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NAAB8O0 bi-allelic missense variants result in
high-frequency hearing loss, muscle weakness
and developmental delay

®lrena). ). Muffels,'* Elsa Wiame,z’* Sabine A. Fuchs,' Maarten P. G. Massink,3
Holger Rehmann,* Jiska L. I. Musch,’ Gijs Van Haaften,® (®Didier Vertommen,®
Emile van Schaftingen”* and Peter M. van Hasselt'*

* These authors contributed equally to this work.

The recent identification of NAAS8O/NATG6 as the enzyme that acetylates actins generated new insight into the process of post-
translational actin modifications; however, the role of NAA80 in human physiology and pathology has not been clarified yet. We
report two individuals from a single family harbouring a homozygous ¢.389T>C, p.(Leul30Pro) NAAS8O genetic variant. Both
individuals show progressive high-frequency sensorineural hearing loss, craniofacial dysmorphisms, developmental delay and mild
proximal and axial muscle weakness. Based on the molecular structure, we predicted and confirmed the NAA8O ¢c.389T>C,
p-(Leu130Pro) variant to result in protein destabilization, causing severely decreased NAAS80 protein availability. Concurrently,
individuals exhibited a ~50% decrease of actin acetylation. NAAS8O individual derived fibroblasts and peripheral blood mono-
nuclear cells showed increased migration, increased filopodia counts and increased levels of polymerized actin, in agreement with
previous observations in NAA8O knock-out cells. Furthermore, the significant clinical overlap between NAAS8O individuals and
individuals with pathogenic variants in several actin subtypes reflects the general importance of controlled actin dynamics for the
inner ear, brain and muscle. Taken together, we describe a new syndrome, caused by NAAS8O genetic variants leading to decreased
actin acetylation and disrupted associated molecular functions. Our work suggests a crucial role for NAA8O-mediated actin
dynamics in neuronal health, muscle health and hearing.
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Introduction

Actins are among the most conserved and ubiquitously
expressed proteins in vertebrates. In humans, six actin
genes exist; four actins are primarily involved in muscle
contraction, whereas p-actin (ACTB) and v-1l-actin
(ACTG1) are cytosolic and facilitate cellular movement,
exocytosis, organelle trafficking and regulation of genetic
transcription.'™ In muscle cells, actins and myosins form
tightly organized myofibrils that facilitate muscle contrac-
tion,* whereas in non-muscle cells, the actin network is
highly dynamic, resulting in dynamic modelling of actin
filaments that fit the cells’ particular needs.>

Actins differ mostly at their N-terminus, which consists
of three or four acidic residues (glutamate or aspartate),
the first of which is acetylated on its amino group to
suppress the positive charge of the amine. The acetyl-
transferase involved in this modification is NAAS8O, that
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belongs to a family of N-acetyltransferases, modifying the
N-terminus of a wide range of proteins.””'! NAAS8O is
specific for actin as a result of the untypically highly
acidic N-terminus of actins. In fact, no other N-acetyl-
transferase can compensate for loss of NAA80.”%!" The
specificity of NAA80 for actin is not only due to the
acidic character of the N-terminus of actins, but also due
to other specific interactions that NAA80O can establish
with actins. These include formation of a ternary com-
plex with Profilin-2 (PFN2) , a protein known to bind to
monomeric actin.”'? In most cell types, 99% of the N-
termini of all actin subtypes are acetylated.® At a cellular
level, the increased negative charge density induced by
actin acetylation is thought to result in altered actin dy-
namics, including actin stability and elongation, that in-
fluence cell size, filopodia formation and cellular
migration.”"? For example, NAA8O knockout cell lines
showed increased filopodia counts, increased cell size and
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increased cellular migration.” However, consequences of
absent actin acetylation have only been studied in immor-
talized cell lines, which may be more tolerant to actin
cytoskeletal dysfunction than well-differentiated tissues.
As a result, the importance of actin acetylation in organ-
isms has yet to be determined.

Here, we describe two brothers, homozygous for a
¢.389T>C, p.(Leul30Pro) variant in NAA8O, with high-
frequency sensorineural hearing loss and craniofacial dys-
morphisms. We found that the NAA8O variants impacted
protein stability, resulting in decreased NAA80 protein
levels and decreased actin N-terminal acetylation. At a
cellular level, changes in filopodia formation, actin poly-
merization and motility were observed. The brothers with
NAAS8O genetic variants have significant phenotypic over-
lap with patients harbouring y-actin and B-actin muta-
tions, suggesting that the disrupted actin dynamics are
causing the NAAS80 phenotype. Together, these results
implicate an important role for actin acetylation in
human physiology and pathology.

Materials and methods

Informed consent was obtained from the parents of pro-
bands 1.2 and 1.4 to collect residual material collected
for diagnostic purposes to include in the Wilhelmina
Children’s Hospital metabolic biobank (TCBio 19-489/B,
https:/tcbio.umcutrecht.nl). From proband 1.2, we
included both fibroblasts and PBMCs. From proband 1.4
we were only able to include PBMCs. In the same bio-
bank, we included residual material of four different
paediatric healthy fibroblast lines. Healthy adult donor
PBMCs (N=6) were obtained by using the Minidonor
Service, an ethics review board approved blood donation
facility at the UMC Utrecht (protocol number 18-774).
Since healthy donor material availability was limited, we
were not able to match individuals exactly by age and
gender with healthy donors. Additionally, informed con-
sent was obtained for publication of facial images and
medical images of both individuals. All procedures per-
formed in studies involving human participants were in
accordance with the ethical standards of the institutional
and/or national research committee(s) and with the
Helsinki Declaration (as revised in 2013).

Exomes were enriched using Agilent SureSelect XT
Human All Exon kit V5 and sequenced on a HiSeq
sequencing system (Illumina). Reads were aligned to hg19
using Burrows—Wheeler Aligner. Variants were called
using Genome Analysis Toolkit Variant Caller and anno-
tated, filtered and prioritized using the Bench NGS Lab
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platform (Agilent-Cartagenia, Leuven, Belgium) and/or an
in-house designed ‘variant interface’ and manual curation.
The minimal coverage of the full target was 15x 94.2%.
All common polymorphisms with a minor allele
frequency >0.25 were filtered out using several public
databases including 1000 genomes database,'* Ensembl
GRCh37 genome browser,"” exome aggregation consor-
tium  database,'® genome  aggregation  database
(gnomAD)'” and database of single-nucleotide polymor-
phisms. All variants with one of the following effects
were included:  Splice-site, STARTLOSS, STOP,
Frameshift, STOPLOSS, NONSYNONYMOUS. Variant
calling was performed using the complete human refer-
ence genome (hgl9, NCBI release GRCh37). Sanger
sequencing was performed to identify if the same genetic
variants were present in other probands, using the fol-
lowing primers: for NAA80: §-GATGCTTGTGCTG
ACCTCA-3' and 3-GGGCTGGTTCAGCACC-§, for
PLXNB1: 5-CCCCTGGCTCCACAGGGTCGC-3" and 3'-
GCTCACACTCGACCCGGGCC-5', for HDACe6: 5'-
AACTATGACCTCAACCGGCCA-3' and 3-CTGTGAA
CCAACATCAGCTCT-5, for PRR14L: 5-TCTAGCCT
GGCATGGTGG-3 and 3'-GCTGGAGATTCACATCAA
TCATTT-5'. Individuals were evaluated according to the
Wilhelmina Children’s hospital clinical practice, and all
laboratory analyses were performed in ISO 9001/
ISO15189 accredited diagnostic laboratories.

A sequence-based search of the pdb database (12
December 2020) identified the entries 6NAS, 6NBE,
6NBW and 5WJD as informative. To assess putative
structural consequences of the variants, the identified
structural data were inspected and individual structures
superimposed in Bragi.'® Graphical representations were
generated based on pdb entry 6NBE using MolScript'’
and Raster3D.*’

Recombinant NAA80 expression and purification from
Escherichia coli were performed as previously described.®
Phosphorylated primers 5'-CTGCCAAGCCCCCACCCC
ACACTTG-3' and §5'-CATCAGGCAGAGGGGGAAGGC
ATCTG-3' were used to introduce the ¢.389T>C,
p-(Leu130Pro) variant in NAA80O sequence cloned in
pET-22b and the construct was validated by sequencing.
To generate lentiviral constructs for the expression of
wild-type and mutant NAASO in NAA80 knockout
HAP1 cells, the NAA80 open reading frame (with and
without the ¢.389T>C, p.(Leul30Pro) variant) was
inserted in the Xbal and BsrGI sites of the vectors
pUB81, pUB82 and pUBS83. These vectors are derivatives
of the pLVX-PURO (Clontech, Mountain View, USA)
driving expression of the gene of interest under the
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control of EF-lalpha, SV40 and CMV promoter.”'
Human Embryonic Kidney 293T cells were transiently
co-transfected with these lentiviral vectors and second
generation packaging plasmids psPAX2 and pMD2 with
Jet-Pei reagent. Forty-eight hours after transfection,
NAA80 knockout HAP1 cells were infected as described
previously and selected with 2 pg/ml puromycin.®

NAAS80 individual and healthy control fibroblasts were
transduced by combining 8 pg/ul Polybrene (#TR-1003-G,
Bio-connect, Huissen, The Netherlands) with 100 pul of
lentiviral vectors with second generation packaging plas-
mids. Selection was performed using 2 pg/ml puromycin.

Procedures for western blot in HAP1 knockout cells were
described previously.® For the fibroblast western blots,
cells were harvested with 0.05% trypsin/EDTA, washed
once with Phosphate Buffered Saline (PBS) without cal-
cium and magnesium and lysed in Laemmli buffer (SDS,
Glycerol, Tris) supplemented with a protease inhibitor
cocktail (#P8340, Sigma Aldrich, Darmstadt, Germany).
Protein  concentration was determined using the
Bicinchoninic acid assay kit, using bovine serum albumin
as standard (#23225, Thermo Fisher Scientific, Waltham,
USA). Blotting was performed using wet transfer
(1.5 hours, 100Volt) in blotting buffer (20% methanol,
Sodium Dodecyl Sulfate (SDS)/glycine ). The following
antibodies  were  used:  anti-NAA80  (#15476-1;
Proteintech, Rosemont, USA) and PB-tubulin (CST2128S,
Cell Signaling Technology, Danvers, USA).

A mass spectrometry approach was used to quantify actin
N-terminal acetylation precisely. As acetylation of a pep-
tide changes the intensity of the signal obtained by mass
spectrometry, we converted i vitro non-acetylated actin
to fully acetylated actin by incubation with labelled '*C,,
Ds-acetyl-CoA and recombinant NAA80. Trypsin diges-
tion and mass spectrometry allowed the quantification of
the non-labelled N-terminal peptide (i.e. the endogenously
acetylated) and the labelled N-terminal peptide (i.e. unac-
etylated in intact cells).

In practice, '°C,, Ds-acetyl-CoA was synthesized from
acetic anhydride-'3C4, Dy (Sigma-Aldrich) and coenzyme
A (sodium salt; from Sigma-Aldrich) as previously
described.?” Fibroblasts (from one confluent 10-cm plate),
PBMC (from 9ml of fresh blood) or buffy coat cells
(from 9 ml fresh blood) were resuspended in a buffer con-
taining 25 mM HEPES, pH 7.4, 0.5 mM phenylmethylsul-
fonyl fluoride, 5Smg/l leupeptin and Smg/l antipain,
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submitted to two cycles of freezing in liquid nitrogen and
thawing, and lysed by vortex-mixing. Cell extracts were
centrifuged for 15 min at 15,000g and 4°C. Protein con-
centration was determined with the Bradford assay using
y-globulin as a standard. Fifty micrograms of cell extract
supernatants were incubated at 37°C, in a mixture
(100 ul) containing 50mM Tris, pH 7.5, 25 mM Kalium
Chloride, TmM MgCl, and 0.15mM '*C,, Ds-acetyl-
CoA. The reaction was initiated by the addition of
150ng recombinant NAA80® and stopped after $min
with 400 pl cold methanol and 100 pl chloroform.

For mass spectrometry analysis, samples were treated
essentially as described.® Separation was performed with
a linear gradient of 4-50% solvent B (0.1% fluoroacetic
acid in 98% acetonitrile) for 100 min, 50-75% solvent B
for 10 min and holding at 95% for the last 5 minutes at
a constant flow rate of 300 nl/min. Intact peptides were
detected in the Orbitrap at a resolution of 120 000.
Peptides were selected for tandem mass spectometry (MS/
MS) using high energy collision dissociation setting at 35;
ion fragments were detected in the Orbitrap at a reso-
lution of 50000. A targeted mass list was included for
the six theoretical peptide sequences (see Supplementary
Table 1), considering oxidation of Met, acetylation of the
N-terminus, incorporation of 2 *C and 3 deuterium and
charge states +2. The electrospray voltage applied was
2.1kV. MS1 spectra were obtained with an automatic
gain control target of 4 x 10° ions and a maximum in-
jection time of 50ms, and targeted-MS2 spectra were
acquired with an automatic gain control target of 2 X
10° ions and a variable injection time. For MS scans, the
mlz scan range was 350-1800. The resulting MS/MS
data were processed and quantified using Skyline (version
19.1.0.193).%

Trypsin was specified as cleavage enzyme allowing up
to two missed cleavages, four modifications per peptide
and two charges. Mass error was set to 10 ppm for pre-
cursor ions and 0.05Da for fragment ions. An example
of analysis is illustrated in Supplementary Fig. 1.

Fibroblasts of the NAA80O proband 1.2 were cultured in
Ham F12 medium (#11765054, Thermo Fisher) supple-
mented with 10% fetal bovine serum (#F7524, Sigma
Aldrich), 100 Ul/ml penicillin and 100 pg/ml strepto-
mycin, in a humidified incubator at 37°C and 5% CO.,.
Cells were split at 80% confluency. For the assay, cells
were plated in a 96-well plate (500 cells/well). After
24 hours, cells were fixed with 4% formaldehyde and
permeabilized with 0.1% Triton X-100. Cells were incu-
bated with phalloidin-tetramethylrhodamine B isothio-
cyanate (TRITC) (#P1951, Sigma-Aldrich, 1:100) and
mounted with Hoechst (#B2261, Sigma 1:2000). Cells
were visualized with the Leica TCS SP8 (Wetzlar,
Germany) using 63X enlargement. Pictures were analysed
with FiJi Image] software, using the FiloQuant package.”*
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For analysis, GraphPad Prism was used (Version 8.0.0
for Windows, GraphPad Software, San Diego, USA).

Actin polymerization was determined by staining PBMCs
and fibroblasts with Phalloidin-TRITC and subsequent
analysis by flow cytometry. For fibroblasts, cells were
plated in a 6-well plate (5x10* cells/well) and grown
until 80% confluency. Cells were harvested using TrypLE
(#12604013, ThermoFisher), washed and immediately
fixed and permeabilized. Afterwards, cells were incubated
Phalloidin-TRITC (1:1000) and DRAQS5 (1:8000). For
PBMC s, after fixation and permeabilization, they were
stained with 1:100 phalloidin-TRITC and 1:8000
DRAQS (#424101, Biolegend, San Diego, USA). Cells
were analysed with BD LSR Fortessa (BD Biosciences,
San Jose, USA). Analysis of flow cytometry data was per-
formed with FlowJo (version 10.6.2., Becton, Dickinson
and Company; 2019).

Fibroblasts were plated in a 24-well Transwell insert
(Corning, Glendale, USA) at a density of 1x 10* in nor-
mal culture medium without fetal bovine serum. The bot-
tom chamber was coated with collagen-I (#354236,
Cornig) and filled with either serum free medium or
600 1l HAM-F12 culture medium containing 10% fetal
bovine serum. After 24 hours, the top chamber was
scraped with a cotton swab and 400pl of 0.5% trypsin
was added to the bottom chamber. Afterwards, 400 pl
culture medium containing 1000x diluted Hoechst 3342
(#B2261, Sigma Aldrich) was added to the bottom cham-
bers with the cells and immediately visualized with the
EVOS™ XL Imaging System (ThermoFisher).

PBMCs were isolated from whole blood using Ficoll
(#17-1440-02, GE  Healthcare Hoevelaken, The
Netherlands). Briefly, Ficoll was layered under whole
blood mixed with one volume PBS and the whole was
centrifuged for 20min at 2400 rpm. PBMCs were col-
lected, washed and frozen in 10% Dimethyl sulfoxide
(DMSO) in fetal bovine serum. On the day of the assay,
PBMCs were thawed and plated at a density of 50000
cells in the upper part of 96-well transwell insert (#
3388, Cornig). PBMCs were allowed to migrate for
4hours. Cells in both bottom and upper part of the
transwell were fixed, permeabilized and stained with
1:100 phalloidin-TRITC and 1:8000 DRAQS. Cells were
counted using BD Fortessa LRS. The percentage of
migrated cells was calculated by dividing cell count in the
bottom chamber by the total number of cells (top and
bottom chamber).

To calculate the overlap between the phenotype of
NAAS8O patients to patients with other genetic diseases,
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we used PHRANK.? As input we used the top-23 fea-
tures with the highest occurrence ratio in our patients
and the human phenotype ontology to disease list
extracted from https:/hpo.jax.org/app/download/annota
tion in July 2021.%° To extract phenotypic features of
individuals with actin genetic variants, a literature search
was performed in May 2020. Individual features in case
reports were scored using human phenotype ontology
scores and binary code (1= present, 0= not present) by
two independent researchers. Occurrence ratios were cal-
culated by dividing the percentage of individuals with a
phenotypic feature by the number of genes associated
with the phenotypic feature in human phenotype ontol-
ogy. To avoid doubles (‘abnormality of the metopic
ridge’ and ‘prominent metopic ride’), we used the human
phenotype ontology code that was furthest up the tree.

Differences in actin acetylation percentages were analysed
using Student’s t-test (separate analysis for fibroblasts
and PBMCs). The data are presented as mean * SD.

Differences in Phalloidin median fluorescence intensity
were analysed using Student’s #-test in case of two groups
or ANOVA in case of three groups. The data are pre-
sented as mean * SD. For the migration assays, ANOVA
was used to compare groups. The data are presented as
mean * SD. Statistical analysis was carried out with
Prism (GraphPad).

The authors declare that all data supporting the findings
of this study are available within the paper and its sup-
plementary information. Occurrence ratios for patients
with variants in NAA8O or actin subtypes are added as
Supplementary Table 4. The new variant described in this
study was entered in ClinVar, accession number:

VCV001301869.1

Results

Proband 1.2 was born to Portuguese parents. After an
unremarkable gestation and birth, he was diagnosed with
bilateral high-frequency sensorineural hearing loss of
40dB at the age of five weeks (Fig. 1A). Upon clinical
examination, several dysmorphic features were noted,
including hypertelorism, low posterior hair line, highly
arched eyebrows, low-set protruding ears, small mouth,
diastema, peg-shaped lateral incisors, disorganized im-
plant of the toes and tapered fingers (Fig. 1B-D). In the
following years, proband 1.2 exhibited periodic hypo-
tonia, feeding difficulties, fatigue, swelling of his extrem-
ities and vomiting, which worsened during infections. He
had behavioural disturbances, including rage and auto-
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Figure |I. NAAB8O individuals present with craniofacial dysmorphisms, abnormal brain MRI and high-frequency hearing loss.
(A) Pure Tone Audiometry showing intensity measured in decibels (dB) represented on the x-axis and the frequency measured in Hertz (Hz) on
the y-axis of the left ear (L) and right ear (R) of proband 1.2 showing high frequency hearing loss in the 2000-8000 kHz region. (B) Front view of
proband .2 at the age of 7 years showing small upper lip, hypertelorism, abnormally shaped ears, ptosis and epicanthus fold. (C) Lateral view of
proband 1.2 showing retrognathia. (D) Brain MRI image of proband 1.2 showing asymmetrical posterior horns. (E) Close-up of proband 1.2
showing diastema and peg-shaped lateral incisors. (F) Front view of proband 1.4 at the age of | year showing small upper lip, long philtrum,
bulbous tip of the nose, ptosis, epicanthus fold, ocular hypertelorism, abnormally shaped ears. (G) Lateral view of proband |.4. (H) Close-up of
proband |.4 showing peg-shaped lateral incisors. (I) Family pedigree of the NAAB8O family. Black squares indicate affected male [homozygous for
NAAB80 ¢.389T>C, p.(Leul 30Pro) variant]. Semi-black squares indicate that the individual is a carrier of a heterozygous NAA8O variant.

mutilation, triggered by either loud noises or visual
images. Additional phenotypic features included sleeping
difficulties, loud snoring, gait ataxia and mild constipa-
tion requiring laxatives. Brain MRI revealed an enlarged
right lateral ventricle system, a decreased amount of
white matter volume and asymmetrical subcortical white
matter lesions (Fig. 1E). Overall development was mildly
delayed, with an estimated intelligence quotient of 79 at
the age of three. Extensive etiological workup at our
Hospital Centre for Evaluation of Developmental Delay,
including clinical chemistry and metabolic screening in
urine and plasma, did not reveal a cause for his clinical
symptoms. Cardiac evaluation revealed mild systolic dys-
function, but no other abnormalities. SNP array revealed
several small (<5 MB) and one large (8.8 MB) homozy-
gous identity by descent regions (Supplementary Table 2).
The large identity by descent region (8.8 MB) that was
found in the patient exceeds the size of identity by

descent regions found in outbred populations and sug-
gests parents are distantly related.””*® Parents originate
from the same region in Portugal. Subsequent trio-exome
sequencing allowed the identification of four genetic var-
iants of unknown significance (Supplementary Table S3),
from which the variant in the NAA8O gene was consid-
ered most likely to be pathogenic: NC_000003.11:
£.50334572A>G, ¢.389T>C, p.(L130P) (OMIM: 607073).
Both parents were heterozygous for this variant.

Proband 1.4 was born 6 years later after an unremark-
able pregnancy. His birth was complicated by respiratory
distress due to meconium aspiration syndrome, necessitat-
ing mechanical ventilation for 24 hours. He had similar
dysmorphic features as proband 1.2, including hypertelor-
ism, low posterior hair line, highly arched eyebrows, low-
set protruding ears, peg-shaped lateral incisors, small
mouth and thin lips (Fig. 1E-G). In addition, a bilateral
sensorineural hearing loss of 70dB, most prominent in
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Figure 2. The NAA80 c.389T>C, p.(Leul30Pro) variant decreases NAAB8O stability and decreases actin acetylation. (A) Crystal
structure of NAA8O bound to the actin—profilin complex. NAA8O is shown in grey with B-strands |—4 highlighted in blue and Leul30 in red.
Actin is shown in dark grey and profilin in orange. Coenzyme A (CoA) in blue and the acetylated N-terminal aspartate (DAc) in dark grey are in
ball-and-stick representation. The colour-coding is used throughout the figure. (B) Detailed view of the local environment of the side chain of
Leul30. The peptide chain is shown as Ca-trace with selected side chains in ball-and-stick representation. (C) Hydrogen network of the
backbone surrounding Leu|30. With the exception of Leul 30, residues are shown without sidechains as glycine. Dotted lines represent
hydrogen bonds. (D) Western blot analysis of the expression of wild-type (WT) and mutant NAAS8O in Escherichia coli. Induction of the
expression with IPTG leads to the appearance of a protein that is mainly present in the supernatant (SN) of bacterial extracts in the case of the
wild-type protein and in the sediment in the case of the mutant. (E) Western blot of HAP1 NAAB8O knockout cells infected with lentiviral vectors
driving the expression of WT NAAB8O, Leul30Pro NAA8O and no protein (empty). Mutant NAA8O generates decreased levels of NAA8O
protein, and with the weakest promoter, detectably decreased acetylated B-actin levels. One representative experiment out of two is shown.
(F) Western blot showing severely decreased NAA8O protein expression in fibroblasts of proband |.2 compared to two healthy donors,
B-tubulin was used as a housekeeper. One representative experiment out of two is shown. (G) Bar graph representing the proportions of
‘endogenously’ unacetylated B-actin (expressed as percentage of acetylated + unacetylated B-actin) of healthy controls (black) and probands

1.2 and 1.4 (red). Two independent experiments were performed of both the fibroblasts (proband 1.2) and the PBMCs (both probands), and
each cell type was compared to three different healthy control samples (combined data from two experiments). Coloured squares represent
mean values of all technical replicates, bars represent mean values of healthy controls (Ctrl) or individuals = SD. *P < 0.05, ***P < 0.001
(Student’s t-test). Acetylation of the N-terminus of actins was determined by /MS/MS analysis of tryptic peptides as described in the ‘Materials
and Methods’ section. (H) Bar graph represents the percentage of unacetylated y-actin in three healthy controls (black) and proband 1.2 and 1.4
(red). Two independent experiments were performed of both the fibroblasts (proband 1.2 only) and the PBMCs (both patients), and each cell
type was compared to three different healthy control samples (two experiments). Coloured squares represent technical replicates, bars
represent mean per donor * SD. *P < 0.05, ¥***P < 0.001 (Student’s t-test).
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the high frequency 3kHz area, was detected. He also
experienced periodic hypotonia, feeding difficulties, mild
constipation,  sleeping  difficulties and  snoring.
Additionally, he has multiple obstructive and central
apnoeas per night (not resulting in hypoxia). Sanger
sequencing confirmed homozygosity for the same variant in
NAA80: ¢.389T>C, p.(L130P) in proband 1.4, but not in
healthy probands 1.1 and 1.3(Fig.  1I). Additionally,
Sanger sequencing confirmed homozygosity for the same
variant in PLXNBI: NC_000003.11: g.48460754T>C,
c.2731A>G, p.(S911G). The PLXNB1 variant was not
identified in the healthy siblings. With Sanger sequencing,
we found the other genetic variants identified in proband
1.2 did not segregate within the family (Supplementary
Table 3).

NAAS80 includes an N-terminal extension, followed by a
catalytic domain (residues 78-220), a proline-rich loop and
a stretch of residues also belonging to the catalytic do-
main.” Leul30 is localized at the end of PB-strand P1,
which is part of a central B-sheet of the catalytic domain
(Fig. 2A). The side chain of Leul130 points into a hydro-
phobic environment (Fig. 2B). The backbone of Leu130 is
involved in the formation of the hydrogen bond network
of the central B-sheet, with direct hydrogen bonds to
Thr83 in B1 (Fig. 2C). Replacement by a proline is
expected to disturb the hydrogen bond network, in particu-
lar of the nitrogen atom in the peptide bond. Furthermore,
adaptations would be required due to the sterical demands
of the proline ring. These effects are expected to weaken
and disturb the local fold of the protein.

The wild-type and the mutant NAA80O protein with a
C-terminal poly-His tag were expressed in E. coli, and
bacterial extracts were centrifuged and analysed by so-
dium dodecyl sulphate polyacrylamide gel electrophor-
esis and western blot. Mutant protein  was
predominantly insoluble, contrasting with wild-type pro-
tein, which was essentially soluble, with only a very
small proportion in the sediment (Fig. 2D). These find-
ings align with the prediction that the NAA80O variant
induces defective protein folding.

To measure the impact of the NAASO genetic variant
on protein levels in mammalian cells, we infected NAAS8O
knockout HAP1 cells with constructs expressing mutant
or wild-type NAA8O ¢cDNA with promoters of different
strengths, EF1A being the strongest and SV40 being the
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weakest promoter. Lower protein levels of mutant
NAA80 compared with healthy donors were observed
with all promoters (Fig. 2E). Similarly, in NAA80 indi-
vidual fibroblasts, NAA80 protein levels were lower com-
pared to healthy controls (Fig. 2F). Use of the weakest
promoter resulted in partial restoration of actin acetyl-
ation, as determined by western blotting with antibodies
specific for the acetylated form of beta actin, while stron-
ger promoters led to maximal or near maximal acetyl-
ation, indicating that the mutated protein still shows
residual activity (Fig. 2E). In addition, we found that ex-
pression of low levels of wild-type NAA80 in HAP1
knockout cells was already sufficient to reach maximal or
near-maximal acetylation (Fig. 2E). It should be noted
that the western blot approach used in this experiment
does not allow precise quantification of the level of
acetylation.

To accurately determine the levels of acetylated actin, the
level of N-terminal acetylation of B- and y-actin in fibro-
blasts and PBMCs from NAAS8O individuals was analysed
by mass spectrometry (Fig. 2G and H). In healthy
donors, ~0.5% of beta and gamma-actins were not ace-
tylated. However, for the NAAS8O individuals, 25-65% of
beta and gamma-actins were not acetylated, depending
on the cell type and the type of cytoplasmic actin
(Fig. 2G and H).

The depolymerization rate for acetylated actin is approxi-
mately 2-fold higher than for non-acetylated actin.’
Therefore, we hypothesized that the higher proportion of
non-acetylated actin in NAA80 individuals would de-
crease the overall depolymerization rate, resulting in
increased levels of polymerized actin. Indeed, NAAS8O in-
dividual PBMCs and fibroblasts displayed increased phal-
loidin staining, corresponding with increased levels of
polymerized actin (Fig. 3A and B). Expressing wild-type
NAA80 with the SV40 promoter in NAAS80 individual
fibroblasts normalized phalloidin staining intensity
(Supplementary Fig. 2 and Fig. 3C).

Since HAP1 NAAS80 knockout cells showed increased
filopodia formation and cellular migration’, filopodia
counts and migration dynamics were quantified. In
NAAS8O individual fibroblasts, increased filopodia counts
were observed (Fig. 3D). The introduction of wild-type
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Figure 3. NAABS8O variants lead to increased actin polymerization, filopodia count and cellular migration. (A) Microscopy
images of healthy Ctrl fibroblasts (upper panel) and NAAB8O individual fibroblasts (lower panel) . NAA8O individual fibroblasts show increased
filopodia counts and altered morphology of the polymerized actin network. (B) Phalloidin mean fluorescence intensity of healthy controls (N
= 3, nine technical replicates) and NAA8O patient PBMCs (N = 2, nine technical replicates). Dots represent the mean phalloidin staining
(median fluorescence intensity) of each replicate, the line represents the mean of all replicates £SD ***P < 0.001 (Student’s t-test). (C)
Phalloidin median fluorescence intensity of healthy controls (N = 3, one technical replicate each) and NAAS8O individual fibroblasts (N = I,
one technical replicate) and fibroblasts of proband 1.2 expressing WT NAAB80 with CMV or SV40 promoter (N = 2, both one replicate). Bar
represents mean fluorescence intensity of the phalloidin staining =SD. (D) Filopodia count of healthy control (N = 3) and individual
fibroblasts (N = |) transfected with an empty vector and SV40 promoter, and individual fibroblasts with NAA80 WT expressing plasmid with
SV40 promoter (N = 1). Dots represent filopodia count per cell, lines represent mean filopodia count of all cells =SD.

*P < 0.05, ¥**P < 0.001 (ANOVA). (E) Cellular migration measured with the Boyden chamber assay of PBMCs with normal culture medium
(nothing) or CXCL2| enriched culture medium (CXCL21) in the bottom chamber. Dots and squares represent mean migration of three
technical replicates, bars represent mean migration of healthy controls combined (N = 3) or NAA8O individuals (N = 2) *=SD. *P < 0.05
(Student’s t-test). (F) Cellular migration of control and NAA8O individual fibroblasts, measured with the Boyden chamber assay, with normal
culture medium without (No FBS) or with (10% FBS) enriched culture medium in the bottom chamber. Dots or squares represent mean
migration of three technical replicates, bars represent mean migration percentage of three donors £SD. *P < 0.05 (Student’s t-test).

(G) Cellular migration of healthy control (N = 2) and NAAB8O individual fibroblasts transduced with an empty vector (N = I, three technical
replicates) and NAAB8O individual fibroblasts transduced with a NAA8O wild-type expressing vector (N = |, three technical replicates). Bars
represent mean migration per condition =SD. *P < 0.05.
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Figure 4. The most specific phenotypic features of NAA80 individuals overlap with those of individuals with ACTB, ACTGI
and ACTA variants. Colour coded occurrence ratios of the most specific phenotypic features of NAA8O individuals with corresponding
occurrence ratios of individuals with other actin genetic variants. ACTGI = actin-y; ACTB = actin-; ACTA| = muscle a-actin; ACTA2 =
smooth muscle actin-o; ACTG2 = gamma-enteric smooth muscle actin; ACTCI = cardiac, muscle alpha actin.

NAAS80 protein with the SV40 promoter lowered filopo-
dia counts to the level observed in healthy controls
(Fig. 3D).

Cellular migration in response to chemotactic stimuli
was tested using the Boyden chamber assay. Both fibro-
blasts and PBMCs of NAAS80 individuals showed increased
movement in response to chemotactic stimuli (Fig. 3E and
F). In fibroblasts, expression of NAA80 wild-type with the
SV40 promoter protein lowered migration levels to the
level observed in healthy controls (Fig. 3G).

Together, these results indicate that the NAA8O genetic
variant results in decreased NAAS80O protein levels and
acetylation activity causing a distinct cellular phenotype,
similar to that observed in NAA80 HAP1 knockout cell
lines.

Individuals with the NAAS80
c.389T>C, p.(Leul30Pro) variant
show significant phenotypic overlap

with individuals with pathogenic
variants in ACTB and ACTGI

To relate our molecular findings to the clinical pheno-
type, NAA8O individuals were compared with individuals
harbouring genetic variants in actin genes. For compari-
son, we used occurrence ratios that grant more weight to
specific features (e.g. high-frequency hearing loss) than to
non-specific features (developmental delay) by dividing
the percentage of individuals presenting with a phenotyp-
ic feature by the total number of genes associated with
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Figure 5. Graphical model showing the NAAB80 activity
(x-axis) versus the amount of substrate (non-acetylated
actin, y-axis). (A) Under steady-state conditions, actin is
synthesized, acetylated and degraded. For the sake of simplicity, we
assume that the degradation of acetylated and non-acetylated actins
proceed with the same rate constant. If we assume that the rate of
acetylation is proportional to the non-acetylated actin (non-AA)
concentration, V =k [non-AA], where k is the constant rate of the
reaction catalysed by NAA8O. The concentration of non-AA is
therefore equal to V/k. (B) An increase in the proportion of non-
acetylated actin from 0.5% (normal value) to 25% or 50% may be
due to a reduction in the NAAS8O activity of 50- and 100-fold,
respectively (i.e. from a value of 100% to 2 or |% approximately).
Therefore, the reduced NAAB8O activity caused by NAAB8O genetic
variants in our individuals falls within a critical range (orange area)
that is disease-causing but not lethal. Less than 1% NAAS8O activity
is thought to be lethal (red area). Over 2% of NAAS8O residual
activity probably does not result in overt clinical symptoms (green
area). Note that all percentages mentioned are based on estimates.
Note that the x-axis has a logarithmic scale.

that phenotypic feature.”” With this approach, one can
define overlap for rarely seen phenotypic features, which
may point in the direction of shared pathophysiology.

To calculate the similarity between phenotypes, we
employed the PHRANK* tool, using the top-23
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phenotypic features with the highest occurrence ratio
(depicted in Fig. 4), comparing it to the phenotype of
each actin gene. We found that Baraitser-Winter (OMIM
#243310, resulting from ACTB and ACTG1 mutations)
was in the top three of diseases that most resembled the
NAAS80 phenotype, together with Rubinstein—-Taybi syn-
drome (OMIM #180849) and Wolf-Hirschhorn syndrome
(OMIM #194190).

Strikingly, comparing NAA80 patients to ACTB
patients gave a similarity score of 60.29, and 30.37 when
compared to patients with ACTG1 mutations (Fig. 4).
The overlap with ACTA1 was only modest: NAAS8O indi-
viduals exhibited moderate axial hypotonia and proximal
muscle weakness, while ACTA1 individuals have overt
nemaline myopathy (similarity score of 20). The similarity
scores of NAA8O and ACTG2, ACTC1 and ACTA2
were negligible (1.00, 0.00 and 0.00, respectively). While
ACTG2 individuals show intestinal pseudo-obstruction,
only mild constipation is seen in NAASO individuals.
Similarly, the ventricular dysfunction seen in NAASO
individuals could reflect a minor ACTC1 dysfunction.
Together, these results show that NAAS8O individuals re-
semble the phenotype seen in individuals with ACTGI1,
ACTB and ACTA1 mutations, but not in individuals
with ACTG2, ACTC1 and ACTA2 mutations.

Discussion

Until now, the consequences of N-terminal actin acetyl-
ation have remained largely unexplored in vivo. Here, we
describe a new syndrome characterized by high-frequency
hearing loss, developmental delay and muscle weakness,
caused by homozygous NAAS0 c.389T>C,
p.(Leu130Pro) variants. We provide evidence that the
c.389T>C, p.(Leul30Pro) variant destabilizes NAAS8O,
resulting in decreased, but not absent, enzymatic activity
and consequently decreased actin acetylation. This
resulted in increased filopodia formation, increased cellu-
lar movement and increased levels of polymerized actin.
Together, our results underscore the importance of
NAAB80-mediated actin acetylation in vivo.

The shared clinical features of NAA80 individuals and
ACTB/ACTGI1 individuals, for example hearing loss, sug-
gest a similar underlying pathophysiological mechanism.
Most individuals with ACTB/ACTG!1 variants that exhibit
hearing loss have normal actin abundancy, but show
altered actin dynamics in vitro, suggesting that altered actin
dynamics rather than absolute actin concentrations contrib-
ute to hearing loss.>*** Auditory hair cells consist of a par-
ticularly stable actin core with new actin incorporation
only at the distal tips, hence requiring controlled actin dy-
namics.** To facilitate a stable actin core and controlled in-
corporation of F-actin, actin stabilizing proteins such as
PLS1, FSCN2 and XIRP2 are highly expressed in the inner
ear.”>% For example, loss of plastin-1 (PLS1) function,
which limits actin depolymerization to prevent thinning of
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the actin bundle, results in hearing loss.*>**2 As NAASO-
mediated actin acetylation results in altered actin dynam-
ics,” it is likely that normal cytoskeletal architecture is dis-
rupted in NAAS8O patients, causing hearing loss.

We found increased filopodia counts in NAA8O patient
fibroblasts. In the brain, filopodia are precursors for den-
dritic spines, that eventually form excitatory synapses.***3
Disturbances in filopodia formation can lead to severe
neuronal migration disorders, illustrated by the observation
that genetic variants in actin remodelling genes, including
PAFAH1B1, show decreased filopodia formation and
decreased neuronal migration, resulting in autism spectrum
disorder, developmental delay and epileptic seizures.***¢
Likewise, individuals with ACTB and ACTG1 variants
and Baraitser-Winter syndrome frequently present with
neuronal migration disorders like lissencephaly and pachy-
gyria resulting in mild intellectual disability and seizures.*”
However, the consequences of increased filopodia forma-
tion, which occurs in our patients, have not yet been
established. Speculatively, excessive filopodia numbers
could lead to uncontrolled formation of excitatory synap-
ses that might relate to the NAASO individuals’ hyperar-
ousal, behavioural disturbances and mild intellectual
disability. Additionally, the asymmetry seen in the lateral
ventricles of proband 1.2 could reflect a minor neuronal
migration disorder.

Even though NAAS8O is predicted to have similar affinity
for all six actin isoforms, there was no overt clinical overlap
between NAASO individuals and individuals with ACTA2,
ACTG2 and ACTC1 genetic variants. Some of these fea-
tures might not have yet developed in NAASO individuals,
as ACTA2- and ACTCl-related features often do not mani-
fest until the second or third decade of life.**>* However,
individuals with ACTG2 genetic variants are usually identi-
fied early in life, with severe chronic intestinal pseudo ob-
struction.”*>>  Alternatively, one could speculate that the
constipation and mild ventricular dysfunction seen in
NAAS80 individuals reflect a minor ACTG2 and ACTC1
dysfunction, in a similar way as the mild myopathy of
NAAS8O individuals reflects a minor form of the severe, le-
thal myopathy seen in ACTA1 individuals. The latter would
imply that NAA8O-mediated acetylation might have a more
modest role in the function of muscle actin isoforms, which
might relate to the more stable nature of actin isoforms
within muscle, making them less vulnerable to flawed actin
dynamics.

Surprisingly, the severely reduced NAAS80 availability
only resulted in a modest (=50%) decrease of actin
acetylation. The relationship between NAA8O activity and
substrate availability (unacetylated actins) can be studied
with a simplified model, in which we assume that
NAAS8O activity (k) is proportional to the concentration
of non-acetylated actin (non-AA), i.e. that it is equal to
ke[non-AA] (Fig. 5). If we consider that the rate of non-
acetylated actin formation and degradation (V) is the
same in control cells and in cells with the NAA80 vari-
ant, a 50-fold or 100-fold increase in the concentration
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of non-acetylated actin (i.e. 25% or 50% in individual
cells versus 0.5% in controls) can be accounted for by a
50-fold or 100-fold decrease in the value of k. Thus,
~50% actin acetylation agrees with extremely low, but
not absent, residual NAASO activity, estimated in the
range of 1-2% of normal activity.

If NAASO activity were to drop below the level observed
in NAAS8O individuals, over 50% of actins would be
affected. This level is probably lethal, since bi-allelic actin
variants—affecting over 50% of actins—do not exist. In
contrast, if NAA8O genetic variants resulted in more re-
sidual activity than is seen in NAAS8O individuals, actin
acetylation still reaches ~85%, a level that will probably
not cause an overt clinical phenotype. Thus, it is likely
that only a narrow range of residual NAASO catalytic ac-
tivity is tolerated and disease causing. There is a slim
chance that NAAS8O genetic variants cause actin acetylation
levels that fall exactly within this critical range, which
explains why we could not identify additional individuals
with NAAS8O genetic variants, despite extensive searches in
GeneMatcher and population databases.

In conclusion, we here demonstrate that patients with
NAAS80 genetic variants are pathogenic and result in
actin acetylation defects. Since NAAS8O activity is directly
linked to substrate availability, only a specific range of
NAAS8O catalytic activity is tolerated and disease causing,
explaining why bi-allelic NAA8O genetic variants are ex-
tremely rare. The significant clinical overlap between indi-
viduals with NAA80 and ACTB/ACTG1 variants suggests
a more prominent role for NAA80 for cytoplasmic actin
isoforms. These insights underscore the importance of
fine-tuned actin dynamics by actin acetylation for human

health.
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