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Abstract

Sleep difficulties are pervasive in autism spectrum disorder (ASD), yet how sleep problems relate
to underlying biological mechanisms such as genetic etiology is unclear, despite recent reports of
profound sleep problems in children with ASD-associated de novo likely gene disrupting (dnLGD)
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mutations, CHD8, DYRK1A, and ADNP. We aimed to inform etiological contributions to ASD
and sleep by characterizing sleep problems in individuals with dnLGD mutations. Participants

(N = 2886) were families who completed dichotomous questions about sleep problems within a
medical history interview for their child with ASD (age 3-28 years). Confirmatory factor analyses
compared between those with ASD and a dnLGD mutation and those with idiopathic ASD (i.e.,
no known genetic event, NON) highlighted four domains (sleep onset, breathing issues, nighttime
awakenings, and daytime tiredness) with sleep onset as a strong factor for both groups. Overall,
participant predictors indicated that internalizing behavioral problems and lower cognitive scores
were related to increased sleep problems. Internalizing problems were also related to increase
nighttime awakenings in the dnLGD group. As an exploratory aim, patterns of sleep issues are
described for genetic subgroups with unique patterns including more overall sleep issues in ADNP
(n=19), problems falling asleep in CHD8 (n=22), and increased daytime naps in DYRKIA (n=
23). Implications for considering genetically defined subgroups when approaching sleep problems
in children with ASD are discussed.

Keywords

autism spectrum disorders (ASD); sleep; factor analysis; genetic subgroups; likely gene disrupting
mutations

Autism spectrum disorder (ASD) is characterized by deficits in social communication and
the presence of repetitive, restricted patterns of behavior and interests (American Psychiatric
Association, 2013). Yet, ASD is a genetically and phenotypically heterogeneous disorder,
which often presents with additional co-occurring medical and behavioral problems. Chronic
difficulties with sleep are prevalent amongst autistic children and adolescents and are seen at
greater frequency and severity than in typically developing children and other developmental
disabilities (Couturier et al., 2005; Gregory & Sadeh, 2012; Park et al., 2012). A majority of
parents of autistic individuals report sleep issues, including 53% of parents of young autistic
children age 2-5 years (Krakowiak, Goodlin-Jones, Hertz-Picciotto, Croen, & Hansen,
2008) and 66.1% of parents with autistic children age 4-10 years (Souders et al., 2009)
report at least one sleep problem.

There is a growing consensus of life-long sleep problems in ASD related to difficulties
with bedtime and sleep onset, such as difficulty falling asleep, are frequently reported

sleep complaints by parents of autistic children (Liu, Hubbard, Fabes, & Adam, 2006), and
confirmed by actigraphy and polysomnography (Malow et al., 2006; Souders et al., 2009;
Wiggs & Stores, 2004). Additionally, parents report sleep onset issues, including bedtime
resistance and the need for parents to lay down with their child in order for them to fall
asleep (Liu et al., 2006), as well as recurrent nighttime awakenings (Krakowiak et al., 2008;
Liu et al., 2006), including sleepwalking and night terrors (Couturier et al., 2005; Goldman,
Richdale, Clemons, & Malow, 2012). These problems may contribute to increased difficulty
waking in the morning, excessive daytime tiredness, and more frequent napping (Liu et

al., 2006). It is unclear whether autistic daytime tiredness relates to disrupted biological
mechanisms responsible for wakefulness or whether it remains a by-product of difficulties
with sleep onset, night awakenings, and less night sleep overall (Goodlin-Jones, Tang, Liu,
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& Anders, 2009; Humphreys et al., 2014). Sleep-disordered breathing may be elevated in
ASD (Cortese, Wang, Angriman, Masi, & Bruni, 2020), but it remains unclear whether in
autistic individuals are at increased risk for sleep apnea and breathing difficulties at night
(Limoges, Mottron, Bolduc, Berthiaume, & Godbout, 2005; Malow et al., 2006).

Despite a recent increase in research exploring the etiology of sleep disruptions in autistic
children and their impact on daytime functioning (Adams, Matson, Cervantes, & Goldin,
2014; Taylor, Schreck, & Mulick, 2012), much remains unknown about whether sleep
problems are distinct in potential ASD subgroups with a known genetic etiology. With
increasing awareness of the genetic contributions to ASD and identification of genetically
defined subgroups (Stessman, Bernier, & Eichler, 2014), deeper understanding of genetic
mechanisms involved in ASD-related sleep disruptions is also needed. Ongoing advances in
genetic sequencing have identified severe de novo likely gene-disrupting (dnLGD) mutations
that are associated with ASD symptoms (O’Roak et al., 2012; lossifov et al., 2014). These
genes are believed to have important, seemingly varied impacts on neurological processes
indicated in ASD (Bernier et al., 2014; Helsmoortel et al., 2014; Traylor et al., 2012; van
Bon et al., 2015), explaining a portion of the phenotypic variability seen amongst affected
individuals. This genetic variability may also help explain the differences we see in sleep
presentation amongst autistic individuals.

Large scale genomic studies have identified genes tied directly to circadian rhythm pathways
(review provided by Veatch, Keenan, Gehrman, Malow, & Pack, 2017) and enrichment

of disruptions to specific melatonin pathway genes have been identified amongst autistic
individuals with sleep onset difficulties (Meatch, Maxwell-Horn, & Malow, 2015). Despite
these associations, recent work did not find a connection between dnLGDs known to impact
circadian rhythms (e.g., ASMT, CLOCK, MTNR1B, TIMELESS) and parent-reported
sleep problems (Johansson, Dorman, Chasens, Feeley, & Devlin, 2019). Considering the
additional biological mechanisms implicated by other non-circadian rhythm genes (see
lossifov et al., 2014), exploring the differences in sleep problem presentation by dnLGD
mutation subgroups of ASD may shed light on the phenotypic variability we see in co-
occurring sleep conditions and illuminate the specific neurobiological mechanisms that are
disrupting sleep in autistic individuals.

Recently, de novo LGD mutations CHD8, ADNP, and DYRK1A have been identified as
candidate genes for ASD and appear to have unique phenotypic profiles (Bernier et al.,
2014; lossifov et al., 2014; O’Roak et al., 2012; van Bon et al., 2015; Vandeweyer et

al., 2014). Studies of each gene event have described recurrent reports of sleep issues in
individuals with these mutations, yet the correspondence between each genetic subgroup
and ASD, broadly, is unclear. Chromodomain helicase binding protein (CHD®) is a gene
known to be involved in chromatin remodeling and understood to be important for neuronal
cell proliferation and regulation (Bernier et al., 2014; O’Roak et al., 2012). Bernier

and colleagues (2014) found that individuals with ASD and mutations to CHD& were
reported to have significant difficulty falling asleep and/or staying up for days at a time.
Recent cross-species evidence indicates that the sleep maintenance problems in CHD8 are
recapitulated in Drosophila mutants affecting kismet (the sole ortholog to human genes
CHD8and CHD?) during early and adult stages (Coll-Tané et al., in press). DYRKIA,

J Genet Psychol. Author manuscript; available in PMC 2021 September 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Earl et al.

Page 4

or Dual-specificity tyrosine-('Y)-phosphorylation-regulated kinase 1 A, has been linked to
cellular signaling and brain development (lossifov et al., 2014; O’Roak et al., 2012), and
frequent nighttime awakenings have been reported for those with DYRK1A mutations (van
Bon et al., 2015). Activity-dependent neuroprotective protein (ADNP) gene is involved in
cellular differentiation and maturation (Helsmoortel et al., 2014; Vandeweyer et al., 2014).
General sleep issues have been recurrently endorsed for children with ADNP mutations,
although specific types of sleep problems have yet to be reported (Vandeweyer et al., 2014).

In order to examine the potential genetic role on sleep problems in ASD, it is critical to

also consider additional known factors. For instance, there exists variability in the severity
and kind of sleep problem/s exhibited by different autistic children, as evidenced by a recent
meta-analysis of polysomnography studies (Chen et al., 2020). Given the multifactorial
(Posar & Visconti, 2020) and developmental nature (McMakin & Alfano, 2015; Williamson,
Mindell, Hiscock, & Quach, 2020) of sleep problems, factors of development, cognition,
and behavior may differentially impact sleep presentation in ASD (Malow et al., 2006;
Veatch, Maxwell-Horn, et al., 2015). Goldman et al. (2012) found that while the presence of
sleep issues did not change as autistic children grew older, the types of sleep problems did.
Younger autistic children showed high instances of bedtime resistance, night awakenings,
and nightmares, whereas older children and adolescents had greater difficulty with sleep
onset, sleep duration, and daytime tiredness. Sleep issues have been repeatedly correlated
with reports of increased internalizing and externalizing behaviors in autistic children, such
as inattention, hyperactivity, and anxiety (Goldman et al., 2009; Mazurek & Petroski, 2015;
Sikora, Johnson, Clemons, & Katz, 2012; Wiggs & Stores, 2004).

The relationship between cognitive ability, or 1Q, and sleep issues in those with ASD
remains inconclusive. Individuals with intellectual disability are reported to have greater
frequency of sleep issues than typically developing individuals (Elrod & Hood, 2015;
Piazza, Fisher, & Kahng, 2008; Taylor et al., 2012); however, sleep problems are

observed across a range of cognitive abilities regardless of 1Q score (Richdale, 1999),
potentially indicating the need for a deeper investigation of specific sleep issues to
elucidate which specific problems are implicated across the autism spectrum. Given high
rates of co-occurring diagnoses alongside ASD, including intellectual disability (Howlin,
Goode, Hutton, & Rutter, 2004; Bernier & Gerdts, 2010) and behavioral disorders (e.g.,
anxiety, inattention/hyperactivity associated with externalizing and internalizing problems;
Bauminger, Solomon, & Rogers, 2010), it is critical to consider how these factors interact
with shared biological mechanisms (e.g., genetics, neurological circuitry) and contribute to
sleep problems.

Sleep processes are facilitated by a series of neurobiological mechanisms, many of which
have been found to be impaired in autistic individuals who have poor sleep (Richdale &
Schreck, 2009). Evidence of abnormal melatonin synthesis is evident in ASD (see Wu

et al., 2020 for review), thought to disrupt melatonin-dependent circadian rhythms and in
turn modulate brain metabolism required to process information. Studies have indicated

that autistic individuals spend less time in rapid eye movement sleep compared to controls
(Buckley et al., 2010), but findings remain inconsistent (Limoges et al., 2005). At a chemical
level, fundamental neurotransmitters, such as dopamine, serotonin, and GABA, are disrupted
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in ASD and have been found to be important in sleep regulation (Buhr et al., 2002; Crocker
& Sehgal, 2010; Holst et al., 2014; Veenstra-VanderWeele et al., 2012). However, the extent
to which these neurological mechanisms are impaired and sleep is disrupted varies between
autistic individuals.

Thus, within this study, we seek to clarify sleep difficulties in ASD associated with the
presence of a known genetic etiology, specifically dnLGDs. We present novel, preliminary
work utilizing parent-report to understand better understand the genetic contribution to
sleep problems. First, we evaluated sleep problems in a large sample of autistic children
with and without genetic etiologies using confirmatory factor analysis (CFA). Considering
implications of sleep difficulties as part of genetic-first phenotypes, we compared parent
reports of sleep related disturbances for autistic youth with a de novo LGD mutation
(dnLGD) and autistic youth without a dnLGD (“idiopathic” or no known genetic event;
NON). We predicted that certain sleep issues (e.g., bedtime problems) might be more
prevalent and symptomatic in ASD, regardless of genetic etiology. We also anticipated that
individual participant differences, such as developmental stage, cognition, and behavioral
symptoms (specifically parent-reported internalizing and externalizing), might also predict
increased sleep issues and vary with the presence of an dnLGD mutation. Second, in efforts
to better understand the variable impact of specific dnLGD mutations, we characterized the
sleep profiles for three genetically defined subtypes: CHD8, ADNP, and DYRKIA. Due to
the rarity of this population, this aim serves as an exploratory investigation to understand
what sleep problems are elevated in these three genetic ASD subgroups.

Methods and materials

Participants

Participants (Table 1) were include from two sources. First, Simons Simplex Collection
(SSC, Fischbach & Lord, 2010), a genetic consortium study of families with one child
diagnosed with ASD (i.e., ASD ascertainment). dnLGD mutation data from participants

in the SSC cohort were obtained via published exome sequencing studies (lossifov et

al., 2014), which defined dnLGD events as de rnovo nonsense, frameshift, or splice-site
gene mutations that disrupt intended protein functions. Phenotypic data was downloaded
from sfari.org (version 15 of the SSC). Of this SSC cohort, 2771 families completed the
portion of the medical history interview related to sleep symptoms without missing data
and are included in this sample. Second, participants from the University of Washington’s
TIGER study were enrolled based upon the existence of a known dnLGD associated with
neurodevelopmental disorders (i.e., genetic ascertainment). Thus, participants were divided
into two groups (Table 1): Autistic participants without a known genetic etiology (NON
group; 1= 2509; all ascertained for ASD via SSC) and participants with a known ASD-
associated dnLGD mutation (dnLGD group; n = 378; 264 ascertained for ASD via SSC;
114 genetic ascertainment). Characterization of a subset of dnLGD group with ADNP,
CHDS, and DYRK1A mutations is available in Table 2. ASD diagnoses were based upon the
Autism Diagnostic Interview-Revised (ADI-R; Lord, Rutter, & Le Couteur, 1994), Autism
Diagnostic Observation Schedule, (ADOS; Lord et al., 2000), and clinician evaluation.

J Genet Psychol. Author manuscript; available in PMC 2021 September 16.
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Ethical review board approval was obtained and written informed consent was given by each
participant’s legal guardian/s.

Sleep problems were measured by parent report on a clinician-administered 10-item medical
history questionnaire yielding yes (“1”) or no (“0”) responses (Simons Simplex Collection
Medical History Questionnaire; See Appendix for full questions). All Sleep variables

were treated as binary variables. Responses of “not sure” were coded as missing data.

A preliminary hierarchical item cluster analysis (Revelle, 1978; 2011) specified the most
similar pair of items fit into four clusters which we characterized as the following domains
(see Table 3): Sleep onset (difficulty going to bed, difficulty falling asleep, parents laying
down), Breathing issues (difficulty breathing at night, sleep apnea diagnosis), Nighttime
awakenings (frequent night awakenings, sleepwalking), and Daytime tiredness (difficulty
waking tin the morning, daytime tiredness, long or frequent napping). We acknowledge that
these domains are similar yet slightly different from the SSC Sleep Interview developed
from principle components analysis (Johansson, Rohay, & Chasens, 2018).

IQ scores were derived from the Differential Ability Scales, 2nd Edition (DAS-I1I; Elliott,
Murray, & Pearson, 1990), the Wechsler Scale of Intelligence, 4! Edition (WISC-1V;
Wechsler, 2003), or the Mullen Scales of Early Learning (Mullen, 1995). Consistent with
prior studies using this dataset (e.g., Grzadzinski, Lord, Sanders, Werling, & Bal, 2018),
we opted to extract verbal and nonverbal 1Q (VIQ, NVIQ, respectively) separately, as
opposed to full-scale 1Q, to more fully represent possible disparities in verbal and nonverbal
abilities. The DAS-II Verbal Composite score was used for VIQ and the Special Nonverbal
Composite was used for NVIQ. For participants who were administered the WISC-1V, the
Verbal Comprehension Index was used as a measure of VV1Q and the Perceptual Reasoning
Index was used as a measure of NVIQ. In the Mullen Scales of Early Learning, VIQ

and NVIQ were derived using a process standardized as part of the Simons Simplex
Collection. VIQ was calculated by summing verbal subdomains (Receptive Language and
Expressive Language), multiplying by 2 and converting to a standard score using Early
Learning Composite norms. NVI1Q was calculated the same using nonverbal subdomains
(Visual Reception and Fine Motor). Internalizing and externalizing behavior 7-scores were
calculated from parent report on the Child Behavior Checklist (CBCL; Achenbach, 1991).

Confirmatory factor analysis (CFA)

Our primary objective was to examine latent variables associated with sleep issue for
children with idiopathic ASD (NON) and children with ASD and an dnLGD mutation
(dnLGD). A series of CFAs were conducted with the open-source lavaan() package for
latent variable modeling (Rosseel, 2012; Wirth & Edwards, 2007) in R (version 2.15.1)
using maximum likelihood. Factor loadings represent standardized regression coefficients
between each sleep interview item and latent variables. According to proposed guidelines
(Browne & Cudeck, 1993; Kline, 2011; Hu & Bentler, 1999), goodness-of-fit was assessed
by examining: root mean squared error of approximation (RMSEA,; good fit = below 0.05;
acceptable fit = 0.05-0.08; unacceptable fit > 0.1), comparative fit index (CFI; good fit
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> .9), and the standardized root mean squared residual (SRMR, good fit = below 0.10).
Standardized loadings (SL) are reported.

dnLGD mutation profiles of sleep issues

Results

An exploratory objective was to characterize the sleep profiles (in reference to idiopathic
ASD) for children with a dnLGD mutation previously associated with ASD and sleep issues.
To accomplish this, we calculated the proportion of positive endorsements of individual
sleep issues for three dnLGD mutation subgroups: ADNP (n = 19), CHD8 (n= 22), and
DYRKIA (n= 22). Subgroup proportions were compared to that of the NON group.
Individual sleep issues were chosen for analysis instead of clustered sleep domains in an
effort to better detect minor variations in sleep profile accompanying different dnLGD
mutations. Bonferroni-correction was applied where noted (alpha threshold of 0.05), and
additional uncorrected trends are reported given the preliminary nature of this analysis.

Latent factor structure associated with sleep issues

We conducted a CFA to investigate model fit of three proposed competitive factor structures
for both NON and dnLGD groups. In Model 1, all items loaded onto a single latent

Sleep Issues variable. Model 2 consisted of a four-factor structure, including Sleep Onset,
Breathing Issues, Nighttime Awakenings, and Daytime Tiredness. The sleep interview items
that loaded onto these latent variables are reported in Table 3, with notable group differences
related to breathing issues, nighttime awakenings, and daytime tiredness. Model 3 examined
a hierarchical factor structure in which there was a second-order factor related to general
sleep issues (similar to Model 1) and specific first-order factors related to the four latent
variables (similar to Model 2). We predicted that all models would robustly characterize the
sleep interview items, but anticipated that Model 2 would best fit the data considering that
CFA models perform better in multifactorial structures when items are highly overlapping
(i.e., items within one domain; Brown & Moore, 2012).

See Table 4 for model fit indices. For the NON group (V= 2509), Models 2 and 3 were
good fitting models, with Model 3 being the best fitting model compared to Model 1, )(2(2)
=684.2, p<.0001, and Model 2, )(2(6) =22.64, p<.0001. For the dnLGD group (V= 378),
Model 3 did not converge and Model 2 was the best fitting model compared to Model

1, )(2(2) =228.7, p<.0001. To have consistent comparisons across groups, we chose to

use the latent factor structure for Model 2 for continued analysis (see Figure 1). For both
groups, this four-factor solution indicated that items related to sleep onset had the high
factor loadings (all standardized loadings > .63), suggesting that these items may be the
most impactful sleep-related problem.

Individual participant predictors

After establishing that Model 2 had the best fit, we examined a series of models to

determine how individual participant predictors are related to sleep issues. We systematically
tested development (Age), behavioral problems (Internalizing, Externalizing), and cognition
(Verbal 1Q, Nonverbal 1Q). Fit indices indicated all three participant predictor models had
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good fit for both groups (see Table 4). With the exception of the dnLGD cognition model
(;(2(2) =12.44, p=.41), all predictor models performed better than the non-predictor Model
2, p’'s <.046. To better clarify the relationship between the predictors on sleep issue for each
group, we will describe the three separate predictor models (see Figure 2).

Development—Despite improving model fit, the Age predictor does not load significantly
onto the latent factors (SL < +/-.105).

Behavioral problems—Externalizing and internalizing behavioral problems weakly
(p's<.032, SL greater than +/- .25) impact latent variables for both groups with a few
exceptions (NON group: externalization on Breathing problems, p=.28; dnLGD group:
externalization on Onset problems, p= .42, internalization on Breathing problems, p= .57).
Increased sleep issues were observed for children with internalizing behavioral problems
(both groups) and externalizing behavioral problems (NON group). In contrast, dnLGD
youth with externalizing behavioral problems were found to have fewer Breathing (SL =
-.22), Awakening (SL = -23), and Tiredness (SL = -.15) problems.

Cognition—Neither VIQ or NVIQ were significantly related to sleep issues in the NON
group (p’s>.064, SL less than +/- .097) with one exception: children with higher VIQ scores
exhibited fewer Awakening issues (SL = -.11, p=.035). Similarly, dnLGD youth with
higher NVIQ scores exhibited fewer Awakening issues (SL = -.54, p=.04).

Genetic ASD subgroups

As an exploratory aim, we sought to characterize specific sleep problems for clusters

of dnLGD youth with ADNP (n=19), CHD8 (n=22), and DYRKIA (n = 22).

Figure 3 shows individual item endorsements for these three specific dnLGD subgroups
compared to endorsements for the NON group, as well as other dnLGD participants. Closer
inspection of sleep issues in individuals with dnLGD mutations to ADNP, CHDS, and
DYRKI1A preliminarily suggest the emergence of unique sleep issue profiles. The ADNP
profiles exhibited significantly elevated sleep issues relative to all other groups, including
breathing problems (BPM: n=8/19, 42.1%, p’s < .012; BAP: n=5/19, 26.3%, p’'s

<.0001, Bonferroni-corrected) and increased daytime naps (7= 12/19, 63.2%, p’s<.0001,
Bonferroni-corrected). Frequent nighttime awakenings were highly endorsed relative to
NON group for ADNP (n=15/19, 78.9%, p = .0004 Bonferroni-corrected) and CHDE
(n=14/22, 63.6%, p = .034, Bonferroni-corrected. Trends were noted for other issues. The
CHDB8 exhibited more problems falling asleep (7= 15/22, 68.2%, p = .042, uncorrected) and
requiring the parent to lay down with the child (n = 14/22, 63.6%, p = .049, uncorrected)
than the NON group. The DYRKZ1A group did not vary as much from the NON group with
the exception of having increased difficulty breathing at night (7= 4/22, 18.8%, p=0.11,
uncorrected), increased daytime naps (7= 5/22, 22.7%, p=.021, uncorrected), and no issues
with sleepwalking (n7=0/22, 0%, p = .057, uncorrected).

Discussion

We aimed to clarify the kinds of sleep difficulties faced by individuals with genetic
etiologies of ASD to better understand the genetic impact on sleep in this population.

J Genet Psychol. Author manuscript; available in PMC 2021 September 16.
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First, looking at a large sample of autistic individuals with and without a dnLGD mutation,
findings from CFA indicate that clustering sleep problems into four symptom categories

is a statistically appropriate way to characterize sleep difficulties. Inclusion of a general
sleep problem variable as a hierarchical factor model did improve overall model fit for the
idiopathic ASD group, but the model failed to converge for the dnLGD group. Because the
second-order model failure to converge may be due to sample size issues, it is difficult to
interpret differences between groups; thus, subsequent analyses focused on the first-order
four factor model. The exceptional model fit of the four-component model for both groups
(NON and dnLGD) indicates that the following four factors represent distinct areas of
sleep difficulty: sleep onset, breathing issues, nighttime awakenings, and daytime tiredness.
This model supports previous research findings that identify primary factors involved in
ASD sleep problems and extends our understanding of these effects in genetic subgroups.
Within this four-component model, difficulties with sleep onset contributed most strongly
to the model (i.e., reliably the largest standardized loading). This finding is consistent
with prior work (Liu et al., 2006; Malow et al., 2006; Souders et al., 2009; Wiggs &
Stores, 2004), suggesting that trouble with sleep onset is a prominent sleep issue facing
autistic individuals. This four-factor model also suggests that challenges with sleep onset
and recurrent nighttime awakenings are distinct issues and warrant separate assessment. In
previous research, these symptoms have been combined under the term “insomnia” when
assessing for sleep problems in ASD, which may miss distinct features of sleep in this
population.

Sleep-disordered breathing accounted for very little of variance of sleep problems,
supporting previous findings of negligible relationship between breathing difficulties and
ASD (Limoges et al., 2005; Malow et al., 2006). However, untreated sleep apnea and the
associated increased breathing issues may be untreated or unknown to parents, which may
be a contributing factor to daytime tiredness. Considering that individuals with untreated
sleep apnea and other medical conditions (e.g., seizures, gastrointestinal problems) are often
excluded from sleep research in order to more-specifically understanding mechanism/s (e.g.,
Goldman et al., 2017), future work will benefit from objectively measuring sleep-disordered
breathing in a broader ASD cohort.

The addition of developmental, behavioral, and cognitive predictors to the four-factor

model did improve model fit by group. In general, this analysis indicated that internalizing
behavioral problems and lower cognitive scores were related to increased sleep issues.

For those with idiopathic ASD, increased internalizing problems were associated with
increased daytime tiredness. The same relationship was observed in the dnLGD group;
additionally, increased internalizing problems relate to increased nighttime awakenings in
this group. These results support previous findings that internalizing symptoms, such as
anxious or depressive behaviors are associated with difficulty sleeping and reduced energy in
youth with anxiety disorders (Alfano, Ginsburg, & Kingery, 2007; Weiner, Meredith Elkins,
Pincus, & Comer, 2015).

Considering prior work correlating sleep problems with externalizing behaviors in ASD
(Goldman et al., 2009; Mazurek & Petroski, 2015; Sikora et al., 2012; Wiggs & Stores,
2004), it was surprising that children with a dnLGD and externalizing behavioral problems
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exhibited fewer breathing issues, nighttime awakenings, and daytime issues. Perhaps unique
cooccurring disorders and related medication use for individuals with dnLGD mutations
impacted incidence of daytime fatigue in this group (Helsmoortel et al., 2014; van Bon

et al., 2015). Another possibility is that children with externalizing problem behaviors

are more active during the day and thus, have fewer issues with sleep, though the

biological consequences of dnLGD mutations may be related to atypical or opposing
psychophysiological responses. Autistic youth who demonstrate lower parasympathetic
reactivity (i.e., ability to reduce arousal and heart rate) exhibit increased externalizing
behaviors (Fenning et al., 2019), which may be related to biological mechanisms of sleep.
Future work should target in-depth monitoring of the psychophysiological features to better
understand how increased externalizing behaviors (ostensibly by day) are related to sleep.

When cognition is added as a participant predictor to the four-factor model, a relationship
between cognition and nighttime awakenings emerges that appears unique to the dnLGD
group. Higher nonverbal cognitive ability was related to decreased nighttime awakenings for
the dnLGD group, which was a strongest effect of the individual difference predictors (SL =
-.54). Variations in cognitive functioning are often accompanied by differences in language
ability, emotion regulation skills, and motor mobility, which may be impacting parents’
awareness and understanding of their child’s awakenings at night (Bélte & Poustka, 2002;
Wing, 1981). Our observed opposing effects highlight the ambiguity of this relationship
between cognition and sleep.

Due to the diversity of genes disrupted in the heterogeneous dnLGD group, closer
examination of individuals with recurrent mutations is warranted to clarify observed
interactions between participant characteristics and sleep. In our exploratory examination
of three previously reported genetically defined subgroups of ASD, unique sleep problem
profiles emerged. In particular, reports of difficulty falling asleep are increased for children
with CHD8 mutations, while reports of nighttime awakenings are elevated for all three
genetic groups. While preliminary, the observed variations in sleep phenotypes for these
three subgroups suggest different biological mechanisms. The regulation of chromatin
remodeling, a known function of the CHD& gene, is suggested to be important in the
maintenance of circadian rhythms, which are essential to creating typical cycles of sleep
(Aguilar-Arnal & Sassone-Corsi, 2013). Mutations to CHD8 may be involved in circadian
disruption and thereby help explain why parents report that individuals with CHD8 mutation
have such difficulty falling asleep. In one extreme example, one parent reported that their
child with a CHD8& mutation stays awake for several days at a time, posing the tremendous
challenge of keeping the child safe while parents sleep. New evidence indicates a role

for CHD& in maintaining sleep architecture across developmental stages in kismet, the
CHD8| CHD7 Drosophila ortholog (Coll-Tané et al., in press). Critically, this animal model
implicates subperineurial glia constituting the blood-brain barrier that could potentially be
targeted for therapeutic intervention.

Children with DYRK1A participants had sleep profiles that were largely similar to
idiopathic ASD, and the DYRK1A gene is implicated in transcriptional/translational
regulation of circadian rhythm proteins. Kurabayashi, Hirota, Sakai, Sanada, and Fukada
(2010) found that the knockout of DYRK1A in mice models disrupted the phosphorylation
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of circadian rhythm-associated gene, CRYZ, which resulted in shortened circadian cycles
and arrhythmic sleep behaviors. The ADNP sleep profile was significantly elevated relative
to all over groups. ADNP has also been linked to gene mechanisms that are implicated in
sleep maintenance. Categorized as a Fragile X mental retardation protein (FMRP) associated
gene (lossifov et al., 2014), these genetic disruptions are implicated in disturbed light-dark
circadian rhythms and sleep (Xu, Poidevin, Han, Bi, & Jin, 2012; Zhang et al., 2008).
Recurrent reports of nighttime awakenings were identified in ADNP participants, a finding
that is also common in cases of Alzheimer’s, which has a shared association with ADNP
(Malishkevich et al., 2015; Sethi et al., 2015). While more exploration of this relationship
is needed, perhaps the sleep-wake cycle mechanisms responsible for sleep maintenance are
disrupted by variations in ADNP.

Our findings suggest that genetically defined subgroups may prove informative in
understanding sleep in ASD and relevant to consider when individualizing sleep
interventions for affected individuals and their families. However, a more extensive
exploration of these sleep problems must better characterize extreme problems — both
qualitatively, to better understand the disruptive behaviors and the potential origins, but also
quantitatively (e.g., frequency of occurrence, level of severity).

This study has implications for families of autistic youth with both idiopathic and identified
genetic origins. For instance, our findings suggest that sleep onset should be a focus area
for generating recommendations and resources for parents of a child with ASD, aligned
with current efforts from private foundations and family groups (e.g., Autism Speaks

Sleep Toolkit; Coury et al., 2020) and opportunities for clinical intervention (Malow et

al., 2012). However, there are several critical limitations to consider. Further investigation of
child characteristics (i.e., age, behavior, and cognition), continuous markers of sleep (e.qg.,
actigraphy, polysomnography, and/or parent-reported sleep duration), and other predictors
of sleep problems (e.g., metabolism, nutrition, medication) will improve our ability to
provide individualized recommendations for families. By building more elaborate clinical
profiles for recurrent dnLGD mutations, similar to the preliminary profiles for CHDS,
DYRK1A and ADNP, we aim to connect physical manifestation of sleep problems to
possible biological mechanisms. For instance, further clinical clarity related to externalizing
behaviors is warranted given links between sleep, underlying biological mechanisms, and
externalizing disorders such as attention deficit hyperactivity disorder (e.g., Gruber et al.,
2012).

Although we did not specifically examine medication interactions due to missing data,
continued work should also evaluate the role of medications in both sleep disruption (e.g.,
selective serotonin-reuptake inhibitors, SSRIs; ritalin) as well as sleep enhancement (e.g.,
melatonin) to fully understand potential biological interactions between genetic etiology,
medication, and sleep. Our study is limited by the heterogeneity within the dnLGD group,
which was collapsed across a range of mutations for our primary aim, yet would benefit
from better classification based upon specific genetic variants and/or genetic function (e.g.,
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lossifov et al., 2014). This is an area of further study that shows great promise in explaining
the phenotypic variability we see in sleep issues co-occurring with ASD symptoms.

Conclusions

Our results indicate that different domains of sleep difficulties should be considered for
autistic youth, specifically that sleep onset and nighttime awakenings should be considered
separate domains. This work extends existing knowledge of predictors and factors associated
with sleep problems by characterizing these problems in ASD in the context of underlying
genetic etiology. The knowledge gained by this study will inform ongoing efforts to
establish genotype-phenotypes and build biological indicators for ASD, critical pieces
required to pursue precision medicine in support of positive health outcomes for ASD.
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Appendix.: Sleep items on medical history questionnaire

Sleep problems — SSC Medical History questionnaire Response

Bed Time Problems Yes / No / Not sure
Difficulty going to bed? (i.e., longer than 1 hour; tantrums, etc.)
Difficulty falling asleep?
Do you have to lay down with your child to get him/her to fall asleep?

Excessive Daytime Sleepiness Yes / No / Not sure
Unusually tired/sleepy during the day?
Difficulty waking up in the morning?
Very long or frequent naps more often that other children his/her age?

Sleep-disordered Breathing Yes / No / Not sure
Snore more than half the time?

Difficulty breathing at night?

J Genet Psychol. Author manuscript; available in PMC 2021 September 16.


https://base.sfari.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Earl et al. Page 13

Sleep problems — SSC Medical History questionnaire Response

Nighttime Awakenings Yes / No / Not sure
Frequent or prolonged awakenings at night?

Sleepwalking or frequent nightmares?
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Figure 1.
Confirmatory factor analysis for children with idiopathic (NON) and genetic (dnLGD)

etiologies of ASD. Standardized loadings (SL) are reported for both groups for the three-
factor model. Factors include difficulties with Sleep Onset, Nighttime Awakenings, and
Daytime Tiredness. Sleep Onset domain includes difficulty going to bed (SBP), difficulty
falling asleep (SBS), and parent needing to lay down with child to fall asleep (SBD).
Nighttime awakening domain includes frequent or prolonged nighttime awakenings (NAF)
and sleepwalking (NAS). Daytime Tiredness domain includes difficulty waking in the
morning (DDW), longer, more frequent napping than same-age peers (DDN), and daytime
tiredness (DDS). Strength of the standardized loadings are depicted as the thickness and
brightness of each line for positive (blue) and negative (red) standardized loadings.
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Confirmatory factor analysis with participant predictors for children with idiopathic (NON)
and genetic (dnLGD) etiologies of ASD. Standardized loadings (SL) are reported for both
groups for the three-factor model. Strength of the standardized loadings are depicted as the
thickness and brightness of each line for positive (blue) and negative (red) standardized

loadings.
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Average endorsement for target dnLGD and comparison groups. Average endorsement for
children with dnLGD targets ADNP (n= 19, red circle), CHD8 (n= 22, green triangle), and
DYRKIA (n= 22, blue square) compared to children with Other MUT (7= 315, gray line)
and NON (7= 2509, black line).
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Table 1.

Full sample characteristics to address primary aim.

NON (N = 2509)

dnLGD (N = 378)

n % n % Group differences

Male 2191 87.3% 263 69.6% (1) =79.8, p<.001
Female 318 12.7% 115 30.4%

0, 0, 2 -
ASD Diagnosisa 2509  100.0% 335 88.6%  y?%(1)=289.7, p<.001

2(1) =
D Diagnosisa 803 32.0% 190 50.3%  y?(1) =47.7, p<.001
Mean SD Mean SD Group differences

Age (years) 9 3.57 9.39 4.23 H1,2670) = 3.57, p=.063
Age range (years) 3-17 4-28
VIQ 78.55 311 62.3 35.9 A1, 2664) = 81.77, p<.001
NVIQ 85.37 25.92 65.3 33.9 A1, 2664) =171.1, p<.001
Internalization 60.3 9.7 60.1 8.8 A1, 2634)=.26, p= .61
Externalization 56.5 10.6 56.5 10.9 F1,2634) =0, p=.99

a_. - I
Diagnoses unclear for 1 dnLGD participant due to remote only participation.
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Table 2.

Genetic subgroup characteristics to address exploratory aim.

Page 22

ADNP (N =19) CHD8 (N=23) DYRKI1A (N =23)
n % n % n % Group differences Description
Male 11 57.89% 14 63.64% 15 65.22% /1/2(1) =.26, p=.88
Female 8 42.11% 8 36.36% 8 34.78%
ASD Diagnosis® 10 52.63% 20 90.91% 20 86.96%  »2(1)=11.0,p=.026  ADNP<(DYRKIA, CHD®)
ID Diagnosis? 19 100.00% 11 50.00% 19 8261%  4%(1)=149,p=.006  CHDS(ADNF, DYRKIA)
Mean SD Mean SD Mean SD Group differences Description
Age (years) 8.10 3.81 10.28 521 10.99 6.35 A1,61)=1.63p=.20
Age range (years) 3-17 4-20 4-24
VIQ 28.44 21.44 51.40 35.91 43.22 32.46 F1,56)=2.44, p= 51
NVIQ 27.13 19.10 57.55 32.89 43.78 27.04 H1,56) =548, p=.007 ADNP<CHDS8
Internalization 57.07 9.51 62.21 8.81 57.00 11.08 A1,44)=161, p=.21
Externalization 60.60 8.72 50.79 12.22  52.08 9.80 R1,44)=4.01,p=.025 ADNP<CHD8

a.. . S
Diagnoses unclear for 1 ADNP participant due to remote only participation.
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Table 3.

Sleep domains and sleep interview item frequencies.

Page 23

All participants NON dnLGD
Group differences x?
Sleep domain Sleep Interview Item N % N % N % p-value
Sleep onset Total (Endorsing at least one) 1716  40.6% 1488 60.1% 228 60.6% 0.879
Difficulty going to bed (SBP) 919  323% 796 32.0% 123 32.6% 0.868
Difficulty falling asleep (SBS) 1206  42.7% 1043 42.1% 163 43.4% 0.681
Parent lays down (SBD) 1343  46.8% 1168 47.2% 175 46.4% 0.833
Breathing issues Total (Endorsing at least one) 190 106% 156 64% 34 9.1% 0.059
Difficulty breathing at night (BPM) 166 6.9% 135 5.5% 31 8.3% 0.003
Sleep apnea dx (BAP) 73 33% 57 23% 16 43% 0.039
Nighttime awakenings ~ Total (Endorsing at least one) 1173 21.7% 996 40.3% 177 46.9% 0.017
Frequent night awakenings (NAF) 995 37.6% 839 339% 156 41.4% 0.005
Sleepwalking (NAS) 390  125% 349 14.2% 41 10.9% <.001
Daytime tiredness Total (Endorsing at least one) 837 148% 705 285% 132 35.0% 0.011
Difficulty waking in morning (DDW) 269 12.3% 208 8.4% 61 16.2% 0.385
Daytime tiredness (DDS) 269 12.3% 208 8.4% 61 16.2% <.001
Long/Frequent napping (DDN) 500 19.9% 413 16.7% 87 23.1% <.001
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Model fit indices. Notes: Models that did not converge are indicated by “n/a”. Italicization and shading

Table 4.

indicates value-specified poor model fit.

Page 24

NON dnLGD
Participant Predictors

Model Latent Variables (Variables) RMSEA CFlI SRMR RMSEA CFlI SRMR

Model 1 Sleep (general) None 0.097 0.744  0.069 0137 0597 0.1

Model 2 Onset, Breathing, Awake, None 0.041 0.962 0.029 0.047 0.961 0.045
Tiredness

Model 3  Sleep (general), Onset, Breathing, None 0.043 0.955 0.032 nla n/a n/a
Awake, Tiredness

Model 2 Onset, Breathing, Awake, Development (AGE) 0.042 0.953 0.029 0.049 0.948 0.046
Tiredness

Model 2 Onset, Breathing, Awake, Behavioral problems (EXT, 0.039 0.955 0.027 0.051 0.939 0.049
Tiredness INT)

Model 2 Onset, Breathing, Awake, Cognition (VIQ, NVIQ) 0.053 0.916 0.042 0.042 096  0.045
Tiredness

Model 2 Onset, Breathing, Awake, All (AGE, EXT, INT, VIQ, 0.048 0.911 0.037 0.048 0.93  0.045

Tiredness

NVIQ)

Abbreviations: EXT, Externalizing problems; INT, Internalizing problems; VIQ, Verbal 1Q; NVIQ, Nonverbal I1Q.

Notes: Models that did not converge are indicated by “n/a”. Italicization and shading indicates value-specified poor model fit. Abbreviations: EXT,
Externalizing problems; INT, Internalizing problems; VIQ, Verbal 1Q; NVIQ, Nonverbal 1Q.
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