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Abstract: KAT6A syndrome is a Mendelian Disorder of the Epigenetic Machinery characterized
by intellectual disability and profound expressive language impairment. This study aimed to
further characterize behavior and sleep in this syndrome. 26 participants between the ages of 3 and
35 years with KAT6A syndrome were assessed via parental informant using the Adaptive Behavior
Assessment System version 3 (ABAS-3), Achenbach Child or Adult Behavior Checklist (CBCL/ABCL),
and a Modified Simonds and Parraga Sleep Questionnaire (MSPSQ). The ABAS reports conceptual,
social, and practical domains of adaptive function as well as a general composite score for adaptive
function. The CBCL/ABCL is an inventory that measures internalizing, externalizing, and DSM-
oriented problem domains. The MSPSQ is a mix of qualitative and quantitative sleep information that
includes behavioral and medical sleep problems. Mean values for all domains of the ABAS-3 were in
the extremely low range. Additionally, sleep was very dysfunctional in this cohort. Sixty percent of
respondents reported feeling there was a sleep problem, 64% take medication for sleep, and 68% have
sought treatment or advice for sleep. Only 12% of these participants have sleep apnea suggesting
that sleep problems in this disorder are unrelated to sleep-disordered breathing. Interestingly, there
were extremely low rates of all types of behaviors reported among participants on the CBCL/ABCL.
No significant differences were seen based on genotype grouping in adaptive function, sleep, or
behavior. This study further delineates the phenotype of the KAT6A syndrome and emphasizes the
need for supports for adaptive functioning as well as detailed attention to the behavioral aspects of
sleep in this condition.
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1. Introduction

KAT6A syndrome (Arboleda–Tham syndrome; ARTHS; MIM#616268) is a genetic
disorder first characterized in 2015 [1–3]. These initial descriptions included 10 affected
individuals and to date, there are just over 80 cases published in the literature. Some phe-
notypic variability exists among reported cases though developmental delay/intellectual
disability is a universal feature. Other notable phenotypic features include microcephaly,
neonatal hypotonia, reflux, constipation, general feeding difficulties, congenital heart
defects, behavioral problems, and sleep disturbance [4].

KAT6A serves to acetylate lysine-9 on histone 3 (H3K9) and functions as a transcrip-
tional coactivator [5]. Genetic variants that impair these functions lead to downstream
dysregulation of other vital proteins. For example, murine models with disrupted KAT6A
histone acetyltransferase (HAT) function led to early replicative senescence in hematopoi-
etic and neural progenitor cells through dysregulation of p16 [6]. To date, most pathogenic
variants found in humans have been a protein-truncating loss of function variants. The
majority reported are in the last two exons—exons 16 and 17 [4]. Syndromes caused by
genetic variants that disrupt epigenetic modifiers like KAT6A are known as Mendelian
disorders of epigenetic machinery (MDEMs). MDEMs are overrepresented in genetic
etiologies of intellectual disability [7].

There are several examples of preclinical studies showing the post-natal rescue of
neurological and functional outcomes in MDEMs [8–10]. Any future clinical outcome
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measures will require specific and refined neurologic and behavioral phenotypes. To
date, information about the specific neurobehavioral phenotype of KAT6A syndrome is
limited. Clinician-rated severity of intellectual disability shows a bias towards individuals
with late-truncating variants being more severely affected and those with early-truncating
variants having mild ID [4]. Speech delay, too, is universal, and reports also note pro-
found impairment with the suggestion that it may be disproportionate to cognitive and
receptive abilities. Little beyond this is known. We administered a set of parent-reported
questionnaires to further understand behavior, adaptive function, and sleep in individuals
with KAT6A syndrome. Here we present a general profile of very low adaptive function,
significant sleep problems, and unexpectedly low rates of problematic behavior.

2. Materials and Methods

We recruited 26 individuals with a molecular diagnosis of KAT6A syndrome from our
Epigenetics and Chromatin Clinic (https://www.hopkinsmedicine.org/institute-genetic-
medicine/patient-care/genetics-clinics/epigenetics-chromatin-clinic/ accessed on 22 July
2021) or through appeals to the KAT6A foundation. Individuals aged 3 years and older
were included at the time of recruitment. Individuals with primary languages other than
English were not included. See supplementary materials for individual participant and
variant data (Table S1). The study was approved by the Johns Hopkins Medical Institutions
Institutional Review Board (NA_00079185), and all participants underwent a written
informed consent process.

Age-appropriate versions of Child Behavior Checklist (CBCL) or Adult Behavior
Checklist (ABCL), Adaptive Behavior Assessment System-Third Edition (ABAS-3), and
Modified Simonds & Parraga Sleep Questionnaire (MSPSQ) were distributed to parents
for reporting.

Behavior checklists from the Achenbach System of Empirically Based Assessment
were utilized for assessing behavioral and emotional problems. The CBCL/1 1

2 -5, CBCL/6-
18, and ABCL were used. Responses are given via Likert-scale and reports are normed
by gender and age band with those beyond the 97th percentile being clinically significant.
Each age-based version reports scales for internalizing, externalizing, and total problems
as well as DSM-oriented scales for depressive, anxiety, and attention-deficit/hyperactivity
problems [11–13].

The Adaptive Behavior Assessment System, third edition (ABAS-3) is a comprehen-
sive measure built upon the ABAS-2 with goals of improving accuracy in assessments of
those with intellectual disabilities [14]. Comparison studies of the ABAS, 2nd and 3rd
editions have shown they are well correlated though with an increase in scores in the latter
version [14,15]. The ABAS-3 generates standard scores with a mean of 100 and a standard
deviation of 15 in conceptual, social, and practical domains with a general adaptive compos-
ite score. The ABAS-3 reports on 10 adaptive skill areas. Conceptual, social, and practical
adaptive domains as well as a general adaptive composite (GAC) are reported in standard
scores and percentiles. The 10 skill areas reported include communication, community use,
functional academics, home living, health and safety, leisure, self-care, self-direction, social,
and work. A standard score of 100 is average with a standard deviation of 15.

Wiggs and colleagues expanded the Simonds and Parraga Sleep Questionnaire for
use in individuals with intellectual disabilities by adding some multiple-choice questions
and responses as well as expanding open-ended questions for more qualitative informa-
tion [16,17]. The questionnaire consists of more than 50 questions focusing on the previous
month. The first section pertains to sleep environment, routine, and quality. Responses are
generally open-ended with some duration and frequency reporting based on a 5–6 item
Likert-type scale (few minutes, up to half an hour, up to one hour, between 1–2 h, more than
2 h and never, about once a month, a few times a month, one to two times a week, many
times a week, daily). The second section consists of 30 questions pertaining to parasomnias,
initiation and maintenance, sleep-disordered breathing, and daytime symptoms such as
drowsiness and hyperactivity. Response choices are the Likert-type selections mentioned
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above. The final block consists of questions about any treatment received, primary and
secondary sleep problems in the family, and whether they would consider their child to
have a sleep problem. The Modified Simonds and Parraga Sleep Questionnaire (MSPSQ)
was chosen for its expansiveness in questions and responses given the exploratory nature
of this study. A convention for scoring this questionnaire by assigning scores to the quanti-
tative responses has been developed and utilized previously [18–21]. However, we report
here only the frequency of select individual responses based on our clinical judgment.
Prolonged sleep initiation was defined as taking an hour or more to fall asleep at night.
Problems with sleep maintenance were defined as waking up more than once per night or
staying awake for longer than an hour. Bruxism, snoring, and needing medication were
reported if occurring monthly or more. Restless sleep was defined as moving around a
lot in bed a few times per month or more. Any episodes of apnea over the month were
considered positive. Enuresis and daytime drowsiness were restricted to those 7 years
and older to exclude those where it may be developmentally appropriate. The former
was reported if happening monthly or more. The latter was defined as drowsiness or
an irresistible urge to sleep occurring multiple times per month. Questions regarding
treatment received or considering their child to have a sleep problem were dichotomous.
Individuals submitted original reports of genetic variant information from performing labs.
Original reports, documentation from treating clinicians, ClinVar, and Mutation Taster
were utilized in assessing pathogenicity [22,23].

3. Results
3.1. Participants and Molecular Testing

Twenty-six individuals with KAT6A syndrome were included in the study. Their
ages ranged from 3 to 35 years of age (11.3 ± 8.9). One-half, 13/26, were male. Nine
variants in this group have not previously been published. Nineteen individuals pos-
sess late-truncating frameshift (four newly reported here) or nonsense variants. Three
individuals have early-truncating variants and 2 have frameshift mutations resulting in
early truncation—both of these have not been reported. Three individuals possess novel
missense variants reported here for the first time that are classified as likely pathogenic
and 1 has a previously reported splice-site variant (Figure 1).
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PHD, plant homeodomain; HAT, histone acetyltransferase; Ser/Met, serine/methionine-rich region.

3.2. Adaptive Function

The adaptive function was almost universally impaired without any prevailing
strengths evident from one domain to the other (Table 1). Twenty of 24 individuals
had at least one measure < 2 standard deviations (SD) below the mean. Twenty-three of
24 individuals had at least one measure < 1.5 SD below the mean. A single individual had
outlying numbers with standard scores in the 90s for each domain and the composite score.
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Table 1. Adaptive and Behavioral Data.

Late Truncating (n = 19) Early Truncating (n = 3) Missense/Splice Site (n = 4)

Age (years) 10.41 (range 3–30) 15 (range 4–33) 14.25 (range 3–35)
Sex 10/19 M (53%) 1/3 M (33%) 2/4 M (50%)

ABAS-3 a n = 17 n =3 n = 4
General Adaptive Composite 59.3 ± 12.3 58.3 ± 14.0 64.8 ± 16.5

Conceptual 60.9 ± 12.2 61.3 ± 13.6 61.5 ± 11.4
Social 59.7 ± 12.4 66.3 ± 17.4 68.8 ± 14.4

Practical 59.3 ± 11.7 60 ± 7 68.5 ± 17.6
CBCL/ABCL b n = 16 n = 2 n = 4

Total Problems c 59.1 ± 9.3 47.5 ± 9.2 59 ± 8.4
Internalizing Problems c 55.4 ± 8.8 49.5 ± 3.5 55.3 ± 11.2
Externalizing Problems c 52.2 ± 10.2 45 ± 11.3 52.5 ± 8.0
Depressive Problems d 60.3 ± 7.8 55.5 ± 6.4 64.5 ± 9.5

Anxious Problems d 56 ± 5.6 50 ± 0 55.5 ± 8.4
Attention-Deficit/Hyperactivity

Problems d 61.8 ± 8.2 53.5 ± 4.9 57.5 ± 6.1

ABAS-3 Adaptive Behavior Assessment System, CBCL Child Behavior Checklist, ABCL Adult Behavior Checklist. a ABAS-3 scores are
normalized such that mean = 100 and one standard deviation = 15; higher scores reflect better adaptive function. b Behavior checklist T
scores indicate more adverse behaviors as the score increases. c Scores 60–63 in borderline clinical range and above 63 in the clinical range.
d Scores 65–69 in borderline clinical range and above 69 in the clinical range. No differences between groups were statistically significant
for any item.

Conceptual domain standard scores ranged from 44–95 (61 ± 11.7). Scores were
very similar between those with late-truncating, early-truncating, and missense/splice-site
variants. Social domain standard scores ranged from 53–99 (67.2 ± 12.2). No significant
difference existed between variant groups though early truncating and missense/splice-
site groups tended to higher scores. Practical domain standard scores ranged from
48–94 (60.9 ± 13.1). No significant difference was found between variant groups through
missense/splice-site had a higher average with a large SD. GAC standard scores ranged
from 44–95 (60.1 ± 12.8) with no significant difference between variant groups. Again, a
modest trend towards higher scores for the missense/splice-site group though again with
a large SD.

With 24 respondents, 3 domains, and a GAC—96 standard scores were reported. 74%
of those were ≤2 SD below the mean. Six individuals accounted for 92% of the standard
scores > 2 SD below the mean. There was no correlation between age and any domain of
the adaptive function.

3.3. Behavior

In general, there were much fewer individual scores reaching clinical significance in
the behavior measures as compared to the adaptive measures (Table 1). With 22 respon-
dents and 6 problem areas—only 24 of a possible 132 problem areas (18%) were clinically
significant. The T scores for internalizing problems ranged from 34–68 (54.8 ± 9). T scores
for externalizing problems ranged from 33–70 (51.6 ± 10.2). Those for total problems
ranged from 38–71 (58 ± 9.7). DSM-oriented scales for depressive, anxiety, and attention-
deficit/hyperactivity problems yielded similar results. T scores for depressive problems
ranged from 50–72 (60.6 ± 7.8), anxiety problems ranged from 50–72 (55.6 ± 6.3), and
ADHD from 50–76 (60.3 ± 8.2). There was no correlation between age and any behav-
ioral problems. Additionally, there was no correlation between the amount of behavioral
problems and any domain of adaptive functioning.

3.4. Sleep

Sleep issues were very prominent among respondents (Table 2). More than 1/3
of respondents reported sleep latency of up to one hour or more. More than 1/2 were
awakening multiple times per night or sleep interruptions were lasting an hour or more.
More than half, 56%, experienced bruxism. Recurrent restless sleep plagued a majority, or
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80%, of individuals. Snoring and apnea were not the predominant sleep problem but were
still seen in a modest number of patients at 24% and 12% respectively. Apnea appeared to
be more common in those with missense mutations but sample sizes were small. Rates of
daytime somnolence/drowsiness and enuresis among those 7 years and older were both
72%. Interestingly, 60% reported perceived sleep problems though 64% reported needing
medication for sleep and 68% have received advice or treatment for sleep issues. None of
the sleep problems in the survey were correlated with lower adaptive functioning in any
domain. There were no correlations between sleep problems and any behaviors with the
exception of sleep-disordered breathing which was correlated with total behavior issues
(r = 0.48, p = 0.03), internalizing (r = 0.45, p = 0.048), and externalizing behaviors (r = 0.56,
p = 0.01) at a significant level.

Table 2. Sleep Data.

Sleep Problem Late Truncating with
Problem (%)

Early Truncating with
Problem (%)

Missense/Splice Site
with Problem

Total in Cohort with
Problem (%)

Prolonged sleep
initiation 8/18 (44%) 0/3 (0%) 1/4 (25%) 9/24 (36%)

Multiple or prolonged
awakenings 10/18 (56%) 0/3 (0%) 3/4 (75%) 13/25 (52%)

Bruxism 10/18 (56%) 2/3 (67%) 2/4 (50%) 14/25 (56%)
Restless sleep 17/18 (94%) 1/3 (33%) 2/4 (50%) 20/25 (80%)

Snore 3/18 (17%) 1/3 (33%) 2/4 (50%) 6/25 (24%)
Apnea 0/18 (0%) 1/3 (33%) 2/4 (50%) 3/25 (12%)

Enuresis (7+ years) 11/13 (85%) 1/2 (50%) 1/3 (33%) 13/18 (72%)
Needing medication for

sleep 13/18 (72%) 1/3 (33%) 2/4 (50%) 16/25 (64%)

Daytime drowsiness or
somnolence (7+ years) 9/13 (69%) 1/2 (50%) 3/3 (100%) 13/18 (72%)

Sought advice or
treatment for sleep 13/18 (72%) 1/3 (33%) 3/4 (75%) 17/25 (68%)

Feel they have a sleep
problem 10/18 (56%) 1/3 (33%) 4/4 (100%) 15/25 (60%)

Sleep problems by variant-type. Significant rates of sleep maintenance issues, bruxism, restless sleep, enuresis, daytime drowsiness, and
need for medication.

4. Discussion

Previous studies have shown that low adaptive function and sleep problems inde-
pendently predict behavioral problems in children and adults with disabilities [24,25].
However, respondents with KAT6A syndrome have remarkably low levels of maladaptive
behaviors for any group of individuals with intellectual disability particularly a group with
low adaptive abilities and problematic sleep [26]. Additionally, poor sleep does not appear
to predict more difficult behaviors in this population with the exception of sleep-disordered
breathing. This is not the case for many other genetic syndromes [27,28]. This may be
because the overall rates of problematic behavior in this population are notably low. This
behavioral phenotype needs to be further explored in both preclinical models and larger
clinical populations with more direct assessment tools. Adaptive abilities were uniformly
depressed without relative strengths and weaknesses among domains. The mean for all
domains in these participants was >3 SD below the population mean. This suggests the
need for special attention to accommodations and supports for adaptive functioning in
patients with this syndrome.

Sleep issues among our patients are striking. More than 3
4 have recurrent restless

sleep. More than half require medication for sleep and/or have sought medical care for
sleep. This prevalence of general sleep issues is more similar to disorders with a known
disrupted sleep component such as Angelman syndrome or Rett syndrome than other
genetic syndromes causing intellectual disability such as Fragile X or Down syndrome
or Tuberous Sclerosis Complex [29]. Rates of snoring and apnea were similar to many
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other genetic syndromes such as Fragile X syndrome and Rett syndrome and lower than
others such as Down syndrome and Prader-Willi syndrome [29]. Apnea and snoring only
accounted for a small percentage of the overall group of sleep problems in this KAT6A
population. Treating clinicians should thoroughly assess for sleep issues beyond sleep-
disordered breathing in this population. Further characterization of sleep issues with
actigraphy or polysomnography would be important next steps to better understand this
sleep phenotype and guide treatment and potential outcome measures for research.

In addition to looking for general trends among all participants, this project sought
to extend genotype-phenotype correlations proposed in Kennedy 2019. However, the
low group numbers in the non-late truncating groups preclude any conclusions. Non-
significant trends towards higher adaptive function and more sleep-disordered breathing
in patients with missense/splice-site variants compared to the protein-truncating groups
were seen. It would be consistent with trends seen in other MDEMs and with the previous
research in KAT6A syndrome for those with missense variants to have higher cognitive
functioning than those with truncating mutations.

Our study has several limitations. First, although it is a large sample size for this
rare disorder, the sample size is still very small for making any generalizations especially
given the very wide age range across patients in this study. Second, we do not have data
about cognitive testing in these individuals, and the relationship with cognitive domains
and behavior, sleep, and adaptive functioning could be very important. Third, parent
questionnaires are effective for some things but are still limited tools. These questionnaires
specifically have data supporting their use in populations with intellectual disability, but
the sleep questionnaire, in particular, was still designed for typically developing chil-
dren. This population would benefit from studies that do a more direct assessment of
cognition and behavior with neuropsychological tests and sleep using actigraphy and/or
polysomnography. Fourth, although the questionnaires used are standardized with pub-
lished norms, the addition of control groups such as typically developing and children
with a different genetic syndrome causing intellectual disability would have made for a
stronger study.

Additional future directions should include more detailed neuropsychological as-
sessments beyond just caregiver rating scales to identify any patterns of strengths and
weaknesses. Adaptive and behavioral reporting utilized the respective instruments norma-
tive sample as a control group but our sleep reporting lacks such a control. Future directions
could benefit from utilizing controls in sleep assessments. Sleep should be characterized in
more detail using actigraphy and/or polysomnography. Detailed characterizations will
help to prognosticate and guide families as well as serve as potential markers of response
for any future disease-modifying therapies.

5. Conclusions

This study examined adaptive function, behavior, and sleep in a cohort of individuals
with genetically confirmed KAT6A syndrome. Sleep was problematic in the majority of
participants and adaptive function was uniformly low but problematic behaviors were
not a big issue in this group. For researchers, this suggests that further studies to do
detailed characterization of sleep and cognition in patients with KAT6A syndrome are
crucial. In addition, it suggests that when designing outcome measures for a potential
future clinical trial, that sleep and cognition, and function are potential targets but the
behavior is not a major concern. For clinicians, this study underscores the need to take a
detailed sleep history beyond just sleep-disordered breathing. Clinicians should also be
aware that behavioral rates are low so if a child has significant behaviors to look harder for
sleep-disordered breathing or environmental contributions. Lastly, clinicians should help
families to ensure maximal educational and community supports for these patients because
adaptive functioning is universally low even in patients with better overall cognition.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/brainsci11080966/s1, Table S1: Individual Participants and Variants.
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