe sleep disorder.

In order to understand the molecular mechanisms un-

derlying the phenotype in these individuals with KAT5

variants, we engineered cell lines to purify native NuA4

complexes that contain the variant catalytic subunit so

that we could determine the possible effects on complex

assembly/protein interactions and acetylation of chro-

matin substrates, and we performed transcriptomic ana-

lyses in primary cells to determine possible target genes

implicated in the pathology.
Material and Methods

Recruitment and Sequencing
Apart from the published individual, other individuals were re-

cruited through GeneMatcher.15 Information was obtained from

each clinical team. Exome sequencing (ES) was performed by

the National Institutes of Health (NIH) Intra-mural Sequencing

Center (NISC) for individual 1 (complete method described by

Berger et al.16). ES was performed on a research basis for individ-

ual 2 at University of Geneva Medical School and Geneva Uni-

versity Hospitals. ES was performed in a commercial laboratory

for individual 3. Informed consent to publish clinical informa-

tion and photographs was obtained from the parents of the in-

dividuals reported in this article. For each individual, the pro-

cedures followed were in accordance with the ethical

standards of the responsible committees on human

experimentation.
Cell Culture and Transfection
K562 cells were obtained from the American Type Culture Collec-

tion (ATCC) and maintained at 37�C under 5% CO2 in RPMI me-

dium supplemented with 10% newborn calf serum (Wisent) and

GlutaMAX (Thermo Fisher). When cultivated in spinner flasks,

25 mM HEPES-NaOH (pH 7.4) was added. Cells were transfected

using Lipofectamine 2000 (Thermo Fisher) per the manufacturer’s

instructions.
Generation of Stable Cell Lines Producing Tagged KAT5

Variants and Affinity Purification of NuA4/TIP60

Complexes
KAT5 (461aa isoform) was cloned into the AAVS1_Puro_PGK1_3x-

FLAG_Twin_Strep plasmid (addgene #68375), and the variants

found in each individual were introduced via site-directed muta-

genesis. Generation of K562 cells that expressed either wild-type

(WT) or variant-tagged KAT5 was performed through break-

induced recombination and/or insertion at the AAVS1 locus

(MIM: 102699) as described.17

Nuclear cell extracts were prepared from 3.10̂9 cells and used to

perform tandem affinity purification as described.18 In brief, nu-

clear extracts were adjusted to 0.1% Tween-20, and ultracentri-

fuged at 100,000 g for 1 h. Extracts were precleared with 250 ml Se-

pharose CL-6B (Sigma), then 250 ml anti-FLAG M2 affinity resin

(Sigma) was added for 2 h at 4�C. The beads were then washed

in Poly-Prep columns (Bio-Rad) with 40 column volumes (CV) of

buffer #1 (20 mM HEPES-KOH [pH 7.9], 10% glycerol, 300 mM

KCl, 0.1% Tween 20, 1 mMDTT, 1 mM PMSF, 2 mg/mL Leupeptin,

5 mg Aprotinin, 2 mg/mL Pepstatin, 10 mM Na-butyrate, 10 mM
The American
b-glycerophosphate, 100 mM Sodium Orthovanadate, 5 mM N-

Ethylmaleimide, 2 mM Ortho-Phenanthroline) followed by 40

CV of buffer #2 (20 mM HEPES-KOH [pH 7.9], 10% glycerol,

150 mM KCl, 0.1% Tween 20, 1mMDTT, 1 mM PMSF, 2 mg/mL

Leupeptin, 5 mg Aprotinin, 2 mg/mL Pepstatin, 10 mM Na-buty-

rate, 10 mM b-glycerophosphate, 100 mM Sodium Orthovanadate,

5 mM N-Ethylmaleimide, 2 mM Ortho-Phenanthroline). Com-

plexes were eluted in two fractionswith 2.5 CVof buffer #2 supple-

mented with 200 ug/mL 3xFLAG peptide (Sigma) for 1 h at 4�C.
Typically, 15 ul of the first elution (3% of total) was loaded on Nu-

PAGE 4%–12% Bis-Tris gels (Invitrogen) and analyzed via silver

staining.
In Vitro HAT Assays
1 mg of core histones (CH) or short oligonucleosomes (SON)

was incubated with affinity-purified NuA4/TIP60 complexes

harboring the different KAT5 variants and 3H-labeled acetyl-

CoA (0,1 mCi, Perkin-Elmer) in HAT buffer (50 mM Tris-HCl

ph8.0, 50 mM KCl, 5% glycerol, 0,1 mM EDTA, 1 mM DTT,

1 mM PMSF, 10 mM Sodium Butyrate) for 30 min at 30�C.
Half of the reaction was spotted on P81 filter paper, washed,

and analyzed via liquid scintillation. The other half was

loaded on SDS-PAGE 15% gels. Gels were Coomassie-stained

to ensure homogeneous loading, then destained, fluoro-

graphed using EN3HANCE (Perkin-Elmer), dried, and exposed

at �80�C. The amounts of purified TIP60/NuA4 complex

used in the reactions were normalized between samples based

on 3H counts on CH and Flag-KAT5 signal measured via

immunoblot. All reactions were done in triplicates, and the

assay was performed two times.
RNaseq Methods
RNA libraries were prepared from low-passage fibroblasts from in-

dividuals 2 and 3 through the use of the Illumina RNA Truseq V2

and Truseq mRNA stranded kits, respectively. The libraries were

then sequenced on an Illumina HiSeq4000 sequencer at 2 3

100bp and 1 3 100bp read lengths, respectively. Two and four

healthy control low-passage fibroblasts were also sequenced

from Truseq V2 and Truseq mRNA stranded libraries at 2 3

100bp and 1 3 100bp read lengths, respectively. Transcriptomics

analyses were performed as previously described.19 Common

differentially expressed genes were selected by using the

DESeq2 R package to compare the affected individuals to the

respective healthy controls with thresholds at |Log2FC| > 0.5,

5% FDR, and adjusted p value < 0.05.
RT-qPCR
Total RNA from affected individuals and three new controls was

isolated from low-passage fibroblasts through the use of the Pure-

Link RNA mini kit (Life Technologies). Controls were male chil-

dren of White, African American, and Asian backgrounds. Equal

amounts of RNA were used to synthesize cDNA through the use

of the qScript cDNA synthesis kit (Quanta Biosciences). cDNA

was quantified through the use of PowerUp SYBR green Master

Mix (Applied Biosystems) on a LightCycler� 96 system (Roche) us-

ing primers listed in Table S3. Amplicons were resolved by using

agarose gel to determine the size. Relative gene expression levels

were analyzed via 2�DDCT method with b-actin used as the refer-

ence gene. Statistical significance was determined via two-way

ANOVA with Dunnett’s multiple comparisons test. Variation was

reported as standard deviation (SD).
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Results

Clinical Descriptions

Individual 1 is a 30-year-old female with intellectual

disability who has been reported by Berger et al. in a

Smith-Magenis Syndrome (SMS)-like cohort.16 She pre-

sented with behavioral problems with perseverative

speech, poor language function, and sleep disorder. At

age 10, she had disruptive behaviors and a diagnosis of

attention deficit disorder. At age 29, she had an IQ of 40

with expressive language at the 8-year-old level and recep-

tive language at 4-to-5-year-old skill level. Her head

circumference is 55cm (73rd centile). She also presents

with adult-onset seizures, severe myopia, hyperacusis, ky-

phoscoliosis, brachydactyly, and frequent urinary tract in-

fections. Her facial dysmorphisms include a round face

with a flat facial profile, prognathism, down-slanting cor-

ners of the mouth, low-set ears, depressed nasal bridge,

and almond-shaped eyes. She has partial agenesis of the

corpus callosum. She developed secondary amenorrhea at

29 years of age. Sleep problems present since early child-

hood included early sleep offset, nighttime awakenings

(1–2), and increased daytime naps. In adulthood, sleep di-

aries document 24 h sleep cycle characterized by early

morning awakening (between 05:30–06:30), bedtime at

20:30, two daytime naps (09:30–10:30 and 13:00–14:30),

and nocturnal awakenings (~30 min long) after sleep

onset, usually occurring at 23:00 and 01:00. Increased day-

time salivary melatonin level was documented at 11:15

(mean 46 pg/mL for two samples), which is consistent

with the inverted circadian melatonin profile observed in

SMS.20 ES identified a de novo missense variant c.158G>A

(p.Arg53His) in KAT5 (RefSeq accession number

NM_006388.3). No other variants met the filtering exome

criteria.

Individual 2 is a 13-year-old male with intellectual

disability and multiple malformations. He was born at

38 weeks with a unilateral cleft lip and palate. At 12 years

of age, he is nonverbal. and a cognitive evaluation docu-

mented an IQ of 20–30. He has disruptive behavior with

hyperactivity and multiple stereotypies. He suffers from

generalized tonic-clonic seizures and has severe sleep disor-

der (with sleep onset delay and night waking). His head

circumference was 50 cm (1st centile, �2.6 SD). Facial dys-

morphisms include prognathism, lateral thinning of the

eyebrows, macrostomia, thick lower lip, and bulbous and

asymmetric nose. He also has bilateral single palmar

creases and fifth finger clinodactyly, as well as unilateral

cryptorchidism. Horseshoe kidney and bilateral vesico-ure-

teral reflux were diagnosed during childhood. Brain MRI

showed global progressive cerebellar atrophy (vermis

more than hemispheres), dysgenesis of corpus callosum

(short, thickened, and hypoplasia of rostrum and sple-

nium), and a small anterior pituitary gland. He suffers

from growth hormone (GH) deficiency diagnosed at the

age of 2 years and for which he is treated with GH injec-
566 The American Journal of Human Genetics 107, 564–574, Septem
tions. ES identified a de novo missense variant c.1105T>A

(p.Cys369Ser) in KAT5 (RefSeq NM_006388.3).

Individual 3 is a 2-year-old male with developmental

delay and multiple malformations. At 16 months of age,

he presented with short stature and congenital micro-

cephaly, height 71.1 cm (<1st centile, �2.9 SD), weight

11.2 kg (48th centile), and head circumference 44.5 cm

(<1st centile, �2.2 SD). He has severe developmental delay

with disruptive behaviors and an important sleep disorder

(night waking and sleep onset delay which was improved

by nighttime clonidine, which was prescribed because day-

time clonidine caused daytime sleepiness). He suffers from

generalized myoclonic seizures. He has a perimembranous

ventricular septal defect and a dysplastic pulmonary valve

with supravalvular and valvular stenosis. He also has a

high-arched palate with a submucous cleft. His genitouri-

nary anomalies consist of hypospadias and bilateral crypt-

orchidism. His facial dysmorphisms include a round face

with a flat facial profile, epiblepharon, epicanthal folds,

down-slanting corners of the mouth, and upturned nose

with depressed nasal bridge. He also has bilateral fifth

finger clinodactyly. His medication includes risperidone

and clonidine. Brain MRI showed polymicrogyria of right

sylvian fissure, cystic dilation of 4th ventricle, and inferior

cerebellar vermis atrophy. ES identified a de novo missense

variant c.1237T>G (p.Ser413Ala) in KAT5 (RefSeq

NM_006388.3).

Additional clinical information is available for these

three individuals in Tables S1 and S2 (for comparison of

sleep disorder characteristics).

Analysis of the Variants

We named the variants through the use of isoform

NM_006388.3 (513 amino acids) because it is highly

expressed and is the canonical isoform in Uniprot.21

However, the longest isoform is NM_182710.2 (546

amino acids), and a commonly studied isoform is

NM_182709.2 (also known as PLIP, 461 amino acids).

All three variants are absent from the Genome Aggrega-

tion Database (gnomAD),22 and this absence indicates

that these variants are not present in the more than

100,000 individuals from population genetic studies

included in this database. As shown in Figure 1B, the p.Ar-

g53His variant is in the chromodomain, following an

acetylated lysine residue. In addition to potentially

affecting KAT5’s ability to interact with histones via its

chromodomain, the p.Arg53His variant may disrupt the

protein’s structure and thus stability (as suggested by

STRUM analysis,23 and by the protein yields in K562

cell extracts shown in Figure S1). The p.Cys369Ser variant

is near the Acetyl-CoA binding domain, and this residue

has been shown to be critical for the catalysis of yeast

Esa1 (KAT5 ortholog) and other MYST-family acetyltrans-

ferases,24 as well as for KAT5 autoacetylation.25 Finally,

the p.Ser413Ala variant is in the Acetyl-CoA binding

domain. All residues are invariant throughout evolution,
ber 3, 2020



Figure 1. Clinical Images and Variant Details
(A) Photographs of the three individuals, showing shared facial dysmorphisms. Individual 1 and individual 3 have round faces, flat facial
profiles, down-slanting corners of their mouths, and depressed nasal bridges. Individual 1 and individual 2 have prognathism. The im-
ages on the right are sagittal MRI images for individual 2 at the indicated ages, showing progressive cerebellar atrophy (arrow).
(B) Variant location in functional domains of the KAT5 protein.
(C) Affected amino acids are invariant between different species.
and in fact, they are conserved down to yeast Esa1

(Figure 1C). An analysis of the 3D structure of KAT5

(Figure 2A) suggests that the p.Cys369Ser and p.Ser413Ala
The American
variants may alter the interaction of the protein with

Acetyl-CoA. This was also suggested by 3D mutation

impact analysis using HOPE and VarSite.26,27
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Figure 2. Functional Impact of KAT5 Variants on the Native NuA4/TIP60 Acetyltransferase Complex
(A) Predicted variant location in 3D reconstruction of KAT5 protein. Annotations below the images refer to the RCSB PBD (Research Col-
laboratory for Structural Bioinformatics Protein Data Bank) structure IDs.
(B) Variant KAT5 proteins assemble in normal NuA4/TIP60 complexes. WT and variant KAT5 proteins were fractionated from nuclear
extracts via tandem affinity purification. Purified fractions were loaded on gel and stained with silver. Bone fide NuA4/TIP60 subunits
are identified on the right. Note: the isoform used for experiments was the commonly used 461-amino-acid isoform (RefSeq
NM_182709.2), and thus variants are at positions 53, 317, and 361 in that protein, but for all figures, they were identified with the ca-
nonical isoform RefSeq NM_006388.3 numbering for consistency with the rest of the manuscript.
(C) In vitro histone acetylation assay performed with purified nativeWTand variant complexes. The graph shows the scintillation counts
of the liquid assays with 3H-Acetyl-CoA with free core histones (CH) or native short oligonucleosomes (SON). Error bars represent stan-
dard deviations of technical replicates.
(D) Fluorograph of in vitro histone acetylation assays with native WT and variant complexes. Protein gels were treated with En3Hance,
dried, and exposed on film to assess 3H-labeled protein bands and/or acetylation in order to visualize the effect on specific histones
(lower panels). Coomassie stained gels are shown to control relative substrate amounts in the reactions (upper panels).
Expected versus observed counting of single-nucleo-

tide changes in gnomAD show that KAT5 is only

moderately intolerant to loss-of-function (LoF) variants

(pLI score [probability of being loss of function intol-

erant] 0.09; observed/expected [o/e] ratio 0.26 [90%

confidence interval (CI): 0.15–0.47]).22 Moreover, fewer

missense variants were observed than were expected

(o/e ratio 0.44 [90% CI: 0.39-0.51] with a Z score of

3.61) (gnomAD v2.1.1). Regarding other assessments

of KAT5 as a gene potentially associated with a domi-

nant disease, the %HI score (haploinsufficiency score

from DECIPHER) is 4.47%. %HI scores below 10%

indicate that a gene is more likely to be deleterious

if haploinsufficient.28 The KAT5 P(AD) score is 0.996

(probability for a gene to carry dominant mutations

from the DOMINO website, accessed June 2, 2020).3

A P(AD) score of 0.95 is highly associated with auto-
568 The American Journal of Human Genetics 107, 564–574, Septem
somal dominant inheritance through haploinsuffi-

ciency, gain of function, or dominant-negative ef-

fects.29 An analysis of the affected residues performed

through the use of Metadome and the MTR Gene

Viewer suggested that all affected residues are intol-

erant to variations.30,31 Moreover, most pathogenicity

prediction tools we used considered the variants to

be likely pathogenic. That was the case for DANN,32

DEOGEN2, EIGEN, FATHMM-MKL, M-CAP, Mutatio-

nAssessor, MutationTaster, and SIFT (scores from the

dbNSFP33 database except for DANN and analyzed

through the Varsome website34). The variants had

CADD scores of 32, 27, and 26 respectively (scores

20 or above indicate that they are among the 1%

most likely pathogenic variants in the genome).35

The variants were also considered to be deleterious ac-

cording to results from Rhapsody and MutPred2.36,37
ber 3, 2020



Purification and Biochemical Analysis of KAT5 Variants

In order to determine the effect of the variants on KAT5

protein interactome and enzymatic activity, we used

genome editing to introduce WT and mutant KAT5 cDNAs

at the safe harbor AAVS1 locus in human K562 cells.17

Equivalent accumulation of the C-terminally tagged pro-

teins (33Flag-23Strep) was measured and clones were

selected (Figure S2). Production in these clones is near phys-

iological levels compared to endogenous KAT5. Native

NuA4/TIP60 complexes were then obtained via tandem af-

finity purification.18 Analysis of the purified fractions

through the use of protein gel, immunoblotting, and mass

spectrometry showed that WT and variant KAT5 normally

assemble into full stoichiometric NuA4/TIP60 complexes

(Figure 2B). Then, the histone acetyltransferase (HAT) activ-

ity of the different complexes was measured in vitro with

3H-Acetyl-CoA using free CH or native chromatin (SON)

as substrates. All variants displayed impaired HAT activity

to varying degrees compared to WT KAT5 (Figures 2C–D).

The p.Cys369Ser variant showed the most dramatic effect,

being unable to acetylate both free histones and chromatin,

as expected based on its localization in the catalytic site. On

the other hand, the complexes containing KAT5 p.Arg53His

and p.Ser413Ala variants are mostly defective in their HAT

activity toward chromatin, not free histones (Figure 2C).

Strikingly, as shown through the use of gel fluorography

(Figure 2D), this defect is clearly more specific toward nucle-

osomal histone H4 tail acetylation, whereas H2A

acetylation is still detected. Altogether, these data clearly

demonstrate that the de novo variants detected in the indi-

viduals described above cripple the lysine acetyltransferase

activity of KAT5, leading to partial loss of function in vivo

and impairing the ability of the NuA4/TIP60 complex to

properly acetylate its targets in a chromatin context. Based

on KAT5’s critical role in genome expression and mainte-

nance, control of cell proliferation, and development, these

variants are likely implicated in the neurodevelopmental

defects seen in these individuals.
Transcriptomic Analyses

We performed an analysis of dysregulated genes in primary

humanfibroblasts from individuals 2 and3, as describedpre-

viously.19 From the RNaseq data (cutoff Log2FC of >0.5

or <�0.5, p » 0.05 [Figure 3A]), we selected genes which

were involved indevelopment,neuronal function,andcirca-

dian rhythm control, and we performed qPCR analysis with

additional controls (Figure 3B and Figure S2). Genes which

showed consistent downregulations were LHX9 (MIM:

606066) and KIRREL3 (MIM: 607761). Genes which showed

consistent upregulations were GFPT2 (MIM: 603865), PER1

(MIM: 602260), and HDAC4 (MIM: 605314).
Discussion

As shown in Table 1, Table S1, and Figure 1A, the three

affected individuals share many features. They are moder-
The American
ately short (�1.95 SD,�2.1 SD, and�2.9 SD) and two have

microcephaly (�2.6 SD and �2.2 SD). They have severe

developmental delay or moderate-to-severe intellectual

disability. All three individuals present with disruptive

behavior and have severe sleep disorders. All have night

waking, and individuals 2 and 3 have sleep onset delay

(improved by clonidine for individual 3), and individual

1 has daytime sleepiness. Individuals 1 and 2 have anom-

alies of the corpus callosum, individuals 2 and 3 have cere-

bellar atrophy, and individual 3 has focal polymicrogyria.

Facial dysmorphisms, each present in at least two individ-

uals, include a round face with a flat facial profile, a

depressed nasal bridge, downturned corners of the mouth,

and prognathism. Individual 2 has a cleft lip and palate,

and individual 3 has a submucous cleft palate. All three in-

dividuals have genitourinary anomalies, including crypt-

orchidism, hypospadias, horseshoe kidney, and vesico-ure-

teral reflux. Although there is some clinical overlap

between the individuals we studied and individuals with

SMS, such as sleep disturbances and some facial dysmor-

phisms, there are also several differences, such as the sei-

zures and genitourinary anomalies seen in all individuals

here, which are present in only a minority of individuals

with SMS. Progressive cerebellar atrophy and CNS malfor-

mations are not observed in SMS, whereas dental anoma-

lies and broad hands are common in SMS and are not

observed here, among other differences.

KAT5 variants cause histone acetylation deficiency and

gene expression deregulation, and thereby lead to a neuro-

developmental syndrome with facial dysmorphisms,

various malformations, and sleep disturbances. Berger

et al.16 had already reported individual 1 in 2017 and

had then proposed KAT5 as a candidate gene to explain

the phenotype. The addition of two new individuals with

overlapping phenotypes and having a KAT5 variant con-

firms the involvement of KAT5 in human diseases. The

observed deficient histone acetylation by biochemical as-

says using native KAT5 complexes suggests an LoF mecha-

nism during development. Mice heterozygous for a

knockout Kat5 allele have normal development, growth,

and fertility in the literature.3,38,39 Heterozygous mice phe-

notyped by the International Mouse Phenotyping Con-

sortium (IMPC) are also essentially normal (IMPC website

accessed June 3, 2020).40 Homozygous knockout mice are

embryonic lethal both in the literature and the IMPC

study. It is possible that in humans, haploinsufficiency

for KAT5 does not lead to a syndrome, and it is even likely

given that over 10 high-confidence LoF variants are found

in gnomAD, but that missense variants abrogating KAT5

activity might cause a dominant deleterious effect. More-

over, regulatory mechanisms may lead to near-normal

KAT5 protein levels in case of haploinsufficiency. This

was observed in adipose tissue of Kat5 haploinsufficient

mice, in which Kat5 mRNA was reduced to 50%, but pro-

tein levels were normal, and similar observations were

also made in different tissues in other studies.39,41,42 We

hypothesize that NuA4 complexes with inactive KAT5
Journal of Human Genetics 107, 564–574, September 3, 2020 569



Figure 3. RNaseq Was Performed on Fi-
broblasts from Individuals 2 and 3 and
Six Healthy Controls
(A) Volcano plot showing common DEGs
(differentially expressed genes) of individ-
uals 2 and 3. Significant DEGs. The red
line indicates a �log10 (adjusted p value)
of 1.3 (padj of 0.05); and the blue line a
Log2 Fold Change of �0.05 and 0.05. Sig-
nificant DEGs shown in panel B are repre-
sented by red dots.
(B) Reverse transcriptase-qPCR analysis of
specific genes deregulated in fibroblasts
from three new controls and from individ-
uals 2 and 3. b-actin was used as the refer-
ence gene. Triplicates were used. Error
bars represent standard deviation. p values
were generated through the use of two-way
ANOVA with Dunnett’s multiple compari-
sons test.
have widespread epigenetic consequences (as suggested by

our transcriptomic studies), whereas the presence of

slightly fewer NuA4 complexes does not, but future

studies, ideally in vivo, will be required to assess this

hypothesis.

LHX9 and KIRREL3 were consistently downregulated in

primary fibroblasts. LHX9 is important for thalamic

neuronal differentiation.43 Knockout mice have profound

hypersomnolence, likely because Lhx9 may be important

for specification or survival of a subset of hypocretin-con-
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taining neurons of the hypothalamus

that are essential for the normal regu-

lation of sleep.44 LHX9 is downregu-

lated in individuals with Pallister-Kal-

lian syndrome, a neurodevelopmental

disorder.45 KIRREL3 is an IgSF-adhe-

sion molecule implicated in synapse

formation, synaptic transmission, and

ultrastructure. It regulates mossy fiber

synapse development in the hippo-

campus46 and has been implicated in

neurodevelopmental disorders.47,48

GFPT2, PER1, and HDAC4 were

consistently upregulated in primary

fibroblasts. GFPT2 controls the flux

of glucose into the hexosamine

pathway involved in protein glycosyl-

ation. An individual with severe intel-

lectual disability was reported with a

de novo missense variant in this

gene.49 PER1 is a key component of

the circadian clock and acts as a

transcriptional repressor.50 HDAC4 is

a histone deacetylase which binds

promoters through transcription fac-

tors MEF2C and MEF2D and represses

transcription. Its deletion causes

cognitive and behavioral issues often
associated with brachydactyly.51 Interestingly, genome-

wide location analysis of the NuA4/TIP60 complex in

human K562 cells previously reported its presence on the

PER1 and HDAC4 genes (see Figure S3).7

Importantly, KAT5 has been shown to be critical for

learning and memory in Drosophila52–54 and has also

been shown to control sleep in Drosophila by regulating

axonal growth in pacemaker cells.55 In addition, mamma-

lian KAT5 has recently been reported to be an important

regulator of the circadian clock cycle through direct



Table 1. Main Clinical Features

Individuals 1 2 3

KAT5 variants (RefSeq
NM_006388.3)

c.158G>A (p.Arg53His) c.1105T>A (p.Cys369Ser) c.1237T>G (p.Ser413Ala)

Chromosomal positions (hg19) Chr11:65480402G>A Chr11:65484393T>A Chr11:65486132T>G

Age and gender 29-year-old female 13-year-old male 18-month-old male

Microcephaly - þ þ

Developmental delay or intellectual
disability

þ, IQ 40 þ, IQ 20–30 þ, severe

Behavioral issues ADHD, sleep disorder, disruptive
behavior

ADHD, severe sleep disorder,
multiple stereotypies and disruptive
behavior

behavioral difficulties with tantrums
and head banging

Seizures þ þ þ

Cerebral malformations partial agenesis of the corpus
callosum

corpus callosum dysgenesis,
cerebellar atrophy

focal polymicrogyria, cerebellar
atrophy

Urogenital anomalies recurrent urinary tract infections horseshoe kidney, vesico-ureteral
reflux, cryptorchidism

hypospadias, cryptorchidism

Congenital heart defect - - VSD, dysplastic pulmonary valve

Orofacial malformations - unilateral cleft lip and palate submucous cleft palate

Ocular anomaly severe myopia strabismus and hypermetropia epiblepharon

Dysmorphisms round face, flat facial profile; down-
slanting corners of mouth; depressed
nasal bridge; prognathism; low-set
ears; almond-shaped eyes

lateral thinning of eyebrows,
macrostomia, bulbous and
asymmetric nose, thick lower lip,
prominent chin

round face, flat facial profile; down-
slanting corners of mouth
action at gene promoters and BMAL1 acetylation.56 More-

over, another HAT, ELP3, has also been associated with

sleep anomalies in Drosophila,57 and sleep deprivation in-

duces the expression of Hdac2 in rat hippocampi.58 The

role of epigenetics in the regulation of sleep has been re-

viewed by Quershi and Mehler in 2014.59 Sleep distur-

bances not associated with sleep apnea are also seen in

diseases caused by variants in epigenetic regulators. Domi-

nant variants in or deletions of the histone deacetylase

HDAC4 have been implicated in the pathophysiology of

chromosome 2q37 deletion syndrome (MIM: 600430),

in which there is a sleep disturbance, and lead to reduced

expression of RAI1 (MIM: 607642), a gene for which var-

iants cause the overlapping SMS (MIM: 182290).60 SMS

due to deletions of 17p11.2 or RAI1 variants is associated

with a recognized circadian sleep disorder characterized

by an advanced sleep phase and inverted melatonin secre-

tion profile.61,62 Autosomal dominant mental retardation

type 1 (MIM: 156200) is caused by variants in MBD5

(MIM: 611472) that encode Methyl-CpG-binding domain

protein 5, which is part of a polycomb repressive complex

that deubiquitinates a lysine of histone H2A. Interest-

ingly, disturbed PER1 levels were noted with both MBD5

mutations and with SMS.63,64 Diseases caused by muta-

tions in other epigenetic regulators are associated with

sleep disturbances (KDM5B [MIM: 605393],65 MECP2

[MIM: 300005],66 EHMT1 [MIM: 607001], KMT2C [MIM:

606833], and HDAC8 [MIM: 300269]67), as well as several

other genetic diseases.68–72
The American
Other HATs associated with Mendelian disorders are

KAT6A and KAT6B. KAT6A variants cause autosomal domi-

nantmental retardation 32 (MIM: 616268), andoverlapping

features with the syndrome described here include intellec-

tual disability, microcephaly, epilepsy, and sleep distur-

bances.73 KAT6B variants cause Genitopatellar syndrome

(MIM: 606170) and Say-Barber-Biesecker-Young-Simpson

(SBBYS) syndrome (MIM: 603736). Overlapping features

with both of these syndromes include intellectual disability,

microcephaly, andgenital anomalies. Specifically, corpuscal-

losum anomalies (for Genitopatellar syndrome) and cleft

palate (for SBBYS syndrome) are overlapping features with

the syndrome described here.74

It will be interesting in the future to determine whether

similar pathways are dysregulated in neuronal models of

the various epigenetic disorders associated with sleep distur-

bances mentioned above, as this could perhaps lead to the

developmentofbetter targeted therapies for such symptoms.
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5. Doyon, Y., and Côté, J. (2004). The highly conserved and

multifunctional NuA4 HAT complex. Curr. Opin. Genet.

Dev. 14, 147–154.

6. Steunou, A.-L., Rossetto, D., and Côté, J. (2014). Regulating
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