Supplementary Information

Supplementary Introduction

NAA15 function has been linked to cell survival, tumor progression, and retinal development
(1,2). N-terminal (Nt-) acetylation (NTA) is one of the most common protein modifications,
occurring co- and post-translationally (3). Approximately 80% of cytosolic proteins are N-
terminally acetylated in humans and ~50% in yeast (4), while NTA is less common in
prokaryotes and archaea (3). NTA is catalyzed by a set of enzymes, the NATSs, which transfer
an acetyl group from acetyl coenzyme A (Ac-CoA) to the free a-amino group of a protein’s N-
terminus. To date, eight distinct NATs (NatA — NatH) have been identified in metazoan (NatA-F
and NatH) and plant (NatG) species that are classified based on different conserved subunit
compositions and substrate specificities. NTA has been implicated in steering protein folding,
stability or degradation, subcellular targeting, and complex formation (5). Although NatA is not
essential in S. cerevisiae, depletion of Naa10 or Naa15 has strong effects, including slow
growth and decreased survival when exposed to various stresses.

The prospective collection of phenotyping information presented here, through a set of
direct interviews with the families, has produced a better overall understanding of the range of
organ systems affected and the overall natural history of these conditions. A subset of these
families underwent functional assessment of the probands, with one psychologist (E.I.)
administering the Vineland-3 to all patients coming to the Jervis clinic for developmental

assessments.

Supplementary Methods
Clinical features

Consent forms were provided to the families for a research study collecting medical
information and, for those families who provided written consent, an in-person assessment or
videoconference assessment was performed with each family by G.J.L. The in-person

assessments included nine visits by NAA70 families from September 2019 to March 2020, but



these visits stopped with the onset of the COVID19 pandemic in March 2020. During these nine
visits, the research participants were examined by a medical geneticist, a neurologist, a
psychiatrist, and an optometrist. Phenotypic information was also obtained from clinical records
with varying data available, ranging from a list of the key clinical features to detailed history and
examination findings. The sequencing kits and technology varied based on the different
companies involved, and the variants of interest were highlighted and verified in the collected
clinical diagnostic test reports.

A separate written informed consent was obtained for publication of photographs. A
summary template was formulated and filled in for each research participant, where this
template was first completed by a research coordinator (E.M.) and then reviewed by a second
person for accuracy. The phenotype information from all published and unpublished cases was
uploaded to the Human Disease Gene website series (6) with secondary data quality control
completed by a second person as well, to ensure accuracy and completeness. Human
Phenotype Ontology (HPO) terms were selected in the Human Disease Gene website and the
percentages represent the collation of groups of multiple terms falling under one feature
archetype. For example, “Motor delay” included all probands listed as having “Gait disturbance”,

“Fine Motor Delay”,

Gross Motor Delay”, “Difficulty Standing” or “Inability to stand” entered into
their summary. While the intent of this method was to create a more simplified and
comprehensive gestalt of the OS patient, the natural limitation to this method is the lack of
nuance in distinguishing minute differences in presentation from one patient to another. Another
limitation may be the overlap of symptoms falling between different feature archetypes, such as
“Poor eye contact” being heavily associated with (but not exclusive to) “autistic behavior”, the
latter intended to reflect more stereotyped and repetitive behavior. Future research may wish to
parse out the fine distinctions between these behaviors for greater clarity. Both pertinent
positive and negative features were noted, with phenotypes classified as “pertinent negatives”
only if the provided clinical information explicitly stated that a phenotype was denied by the
parents, was noted to be absent during physical examinations, or not reported during diagnostic

procedures. Clinical features were only reported as pertinent negatives if this was explicitly



mentioned in the records, otherwise, these were classified as “unknown” or “not available”. The
relative prevalence of each phenotype was calculated by dividing the number of individuals
positive for the phenotype by the sample size. Percentiles for head circumference, weight and
height were calculated using CDC growth charts. On the website, for NAA10, the protein
variants were numbered with three significant digits, thus allowing sorting in order from 1 to 235
amino acids; for example, p.Arg83Cys. For NAA15, the cDNA and protein variants were

numbered with four digits, also to allow sorting.

Variant Bioinformatics Methodology

For the annotation of ClinVar variants, the combined annotation dependent depletion
(CADD) scores, MPC scores, Polyphen-2, SIFT scores, M-CAP_score and GERP++_RS were
retrieved from the dbNSFP4.3a database. Consensus scoring for “pathogenic” was assigned
when CADD-scores were above 23, MPC scores were>=2, GERP++_RS score were >=2, and
SIFT, Polyphen and M-CAP all provided supportive evidence for pathogenicity for these variants.
The variant was assigned by consensus as benign when more than 3 above approaches provided
evidence of benign or tolerance. We also classified variants according to the ACMG Guidelines
and the Association for Molecular Pathology (ACMG/AMP) framework (7). For gnomAD
frequency, the population maximum frequency is set at 4.066e-06 in Annovar, so a period in that

column (Supplementary Table 4) indicates that the allele is less frequent than this.

Molecular Analysis of NAA10 and NAA15 Mutations
The structures were visually inspected using PyMol, which was also used in conjunction
with Adobe lllustrator CC. The discussion was also informed by numerous biochemical and

biophysical studies of NAA10 and NAA15 mutant proteins (8—16).

Patient clustering analysis description

Phenotypes (manually curated HPO terms and identifiers) of patients were extracted using Perl

and taken as input of clustering analysis. Resnik similarity score (17) was calculated between any



two HPO terms using the Python module ssmpy (18). Given each pair of patients, the similarity

score is formalized as:

Sim(Py P,): = avg (2 (maxt,ep2 Sim(t t’)))
tep,

where P; and P, represent patient 1 and 2, and t and t’ represent HPO terms in patient 1 and 2.
Similarity score matrix between patients were taken as input of software R. Patient-patient
difference were calculated based on 1/Resnik similarity score. Hierarchical clustering analysis
was performed using hclust function in R based on patient-patient difference. Hierarchical
clustering results was visualized as dendrogram in R. Patients from NAA10 and NAA15 were
highlighted using different colors. In addition to tree structure, we visualized the clustering results
using multidimensional scaling (MDS) based on patient-patient difference matrix. Specifically, we
assume x; = (x;4, ..., Xjn) in n-dimensional space for each patient i and estimate coordinate matrix

X = (x4, ..., xy) for all patients by minimizing strain function:

Yij(bij — ;Q’ij)z)l/z
X bij

Strain(xq, ..., xy) = (

where b;; are element of the double centralized patient-patient difference matrix B =
—%(1 — J2)Dn(I — J,), where [ is identity matrix, /,, is all-one matrix and D,, is patient-patient

distance square matrix. Then, to minimize the strain function above, singular value

decomposition is applied to matrix B. Patient-coordinate matrix X = EmAlr,{2 where E,, is the

matrix of m eigenvectors of B and A,, is the diagonal of m eigenvalue of B. To visualize the
patient clustering results, we reduce dimension of X to two by selecting top two largest

eigenvalue of E,,. All process is implemented in R.

Facial Gestalt Methodology

We first utilized tSNE (19) to visualize the distribution of NAA10 and NAA15 patients in the two-
dimensional space. The information on all patients performed in this analysis is shown in
Supplementary Table 5. The mean pairwise cosine distance between patients from the two

cohorts is examined to measure the similarity. We sampled control distributions of mean pairwise



distances between two cohorts stemming a) from the same syndrome and b) from two different
syndromes (shown in blue (a) and red (b) in Supplementary Figure 8. Cohorts were sampled
from patients in the GMDB that were not included in the training of GestaltMatcher. Then, a ROC
analysis was conducted to derive a threshold to decide whether two cohorts stem from the same
or different syndromes. The control distributions and resulting threshold were tuned via a five-fold
cross-validation resulting in a final threshold of ¢ = 0.9176. To test the similarity of the two cohorts
C; and C,, their mean pairwise cosine distance d(C,,C,) is calculated and compared to c.
Additionally, we sample two subcohorts from C; and C, respectively and calculate their mean
pairwise cosine distance for 100 times. If at least 50% of those 100 subsampled comparisons fall
above the threshold c, it is considered as evidence for the two cohorts stemming from different
syndromes. The approach was tested on the validation fold not used in the derivation of ¢
comprising 66 syndromes. The method correctly detected two cohorts stemming from the same
syndrome in 80.30% of the comparisons and correctly identified two cohorts stemming from

different syndromes in 91.98% of the comparisons.

Rating scales

Adaptive behavior subdomains make up the most fine-grained score level. The primary
norm-referenced scores for the subdomains are v-scale scores, which have a mean of 15 and
standard deviation (SD) of 3. The v-scale score for each subdomain is included in the narrative
interpretation. Standard scores have a mean of 100 and SD of 15. Confidence intervals reflect
the effects of measurement error and provide, for each standard score, a range within which the
proband’s true standard score falls with a certain probability or confidence. The confidence level
chosen for the report is the 90% confidence interval. A percentile rank is the percentage of
individuals in the age group who scored the same or lower than the proband. For example, a
percentile rank of 41 indicates that the examinee scored higher than (or the same as) 41% of

the age-matched norm sample.

Supplementary Results



Subjects and Variants

An in-person assessment was performed on nine families with NAA710 variants from
October 2019 — March 2020 and an additional 26 families with NAA10 variants were interviewed
by videoconferencing from April 2020 until September 2020 due to the COVID19 pandemic. For
families with NAA15 variants, ten families were seen via videoconferencing from April 2020 until
September 2020, with referral for cognitive evaluation. After this time, from October 2020 until
July 2021, an additional 20 families with NAA 10 variants and 9 families with NAA15 variants
were seen via videoconferencing.

Other variants were recurrent, but at a much lower frequency, including p.Tyr43Ser,
p.lle72Tyr, p.Ala87Ser, p.Phe128Leu, and p.Met147Thr. In this cohort of individuals, novel
variants include: p.His16Pro, p.Tyr31Cys, p.Ala104Asp, p.Arg116Trp, p.His120Pro,
p.Leu121Val, p.Ser123Pro, p.Phe128Ser (same position as p.Phe128Leu), p.Thr152Argfs*6,
and p.Glu181Alafs*67. Most of the NAA10 variants are de novo, with the exception of
p.Tyr43Ser in a previously reported family (20), p.lle72Thr in two families (one of which,
Individual 8, was previously reported (12,15) and Individual 54 with frameshift variant
p.Thr152Argfs*6, with this same p.Thr152Argfs*6 variant being reported in two other cases
(12,21). For NAA15, two of these individuals (4 and 19) were published previously and referred
to as Individuals 14 and 21 in that paper (22). Almost all variants are de novo, with the
exception of a splice site variant with an unknown inheritance pattern.

All families seen by September 2020 were scheduled for cognitive evaluations by one
qualified psychologist (E.l.). For families with NAA15 variants, none of the families were seen in-
person prior to pandemic onset. One family with a recently deceased child with a NAA10 variant
provided extensive medical records and consent to publish but was unable to meet for
videoconferencing.

World maps showing the location of the cases for NAA70 and NAA15 are included in the
public-facing portion of the Human Disease Gene website series (6). The website series is

meant to be an open-source venue for such data (6).



In regard to the entries in ClinVar, much of the information in ClinVar is de-identified, so
this requires contacting the clinical testing laboratories and/or other sources of the data, and
then getting referred to the clinicians who are involved in these cases. For now, it is worth at
least cataloging what is currently in ClinVar, along with the new bioinformatic annotations. Many
of these entries come from clinical laboratories, with very little uploaded phenotype information,

and future work will involve an attempt to contact and interview these other families.

Clinical Features

The two male individuals with frameshift variants in NAA10 (Individuals 55 and 56) are
generally much higher functioning than the other individuals with missense variants. For example,
Individual 56 was reported to be cognitively better than individuals his age (for example, he can
count from 1 to 10 and knows almost all the letters of the alphabet and is only 29 months of age).
Although it was noted that he is a couple of months behind in gross motor skills (he still cannot
run or jump even though he tries. He does attend a typical nursery and the staff report that he is
intelligent, and “he always wants to learn something else”. His teacher says that while she “has
to explain something to individuals in his age 10 times to get them to do it, he already does it the

second time”.

Facial features

Although it was previously noted that “a recognizable, regular pattern of dysmorphic facial
features was not appreciated amongst the cases” (12), this is debatable now that one clinician
has met and examined these individuals via videoconferencing. Eye abnormalities were found in
almost all individuals, which sometimes included large, prominent eyes and large down-slanting
palpebral fissures. The most common ear findings were low-set ears and large ears, with a broad
range of hearing impairment and abnormalities of the outer ear. Nose features included broad
nasal bridge, prominent or broad nasal tip, and anteverted or flared nares. Lastly, mouth
abnormalities were present in a majority of the individuals with a high palate being the main

feature, but there was a range of abnormalities in the vermillion and philtrum, as well as teeth



abnormalities with particular issues with eruption and disorganized growth. There were several
cases with short chins, protruding upper lip, and microretrognathia.

For individuals with NAA 15 variants (Supplementary Figure 5), ,outh features were
also common with abnormalities of the philtrum (long, short, broad, or smooth), teeth, upper lip
vermillion, chin, and/or presence of a high palate. Abnormalities of the nose included prominent
nasal tip or abnormal nasal bridge. Ear features were least common but presented mostly as

outer ear abnormalities or low-set ears.

Cardiovascular features

Death can result from cardiogenic shock following arrhythmia, which was noted in some
affected individuals. The arrhythmias seem to be well-controlled with pharmacotherapy in these
patients and detected routinely with Holter monitor assessment. Baseline echocardiography is
recommended as septal defects have been identified in several cases. Medical
(pharmaceutical) management has been employed to slow the progression of congestive heart
failure (CHF) when manifesting in some individuals. Electrocardiography (EKG) is also obtained
at the time of diagnosis, as fatal dysrhythmias can develop with time. In several cases, the initial
EKG has been normal, with evolution of arrhythmias during later periods of life. It may be
necessary to evaluate on an annual basis and be vigilant for signs of and symptoms of
dysrhythmia/CHF. When present, the arrhythmias have proven difficult to manage, though the
full spectrum of anti-arrhythmics has not been tested. Individuals have responded to episodic
cardioversion/defibrillation, but long-term treatment has not yet been determined. Pacemakers
and implantable defibrillators have been used in a few cases, including in one published family

(20).

Respiratory features
Individual 3 with p.Tyr31Cys missense in NAA10 died in the first year of life with local
interstitial lung disease, neonatal respiratory distress, respiratory failure requiring assisted

ventilation, lymphangiectasia, and pulmonary fibrosis. This included repeated apnea episodes



requiring CPR after one such episode. Radiological CT imaging of the thorax was performed at
6 weeks of age and reported “ground glass changes throughout both lungs”. The etiology
remained uncertain and a lung biopsy reported mild thickening of the interstitium without
significant interstitial inflammatory infiltrate, but expansion of the inter-lobular septae with
lymphangiectasia and fibrosis. Focal interstitial glycogenosis was confirmed with PAS staining.
The Individual 9, a male with p.Arg83Cys missense in NAA10, died around one year of age,
also with respiratory arrest, neonatal respiratory distress, respiratory failure requiring assisted
ventilation, tachypnea, and interstitial lung disease.

Most individuals did not have any notable respiratory issues, but a recognizable
proportion of our cohort did demonstrate a pattern of recurrent respiratory infections similar to
the original OS males (8), with varying severity and frequency. A larger proportion of patients
with NAA10 variants had respiratory infections as opposed to individuals with NAA15 variants,
and this pattern is replicated with the other respiratory features. A few patients also had
neonatal respiratory distress, pulmonary hypertension and/or apnea (such as Individuals 12, 38,
45, 47 and 56). Given the relative lack of respiratory distress in most cases, many clinical tests,
such as CT scanning and/or lung biopsy were not clinically indicated, so these data are simply
not available. As such, it is not known if these individuals never had any interstitial lung disease
or if they perhaps had a mild case which subsequently resolved over time. In this regard, it was
written that one female with p.His16Pro in NAA10 needed postnatally to “have an oxygen mask
applied at night because of oxygen desaturations”, and “because of symptoms resembling
interstitial lung disease (chronic tachy-dyspnea, recurrent pneumonia and bronchitis), a lung
biopsy was performed at the age of 3 years without revealing any specific findings” (11). As
such, it is possible that some of these individuals might have interstitial lung disease neonatally,

but that in many cases, this might resolve over time.

Gastrointestinal recommendations
A recommendation has been made that OS individuals not tracking above the failure to

thrive (FTT) range past 1 year of age should be evaluated for G-tube placement to avoid



prolonged growth failure. If G-tubes are not immediately helping to increase weight gain after
insertion, recommendations include altering formula, increasing caloric input, or exchanging a

G-tube for a GJ-tube by means of a minimally invasive procedure.

Growth, including height, weight and head circumference

Many of the OS individuals and a few of the individuals with NAA15 variants have low
height and weight, as detailed in a recent study (23). Poor growth cannot be entirely explained
by inadequate caloric intake, inability to properly chew or swallow, growth hormone deficiency,
or low appetite; past the age of 6-12 months, calorie tracking, caloric supplementation, and
using feeding therapy to successfully teach individuals how to chew, swallow, and no longer
choke on food did not induce adequate weight gain. Low appetite was also not a consistent
cause of poor growth, as multiple proband parents claimed that their individuals were constantly
hungry, and that “desire to eat has never been a problem.”  Effect of growth hormone (GH)
administration on weight gain among GH-deficient OS individuals with growth failure should be

further investigated in subsequent studies.

Ophthalmologic and visual features

CVI affects the processing of visual information, which has a profound impact on their
ability to learn and must be thoroughly assessed to cater to the unique needs of each child and
their impairment. Generally, most individuals have learning disabilities, and particularly seem to
have difficulty with depth perception and discerning contrast, which may contribute to their
difficulty using stairs or walking off of curbs. CVI was not thoroughly investigated for this paper
and should be further explored with more examinations of these individuals to understand how
their CVI impacts their learning and/or visuomotor abilities.

Individual 55 has p.Glu181Alafs*67 and does not have microphthalmia, indicating that

even frameshift variants toward the C-terminus of NAA10 can have quite variable outcomes.

Endocrine and Metabolic features



It is up to each individual treating clinician to decide whether to pursue clinical testing to explore
whether these individuals are indeed lean and/or have decreased brown adipose tissue. Brown
adipose tissue amounts have not yet been assessed in affected individuals, particularly as there
are logistical challenges with getting children and adults with severe intellectual disability to
cooperate with imaging exams and it is very difficult to justify the use of sedation in a research

setting.

Neurologic recommendations

It seems warranted to obtain brain MRI with diffusion tensor imaging, to check for white matter
delays, in the first few years of life, and then a follow-up MRI around puberty. Given that some
of the individuals develop seizures, it seems that baseline EEG should be obtained to check for
any seizure activity and, ideally, an annual EEG, or at least one every 2-3 years, should be
performed up until their early 20’s. Prophylactic treatment with anti-epileptic medication should
be considered if EEG shows any possible seizures. Lastly, given that some of the individuals
have developed autism, it is recommended to perform standard autism screening assessments
during childhood, which can include Autism Diagnostic Inventory (ADI) or Autism Diagnostic

Observation Schedule (ADOS-2) screening.

Cognitive and psychiatric features

One of the males (Individual 7) with a maternally inherited missense variant (c.215T>C,
p.lle72Thr) in NAA10 had an almost normal level of functioning. However, Individual 8 (now
deceased) had the exact same variant, but his ABC standard score was 59, demonstrating
again that there is substantial variability even among the exact same variants. Comprehensive
analyses of the many different Vineland sub-scale, age-equivalent scores (AES), and growth-
scale values (GSVs) (24) falls outside the scope of the current paper and will be reported in a
future paper. There are clearly other factors affecting the overall trajectory of these individuals.

in addition to just the one variant they have in NAA10 or NAA15, which could include, among



other things, the cardiac arrhythmias, feeding difficulties, delayed speech, delayed motor

development, seizures, and cortical visual impairment.

Molecular Analysis of the Variants

The observation that frameshifts occurring at the C-terminal region of NAA10 are
associated with a lower impact on cognitive function is consistent with the conserved NAA10
domain being the minimal region necessary for in vitro activity.

The double variant, [c.22C>T;30C>G] p.[Pro8Ser;Asp10GiIu] in the exon/intron
boundary, leads to a reduction in NAA10 formation by altering the splicing of the mRNA from
this allele (Supplementary Figure 1).

The molecular basis for the p.Asn864Ser mutant is unclear because published NatA
structures are not resolved past residue 841.However, there are two published phosphorylation
sites p.Ser855 and p.Ser856 in this region that have not been evaluated but may be impacted

by this variant.

Supplementary Discussion

Due to a limitation in the journal for the maximum number of references allowed to be
cited, we were unable to cite all relevant case reports in the main body of the paper. However,
we are citing some of these additional case reports here, for NAA10-related
neurodevelopmental syndrome (20,25-33) and NAA15-related neurodevelopmental
syndrome(34-38).

Males with NAA10-related neurodevelopmental syndrome may have symptoms at
different ages: those with arrhythmias or other serious cardiac conditions may be embryonic
lethal; others are apparent at birth experiencing cardiac concerns, hypotonia and dysmorphic
features; and others come to attention later with relatively nonspecific developmental/intellectual
and growth impairments. Likewise, some females can present with similar issues as males,

including rarely microphthalmia and/or prolonged QT interval, and the majority of the females



with NAA10 variants have severe to profound intellectual disability, whereas the individuals with
NAA15 variants are much less severely impaired (see Figure 3).

The trajectory of these individuals seems to improve with intensive therapy, whereas
some of these individuals do not make progress without adequate therapy. An area for future
investigation concerns the amount of physical, speech, occupational, and other therapies that
should be recommended. Based on these extensive interviews with the families, the anecdotal
information seems to suggest that individuals with NAA 10-related neurodevelopmental
syndrome benefit from the following therapies on at least a weekly basis in at least the first 7
years of life, so as to ensure that they can eat, walk, and ideally verbalize: Mobility therapy;
speech and language therapy; sensory integration therapy; hydrotherapy; occupational therapy
with a focus on fine motor skills; and cortical visual impairment therapy (if warranted). Future
studies can investigate this question much more quantitatively with a natural history study,
documenting the exact modalities and frequencies of therapies.

We mentioned one limitation of our study related to the fact that only the first nine
research participants were interviewed in-person and physically examined by medical doctors,
including by a medical geneticist, a neurologist, a psychiatrist, and an optometrist. After this
time, all interviews were converted to videoconferencing starting in March 2020, with the onset
of the COVID19 pandemic, and the families met with the psychiatrist only (GJL). There is an
emerging literature regarding the use of videoconferencing and telemedicine, and there are
recent papers demonstrating that valuable information can still be gathered via
videoconferencing (39—41).

There are multiple ophthalmologic abnormalities in these females, and individual 23 is a
female with the p.Arg83Cys missense in NAA10, with microphthalmia, just like Individual 54 (a
male) with p.Thr152Argfs*6 in NAA10 also with microphthalmia, and similar in phenotype to
previously published cases (12,30,42). The cognitive functioning of the females with p.Arg83Cys
missense in NAA10 is also similarly impaired as the other females with different missense
changes (Figure 3), and there is a phenotypic spectrum including multiple organ systems in all

of these females with missense changes in NAA10.



Protein isolated from mammalian cell culture offers a unique advantage, where,
depending on the immunoprecipitation conditions, NatA likely co-purifies with relevant binding
partners, such as the NatA regulatory protein, HYPK, and the NatE catalytic subunit, NAA5O.
However, this does not allow for selective isolation of the NAA10 catalytic subunit or the NatA
complex without either of its binding partners. By contrast, S overexpression of the human
NatA complex can be performed with and without the co-transfection of the HYPK virus to allow
for selective production of the NatA and NatA/HYPK complexes. In addition, it is also possible to
prepare purified NatE complex with or without HYPK(43). However, this approach has its
limitations because the Sf9-expressed NatA complex construct contains a C-terminally
truncated NAA10 (1-160 of 235 total residues). This C-terminal region can be phosphorylated at
6 sites (44), and could potentially influence the activity and the stability of NAA10, although the
interplay of these phosphorylation events with NAA10 and NAA15 variants has not yet been
evaluated. While recombinant NAA10 overexpression in E. coli allows for the studying of the
full-length monomeric NAA10, proteins produced in E. coli are not post-translationally modified.

NatA plays a complex role in the cell with a range of functional roles and varying
substrate types, depending on the enzyme’s oligomeric state. This is particularly apparent with
the NAA10 p.Arg83Cys variant. The heterodimeric p.Arg83Cys NatA complex has enhanced
activity, HYPK binding returns p.Arg83Cys NatA activity back to wild type levels (12) while the
monomeric mutant NAA10 features a diminished level of activity(16). Despite this, the
phenotype of the individuals with this particular mutation is not appreciably different from the
other individuals reported herein. This spectrum highlights the need to build off the groundwork
laid by focused biochemical studies into model systems that can account for NatA’s multiple
oligomeric states and cellular functions. One such multidimensional approach has been to study
the human mutations in the human genes expressed in a S. cerevisiae model knocked out for
endogenous yeast Naa10 and/or Naa15 (10,22,45). However, this approach has its own
caveats. For example, S. cerevisiae is a much simpler unicellular organism that does not
represent the complexity of a human cell or a human being, including the absence of expression

of the NatA regulatory subunit, HYPK. Instead, these mutations are perhaps best studied using



patient-derived or cell lines with the mutations engineered into them, as has been done recently
with NAA15 (46), and/or with animal models with the human variants engineered into NAA10 or
NAA1S5.

We present in this paper some of the cardinal features that can be present in NAA10-
related neurodevelopmental syndrome, including intellectual disability, seizures, cardiac
anomalies, hypotonia, and a certain facial gestalt, just to name a few. We argue that there is a
recognizable phenotype that emerges once enough cases have been ascertained, just like with
Down Syndrome, Fragile X syndrome, Angelman syndrome, Rett Syndrome, and CDKL5
syndrome. The overall data are consistent with a phenotypic spectrum for these alleles involving
multiple organ systems, including visual development. Now that one clinician has met and
interviewed 61 probands and their families, it appears that this is one recognizable phenotype
that has not been adequately described in the literature. Prior papers have been misleading due
to not including adequate clinical information, alongside the fact that different clinicians have
interviewed the families and provided retrospective information, whereas when the same
clinician interviews the families, there is a recognizable condition ascertained, with a phenotypic
spectrum. Although some papers have also suggested that there might be different allelic
presentations for different variants involving NAA10, such as with microphthalmia present in
males with splice-site(42), the overall data demonstrates that this is much more likely to be a
phenotypic spectrum of one unitary disease, with decreased function of NatA being the main
mechanism involved. Our paper reveals a female with Arg83 Cys variant presenting with
microphthalmia and a child with a frameshift variant in Naa15 also presenting with
microphthalmia, so this is a phenotypic spectrum of one disease, involving both genes that
contribute to the NatA complex.

Although a prior review suggested that the name Ogden syndrome should be reserved
only for the male neonatal lethal phenotype (47), this has been problematic, as there are some
males that survive the neonatal period (14,20) (including Individual 7 and 54 reported herein)
and many families have reported that the name Ogden syndrome is more memorable.

Additionally, some clinicians have also diagnosed females as having Ogden syndrome (32). The



name, Ogden syndrome, was suggested by the first family identified, living in Ogden, Utah,
when the clinician GJL visited the family and collected the DNA samples necessary to identify
the genetic basis of the syndrome. The discovery process was written about previously(48). At
the time that the first paper was published in 2011, it was only two families, and the consensus
at that time was that it was not necessary to give a name to the condition, with only two families
known. However, as other families have been identified, it seemed prudent to give it a name.
The two possible options have been: Ogden syndrome and/or NAA10-related
neurodevelopmental syndrome. Although we now favor the former option, it is very well possible
that some in the community will just refer to it as NAA10-related syndrome, as we suggested in
a prior review paper when it was not obvious to us at that time that this is a phenotypic
spectrum(47). However, given that the original family wanted to call it Ogden syndrome, and
given that this name is much more memorable and less cumbersome to use, we currently favor
including it as an option to refer to the entire disease. In fact, the nonprofit foundation in America
dedicated to this disease uses this name: https://www.ogdencares.org/

We disagree then that Ogden syndrome should be reserved for “a condition specific to
the ¢.109T>C (p.Ser37Pro) variant", as we have come to realize that this is a condition with a
phenotypic spectrum, including males who do not die from cardiac arrhythmias but rather can
survive into adulthood(20). We readily acknowledge that future mechanistic work will help to
reveal whether or not decreased function of NatA is the definite and primary mechanism, but the
current data support this notion. However, we also note that such issues with naming tend to
resolve themselves over time, as the community will eventually coalesce around what to call
this. To illustrate this point, for many years, the two syndromes Fragile X and progeria, were
also referred to as Martin-Bell and Hutchinson-Gilford syndromes, respectively. This issue of
nomenclature is quite complex, with some people preferring to name syndromes after the first
and last authors of papers, or sometimes after the clinicians involved, but in the current case,
we have named the syndrome according to the wishes of the first family identified in Ogden,

Utah. From our perspective, we will continue to refer to the condition as Ogden syndrome



and/or NAA10-related neurodevelopmental syndrome, and the community will eventually decide

what to refer to this as, just as was done with Fragile X and progeria.
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Supplementary Tables as excel files

Supplementary Table 1_Human Disease Gene May 2022_filled_in_forms - HDG - NAA10 and

NAA15

Supplementary Table 2_NAA10 Master list DEIDENTIFIED For Journal

Supplementary Table 3_NAA15 Master list DEIDENTIFIED for Journal

Supplementary Table 4_ClinVar annotations

Supplementary Table 5: Summary of patients used in the GestaltMatcher analysis. The images

can be accessed via the GMDB ID column.

Supplementary Table_6_ABC Vineland data DEIDENTIFIED for journal
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Supplementary Figure 1. Complementary analyses in individual 1. (A) X chromosome
inactivation pattern assessed by the androgen receptor (AR) methylation assay [Allen et al.,
1992] with minor modifications. Note that both X-chromosomes show a pattern of random
inactivation in a ratio 60:40 (B) cDNA Sanger sequencing of exons 1 to 4 of NA410 gene from
the patient (upper row) and her parents shows an almost exclusive expression of the normal
allele. (C) DNA Sanger sequencing of exon 2 (NAA410 gene) confirms de novo ¢.22C>T and

¢.30C>Q@ variants.
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Supplementary Figure 6. Visualization of NAA10/15 patient clustering results. (A)
Dendrogram showing NAA10/15 patient classification results (blue for NAA10 and red for
NAAT15). The distance metric between patients is based on HPO term similarity score. (B)
Scatter plot of patients based on multidimensional scaling (MDS). Each blue dot represents one
NAAI1O0 patient and each red dot represents one NAA1S5 patient.
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Supplementary Figure 7: tSNE visualization of NAA10 and NAA15 patients.
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Supplementary Figure 8: Mean pairwise distance distribution of cohorts sampled from (blue)
same syndrome, (red) different syndrome, and (orange) NAA10 and NAA15. Threshold (c) is

0.9176. The mean pairwise distance between NAA10 and NAA15 patients is 0.9146, and 67% of

the sampling is below the threshold (the region falling on the left of the threshold).



