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Aims: Children on the autism spectrum are more likely to have sleep problems than non-

autistic children. Sleep disturbance may exacerbate emotional and behavioral problems

of children on the autism spectrum. A better understanding of the biological mechanisms

underlying sleep disturbance provide clues to better management for this co-morbid

condition in autism. The goal of the current study is to identify genetic variants associated

with sleep disturbance and melatonin levels in autistic children.

Methods: A total of 969 children on the autism spectrum were genotyped using the

Global Screening Array v1 or Global Screening Array v2. Sleep problems were assessed

using the Children’s Sleep Habits Questionnaire (CSHQ). Melatonin levels were measured

using the urine samples of 219 probands. The relationship between the melatonin level

and CSHQ score was examined using the general linear model. The genetic variants

associated with the CSHQ score and melatonin level as two separate quantitative traits

were determined using genomewide association studies.

Results: The data indicates that urine melatonin levels were positively associated with

CSHQ scores, suggesting that autistic children with a poorer sleep qualiy could has

higher melatonin level. Furthermore, genetic assocication studies suggest that genetic

pathways involved in pro-inflammatory responses might be involved in sleep disturbance,

while genetic pathways involved in catecholamine-secreting PC12 cells and Schwann

cells could be associated with melatonin levels.

Conclusions: Taken together, our findings indicate that sleep disturbance andmelatonin

metabolism could be attributable to distinct biological mechanisms in autistic children

since they might not share genetic contributors.

Keywords: autism spectrum disorder, sleep disturbance, melatonin, genomewide association study, pathway
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INTRODUCTION

Extensive evidence has indicated the link between sleep
disturbance and mental health issues. Children on the autism
spectrum and their families and caregivers are already at high risk
of poor mental health, such as depressed mood and anxiety. A
comorbid sleep disorder is likely to compound these risks and
significantly impact the quality of life and functioning of the
whole family. The debilitating nature of sleep disturbances and
disordered sleep patterns can have a profound effect on quality
of life, wellbeing and stress levels of both child on the autism
spectrum and their families (1).

The incidence rate of sleep disturbances, such as sleep latency,

waking after sleep onset, and shorter sleep duration, of children

on the autism spectrum is∼4 times higher than the incidence rate

in non-autistic children (2). The association between the severity

of sleep problems with the level of autism traits has been widely

reported. Specifically, lower sleep duration has been associated

with high level of core autism traits, and sleep duration and

IQ scores were found to be positively correlated. Furthermore,

compromised sleep is related to an exacerbation of problematic
daytime behaviors. Given these findings, sleep has emerged as
one of the most clinically impairing cooccurring conditions for
children on the autism spectrum and the profound adverse
impact on the families and their wellbeing and functioning
highlights its importance as a research priority.

Given the prevalence of sleep problems in this population it is
imperative that a deeper, more comprehensive understanding of
the contributing factors are elucidated. Although accumulating
evidence indicates that sleep disturbance predicts emotional and
behavioral problems (3–5) and physical health concerns (6, 7)
in children on the autism spectrum, biological mechanisms
underlying sleep problems in autism remain unclear. Melatonin
is considered as the biomarker that is most strongly correlated
with sleep quality among individuals with neurodevelopmental
disorders (8). Lower levels of the major metabolite of melatonin,
urinary 6-sulfatoxymelatonin (6-SM), have also been identified
in autistic individuals (9). Furthermore, the the genes in the
melatonin metabolism pathways—such as Acetylserotonin O-
Methyltransferase (ASMT) gene that encode the last enzyme
of melatonin synthesis—may contribute to sleep problems in
individuals on the autism spectrum (10, 11). The identification of
genetic variants associated with sleep disturbance and melatonin
levels in individuals on the autism spectrum may cast some
insights into biological predispositions to sleep disturbances
in autism—which in turns can pave the way for novel
therapeutic strategies.

To explore the role of genetic factors in sleep disturbances in
autism, we attempted to address the following research questions:

1. What is the relationship between the melatonin level
in the urine and sleep disturbances in children on the
autism spectrum?

2. Which genetic variants are associated with sleep disturbances
in children on the autism spectrum?

3. Which genetic variants are associated with the variation in
melatonin levels in children on the autism spectrum?

MATERIALS AND METHODS

Participants
All data were obtained from the Australian Autism Biobank
(AAB) (12) provided by the Cooperative Research Center for
Living with Autism (Autism CRC). Participants in this study
were children diagnosed with autism spectrum disorder per
DSM-IV or DSM-5 criteria, depending on their age at diagnosis.
No exclusion criteria were applied with respect to conditions
other than autism, such as other psychiatric, medical or genetic
conditions, cognitive function level, or medication use.

Measures for Key Variables
The Children’s Sleep Habits Questionnaire (CSHQ) was used to
assess sleep quality (13). Subscales of the CSHQ relevant to the
research area on the effect of melatonin on autism; sleep latency
(bedtime resistance), waking after sleep onset, sleep duration, and
created a combined total score based on these three sub-sections.
Each subscale had equal weight in the combined score.

Melatonin levels were measured using the urine samples of
219 probands were extracted from the AAB. Concentrations
of the primary metabolite of melatonin-6-sulfatoxymelatonin—
were determined using an enzyme-linked immunosorbent
assay (ELISA). Blinded analysis of urine 6-sulphatoxymelatonin
(6-SM) levels was performed by enzyme immunoassay using an
assay kit from IBL International (Hamburg, Germany). The urine
samples were clarified prior to testing. The intra–assay coefficient
of variation was 11–15% (n = 12) for 14 and 72 ng/ml control
samples, respectively. Excretion of 6-SMwas expressed in ng/mL.

The DNA extracted from peripheral mononuclear blood cells
for 2,489 subjects including probands on the autism spectrum,
parents, and unaffected siblings from the AAB was used to
analyse the single nucleotide polymorphisms (SNPs) across the
whole genome. A total of 1,269 probands had the data on
genotypes and CSHQ scores. Preparation for genotyping analysis
included pre-imputation QC, ethnicity derivations, imputation
(using ENIGMA genetics protocols) and post-imputation QC.
The study was conducted in accordance with the declaration
of Helsinki under the research protocol approved by the ethics
committee of University of New South Wales, Australia.

Statistical Data Analyses
Descriptive Statistics
The distributions of the data on demographics (i.e., age and
gender), sleep quality (indicated by the total CSHQ scores), and
6-SM levels, were shown using frequency values for categorical
variables and mean/SD for continuous variables. evaluated using
R version 3.6.3 (R Core Team, 2020). An R data library was
created for the CSHQ and autism clinical scores using the
devtools library.

Melatonin Analysis
The total CSHQ scores were used to measure the level of sleep
quality, which can be used to identify individuals with sleep
disturbances. Since 6-SM levels were measured using the urine
samples from the participants were collected in two different
times of the day (5.00 a.m. to 11.55 a.m. and 12.00 p.m. to 9.02
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p.m.) the batch effect of metabolite levels was corrected using
the proportion of maximum scoring (POMS) or min-max scaling
approach in rescaling all features to 0–1 range by applying the
following transformation: (x and z represent original value and
transformed value, respectively).

zi =
xi − xmin

xmax − xmin

However, normalized 6-SM levels were still highly skewed,
so the data on 6-SM levels were processed using the rank-
based inverse normal transformation technique. To examine the
relationship between 6-SM levels and total CSHQ scores, we
used general linear model to regress transformed 6-SM levels
against normalized 6-SM levels adjusting for the age, gender, and
the level of autism traits (indicated by the ADOS comparison
score). Additionally, since melatonin rhythms are altered in a
variety of circadian rhythm, we also adjusted for the time of
sample collection (i.e., morning vs. afternoon) in the general
linear model. The two-sided alpha value of 0.05 was used to
determine the level of statistical significance.

Genome-Wide Association Study
Two quantitative trait genome wide association studied (GWAS)
were carried out to identify genetic variants associated with sleep
quality (measured with the CSHQ scores) and the variation
in 6-SM levels, respectively. Participants were genotyped using
either the Global Screening Array v1 or Global Screening Array
v2 (Illumina, San Diego, CA).

1. Qualitative Control for genotype data: SNPs with a genotyping
frequency < 95%, Hardy-Weinberg Equilibrium (HWE)
P-value < 1 × 10−5, or minor allele frequency (MAF)
< 0.1%, were eliminated from the GWAS. Additionally, sex
discrepancy and relatedness (the default cutoff value for
genomic relateness is 0.025) were examined using the PLINK
[v1.90b5 64-bit (November 14, 2017)].

2. The quantitative association analysis analyses were carried
out software package. ADOS scores were also adjusted
in the models for both GWAS while and time of urine
sample collection was adjusted for for the GWAS of 6-SM
levels. Manhattan, Q-Q and P-value distribution plots were
generated using the qqman pckage in R version 3.6.3. We
consider that the traditional GWAS significance threshold,
P-value < 5 × 10−8, might be too conservative because
it controls type 1 errors (false-positives) at the price of
inflating type 2 errors (false negatives) (14). Therefore, we
implemented a less stringent criterion to determine putative
genotype-phenotype associations by using 1 × 10−5 as a
significance threshold.

Gene Set Analysis
We used an exploratory and less stringent significance threshold
to select the top 0.01% of the SNPs as loci associated with the
individual phenotype to identify genetic networks. Therefore, a
total of 25 SNPs was selected from each phenotype. No trait-
associated SNPs were shared by the two sets of loci associated
with the sleep quality (i.e., CSHQ score) and 6-SM level,
respectively.We found the P-value cut-off for sleep data was<2.5
× 10−5) and the P-value cut-off for 6-SM data was <3.5× 10−5.
We have used the Ensemble Variant Effect Predictor (http://
asia.ensembl.org/info/docs/tools/vep/index.html) to predict and
identify the mapped genes. We then performed the gene
set enrichment analysis of Gene Ontology and cell signaling
pathways to evaluate the biological relevance and functional
pathways of these mapped genes for both mapped gene lists. We
have incorporated the KEGG (15), WikiPathways (16), BioCarta
(17), and Reactome (18) pathway database for the cell signaling
pathways. We have also considered the GO Biological Process
database for gene ontological analysis (19). The GO terms and
pathways enriched by the list of genes were identified using

FIGURE 1 | The relationship between melatonin levels and CSHQ score. (A) Shows the overall trend for the relationship between melatonin levels and CSHQ scores.

(B) Shows the trends stratified into three age groups. The curves were based on the estimates using the Locally-Weighted Scatterplot Smoothing (LOWESS)

regression model.
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the hypergeometric analyses with an adjusted P ≤ 0.05 was
considered as statistically significant.

RESULTS

Characteristics of the Sample
A total of 2,489 subjects had genotypic data at ABA. The analyses
used to evaluate the association between sleep problems and
genotypes were only conducted for the subjects with available
CSHQ scores (N = 969). The 6-SM levels were available in 22.6%
of the probands (N = 219). The mean values of age, ADOS
scores, and CSHQ scores, were 7.63 (SD: 3.86), 6.69 (SD: 1.92),
and 47.92 (SD: 9.98), respectively. The sample of probands was
predominantly males (78.74%).

The Relationship Between the 6-SM Level
and the CSHQ Score
Normalized 6-SM levels were statistically significantly associated
with the CSHQ scores (p = 0.0371) after adjusting for data

collection time, gender, age, and ADOS2 comparison score.
The linear relationship indicates that a higher 6-SM level was
associated with a higher CSHQ total score (see Figure 1A).

Since melatonin levels vary by age, we further examined
the relationship between CSHQ scores and 6-SM levels by age
group, and found that the trend id vary by age (see Figure 1B).
Therefore, the positive association between 6-SM levels and
CSHQ scores seemed to be driven by younger children.

Genetic Variants Associated With the
Target Phenotypes
When the CSHQ score was treated as a phenotype, the GWAS
results indicate that none of the SNPs reached the stringent
genome-wide significance level (p < 5 × 10−8). There was a
total of nine SNPs with a P-value <1 × 10−5. The SNP with
the strongest evidence for association with the CSHQ score
was rs13011288, which is located in the intronic region of the
Stonin 1 (STON1) gene. When the 6-SM level was treated as a

FIGURE 2 | (A,B) Show the Manhattan plots for the GWAS findings with CSHQ scores and melatonin levels, respectively. (C,D) Only autosomal chromosome results

are shown here.
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FIGURE 3 | Pathway analysis for candidate genes associated with sleep quality in children on the autism spectrum. (A) Shows the GO pathways over-represented by

the genes associated with the CSHQ score. (B) Shows the signaling pathways over-represented by the genes associated with the CSHQ score.

phenotype, the GWAS results indicate that none of the SNPs
reached the stringent genome-wide significance level (p < 5
× 10−8). The SNP with one of the strongest lines of evidence
for its association with the 6-SM level is rs1543334 located
∼10 kbp away from the Homo Sapiens Synaptosome Associated
Protein 25 (SNAP25) gene (p = 1.15 × 10−5). Note that it
could not be definitivey considered as the trait-associated locus
according to the significance threshold in the context of GWAS.
The Manhattan plots of the two GWAS studies are shown in
Figure 2A, while Q-Q plots are shown in Figure 2B.

Gene Set Analysis
We have found 24 and 16 mapped genes for the sleep- and
melatonin-associated SNPs, respectively. Although there was no
common SNP shared by these two lists of SNPs, there was one
common mapped gene: TBC1 Domain Family Member 1 gene
(TBC1D1). For the sleep quality, we discovered 45 signaling
pathways and 29 GO pathways over-represented by these 24
genes as shown in Figures 3A,B, respectively. The signaling
pathway with strongest evidence for enrichment with these genes
is the pathway involved in platelet aggregation by Eph kinase and
ephrins. The GOpathway with strongest evidence for enrichment
with these genes is the pathway involved in regulation of T-helper
1 cell cytokine production. On the other hand, 60 signaling
pathways and 51 GO pathways associated with the 6-SM level
were found to be over-represented by these 16 genes as shown in
Figures 4A,B, respectively. The signaling pathway with strongest
evidence for enrichment with these genes is the differentiation
pathway in PC12 cells. The GO pathway with strongest evidence

for enrichment with these genes is the pathway involved in
Schwann cell differentiation.

DISCUSSION

Our findings indicate that greater 6-SM levels might correlate
with poorer sleep quality (i.e., higher CSHQ scores). These
findings seem to contradict with the bulk of previous studies
that report an inverse relationship between 6-SM levels and the
risk of sleep disturbance. Notably, we fuond that the relationship
between CSHQ scores and 6-SM levels could vary by age in
our sample, in which the positive association between 6-SM
levels and CSHQ scores primarily stemmed from the younger
children (age: 2–6 years). The relationship between 6-SM levels
and sleep quality appeared to be a dome-shaped curve for the
adolescents (aged 13–17 years), and hence the assumption of a
linear relationship regardless of the age group might need to be
scruitinized. An earlier study found that 6-SM levels collected
during the daytime might correlate with sleep quality in different
ways from nighttime levels (20). The authors inferred that anxiety
increases oxidative stress, which in turn causes an increased
production of 6-SM because of its antioxidant action. Anxiety
may lead to poorer sleep quality and vice versa, which can in
turn trigger melatonin secretion. However, our samples lacked
data on anxiety symptoms to validate the connection between
anxiety and 6-SM levels. Melatonin may play a smaller role in
sleep disturbance in children on the autism spectrum compared
with neurotypical children. Taken together, these observations
may account for the elusive or paradoxical relationship between
melatonin levels and sleep quality.
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FIGURE 4 | Pathway analysis for candidate genes associated with urine 6-SM levels in children on the autism spectrum. (A) Shows the GO pathways

over-represented by the genes associated with the 6-SM level. (B) Shows the signaling pathways over-represented by the genes associated with the 6-SM level.

Our first GWAS reveals that the variants of the STON1
gene may be associated with the variation in sleep quality
indicated by the CSHQ score amongst individuals on the autism
spectrum. The STON1 gene is involved in endocytic machinery,
which plays a key role in synaptic functions (21). It is also
highly expressed in the cerebellum, pons, and medulla regions.
Although the variants of the STON1 gene have not been found
to contribute to any behavioral or emotional traits, this gene
is involved in the balance between T helper 1 (Th1) and T
helper 2 (Th2) cytokine activity toward Th1 dominance, which
influences regular nocturnal sleep (22). The signaling pathway
analysis results reveal that T-helper 1 cell cytokine production
may play a role in sleep disturbances of children on the autism
spectrum. Previous evidence suggests that the production of pro-
inflammatory cytokines by T1 cells could reach peaks during
early nocturnal sleep (23). Our data also suggest that the pathway
involved in platelet aggregation by Eph kinase and ephrins. This
finding may lend some support to the previous evidence from a
mouse model that discloses the role of Eph kinase in rapid eye
movement sleep (24).

Our second GWAS indicates that one SNP near the SNAP25
gene may be associated with the 6-SM level. Disruptions of the
SNAP25 gene could cause dysregulated circadian rhythm in the

schizophrenia-related mouse model (25, 26). Alternative splicing
in the SNAP25 gene could also affect the circadian clock in
mice (27). The signaling pathway analysis results suggest that
PC12 cells, a type of catecholamine cells that synthesize, store
and release norepinephrine and dopamine, may be involved in
6-SM levels of children on the autism spectrum. Accumulating
evidence reveals that melatonin can inhibit PC12 cell growth
(28–30). The GO pathway analysis results highlight the link
between Schwann cells and melatonin, which may align with the
findings that melatonin can promote Schwann cell proliferations
(31–33). The SNAP-25 gene has been associated with distinct
brain diseases, including attention deficit hyperactivity disorder
(ADHD), schizophrenia and bipolar disorder—which is possibly
due to its encoded protein is involved in synaptic functions. The
top pathways associated with melatonin metabolism (indicated
by 6-SM level) are the pathways involved in Schwanna cell
differentiation due to the role of Early Growth Response 2
(EGR2) gene—which is involved in nervous system development
(34). We are aware that single-locus association findings may
not always align with multi-locus association findings. Pathway-
based association findings reflect multi-locus effects, which
may stem from joint effects of multiple loci with moderate
individual effects.
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The only gene found to be associated with both sleep
disturbance and 6-SM levels is the TBC1D1 gene, which is
involved in the PI3k/Akt signaling pathway. This pathway, which
is an intracellular signal transduction pathway that promotes
metabolism, proliferation, cell survival, growth and angiogenesis
in response to extracellular signals. PI3k/Akt signaling pathway
can react to sleep deprivation in animal models (35), which may
explain its role in these two phenotypes.

To further clarify whether the genes involved in melatonin
metabolism contribute to the variation in 6-SM levels of
children on the spectrum, we scruitinized the SNPs in the
genes including Arylalkylamine N-Acetyltransferase (AANAT),
Tryptophan 2,3-Dioxygenase (TDO2), Cytochrome P450 Family
2 Subfamily CMember 19 (CYP2C19), Cytochrome P450 Family
1 Subfamily A Member 1 (CYP1A1), Tryptophan Hydroxylase
2 (TPH2), and Acetylserotonin O-Methyltransferase (ASMT).
The results indicate that none of the SNPs in these genes
were significantly associated with the 6-SM level using p <

0.0005 (adjusted for multiple tests by taking 100 SNPs into
account) as the cutoff. Therefore, the current study suggests
that the polymorphisms in these melatonin metabolism-related
genes might not contribute substantially to the variation
in the melatonin level in children on the spectrum. Other
clinical features (e.g., emotional symptoms associated with
sleep disturbance) and physiological phenomena (e.g., pro-
inflammatory responses) in children on the autism spectrummay
also jointly influence the variation in melatonin levels.

The major limitation of our genetic association studies is the
relatively small sample size compared with most of the recent
large-scale GWAS. A small sample size might be sensitive to
clinical heterogeneity that predisposes to inconsistency across
different studies because of difficulties in replicating results.
Therefore, caution needs to be exercised particularly for our
findings on melatonin based on 219 subjects, which contradict
with findings from several previous studies. However, the
strength of the current study is the combination of sleep-
related phenotypic, genetic, and melatonin data, which can
allow us to explore the underpinnings of sleep in autism from
different persepctives.

Another limitation is the lack of data on 6-SM levels in
individuals without autism spectrum disorder because the the
current study is aimed to understand biological factors associated
with sleep problems in children on the autism spectrum.
Therefore, we could not compare the relationship between sleep
disturbance and urine 6-SM levels in children on the autism
spectrum vs. controls. Furthermore, the genes we found to be
associated with either sleep problems or 6-SM levels in our
sample only represent candidate genetic factors that contribute
to the variation in these two phenotypes within individuals on
the autism spectrum.

CONCLUSIONS

Our data suggest that the relationship between melatonin and
sleep quality in children on the autism spectrummay be complex
since it depends on other factors such as age. Although our
GWAS findings do not provide strong or robust evidence for the
associations between common variants and either sleep quality or
melatonin levels in children on the autism spectrum, our data do
suggest potential roles of some genetic networks in either sleep
quality or melatonin levels in children on the autism spectrum.
GWAS studies using larger and independent samples to replicate
these findings are warranted to clarify the relationship between
genetic networks, melatonin levels and sleep disturbances, among
individuals on the autism spectrum.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by University of New South Wales HREC. Written
informed consent to participate in this study was provided by the
participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

VE and P-IL conceptualized the study. VE and AM contributed
to subsequent amendments to the study protocol. P-IL and MM
performed the statistical analyses. P-IL wrote the first draft of
this manuscript. All authors contributed to subsequent drafts and
approved the final manuscript.

FUNDING

The authors acknowledge the financial support of the
Cooperative Research Center for Living with Autism
(Autism CRC), established and supported under the
Australian Government’s Cooperative Research Centers
Program. The funder did not have any role in the design
of the study and collection of data, nor in the writing of
the manuscript.

ACKNOWLEDGMENTS

We would like to thank Mr. John Reeves and Alexander Drew
who assisted the processing of genotypic data for this project.

REFERENCES

1. Mannion A, Leader G, Healy O. An investigation of comorbid psychological

disorders, sleep problems, gastrointestinal symptoms and epilepsy in children

and adolescents with autism spectrum disorder. Res Autism Spectr Disord.

(2013) 7:35–42. doi: 10.1016/j.rasd.2012.05.002

2. Sivertsen B, Posserud MB, Gillberg C, Lundervold AJ, Hysing

M. Sleep problems in children with autism spectrum problems:

Frontiers in Psychiatry | www.frontiersin.org 7 July 2022 | Volume 13 | Article 904091

https://doi.org/10.1016/j.rasd.2012.05.002
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Lin et al. Genetics of Sleep in ASD

a longitudinal population-based study. Autism. (2012) 16:139–50.

doi: 10.1177/1362361311404255

3. Schreck KA. Sleep quantity and quality as predictors of behavior and mental

health issues for children and adolescents with autism. Res Autism Spectr

Disord. (2021) 84:767. doi: 10.1016/j.rasd.2021.101767

4. Lindor E, Sivaratnam C, May T, Stefanac N, Howells K, Rinehart N.

Problem behavior in autism spectrum disorder: considering core symptom

severity and accompanying sleep disturbance. Front Psychiatry. (2019) 10:487.

doi: 10.3389/fpsyt.2019.00487

5. Kelmanson IA. Sleep disturbances and their associations with

emotional/behavioural problems in 5-year-old boys with autism

spectrum disorders. Early Child Dev Care. (2020) 190:1–6.

doi: 10.1080/03004430.2018.1464622

6. Zuckerman KE, Hill AP, Guion K, Voltolina L, Fombonne E. Overweight

and obesity: prevalence and correlates in a large clinical sample of children

with autism spectrum disorder. J Autism Dev Disord. (2014) 44:1708–19.

doi: 10.1007/s10803-014-2050-9

7. Dhaliwal KK, Orsso CE, Richard C, Haqq AM, Zwaigenbaum L. Risk factors

for unhealthy weight gain and obesity among children with autism spectrum

disorder. Int J Mol Sci. (2019) 20:3285. doi: 10.3390/ijms20133285

8. Abdelgadir IS, Gordon MA, Akobeng AK. Melatonin for the management

of sleep problems in children with neurodevelopmental disorders: a

systematic review and meta-analysis. Arch Dis Child. (2018) 103:1155–62.

doi: 10.1136/archdischild-2017-314181

9. Tordjman S, Anderson GM, Cohen D, Kermarrec S, Carlier M, Touitou

Y, et al. Presence of autism, hyperserotonemia, and severe expressive

language impairment inWilliams-Beuren syndrome.Mol Autism. (2013) 4:29.

doi: 10.1186/2040-2392-4-29

10. Ballester-Navarro P, Martínez-Madrid MJ, Javaloyes-Sanchís A, Belda-

Cantó C, Aguilar V, Inda M del M, et al. Interplay of circadian clock

and melatonin pathway gene variants in adults with autism, intellectual

disability and sleep problems. Res Autism Spectr Disord. (2021) 81:101715.

doi: 10.1016/j.rasd.2020.101715

11. Veatch OJ, Pendergast JS, Allen MJ, Leu RM, Johnson CH, Elsea SH, et al.

Genetic variation in melatonin pathway enzymes in children with autism

spectrum disorder and comorbid sleep onset delay. J Autism Dev Disord.

(2015) 45:100–10. doi: 10.1007/s10803-014-2197-4

12. Alvares GA, Dawson PA, Dissanayake C, Eapen V, Gratten J, Grove R,

et al. Study protocol for the Australian autism biobank: an international

resource to advance autism discovery research. BMC Pediatr. (2018) 18:284.

doi: 10.1186/s12887-018-1255-z

13. Owens JA, Spirito A, McGuinn M. The children’s sleep habits questionnaire

(CSHQ): Psychometric properties of a survey instrument for school-aged

children. Sleep. (2000) 23:1043–51. doi: 10.1093/sleep/23.8.1d

14. Kaler AS, Purcell LC. Estimation of a significance threshold for

genome-wide association studies. BMC Genomics. (2019) 20:618.

doi: 10.1186/s12864-019-5992-7

15. Kanehisa M, Goto S, KEGG. Kyoto encyclopedia of genes and genomes.

Nucleic Acids Res. (2000) 28:27–30. doi: 10.1093/nar/28.1.27

16. Slenter DN, Kutmon M, Hanspers K, Riutta A, Windsor J, Nunes

N, et al. WikiPathways: a multifaceted pathway database bridging

metabolomics to other omics research. Nucleic Acids Res. (2018) 46:D661–7.

doi: 10.1093/nar/gkx1064

17. Nishimura D. BioCarta. Biotech Softw Internet Rep. (2001) 117–20.

doi: 10.1089/152791601750294344

18. Fabregat A, Jupe S, Matthews L, Sidiropoulos K, Gillespie M, Garapati P, et al.

The reactome pathway knowledgebase. Nucleic Acids Res. (2018) 44:D481–7.

doi: 10.1093/nar/gkv1351

19. Carbon S, Douglass E, Dunn N, Good B, Harris NL, Lewis SE, et al. The Gene

ontology resource: 20 years and still going strong. Nucleic Acids Res. (2019)

47:D330–8. doi: 10.1093/nar/gky1055

20. Ito Y, Iida T, Yamamura Y, Teramura M, Nakagami Y, Kawai K, et al.

Relationships between salivary melatonin levels, quality of sleep, and stress

in young Japanese females. Int J Tryptophan Res. (2013) 6s1:IJTR.S11760.

doi: 10.4137/IJTR.S11760

21. Gaudet P, Livstone MS, Lewis SE, Thomas PD. Phylogenetic-based

propagation of functional annotations within the Gene Ontology

consortium. Brief Bioinform. (2011) 12:449–62. doi: 10.1093/bib/b

br042

22. Dimitrov S, Lange T, Tieken S, Fehm HL, Born J. Sleep associated regulation

of T helper 1/T helper 2 cytokine balance in humans. Brain Behav Immun.

(2004) 18:341–8. doi: 10.1016/j.bbi.2003.08.004

23. Besedovsky L, Lange T, Born J. Sleep and immune function. Pflugers Arch Eur

J Physiol. (2012) 463:121–37. doi: 10.1007/s00424-011-1044-0

24. Freyburger M, Pierre A, Paquette G, Bélanger-Nelson E, Bedont J,

Gaudreault PO, et al. EphA4 is involved in sleep regulation but not in the

electrophysiological response to sleep deprivation. Sleep. (2016) 39:613–24.

doi: 10.5665/sleep.5538

25. Tam SKE, Pritchett D, Brown LA, Foster RG, Bannerman

DM, Peirson SN. Sleep and circadian rhythm disruption and

recognition memory in schizophrenia. Methods Enzymol. 552:325–49.

doi: 10.1016/bs.mie.2014.10.008

26. Oliver PL, Sobczyk M V, Maywood ES, Edwards B, Lee S, Livieratos A, et al.

Disrupted circadian rhythms in a mouse model of schizophrenia. Curr Biol.

(2012) 22:314–9. doi: 10.1016/j.cub.2011.12.051

27. Marcheva B, Perelis M, Weidemann BJ, Taguchi A, Lin H, Omura C, et al.

A role for alternative splicing in circadian control of exocytosis and glucose

homeostasis. Genes Dev. (2020) 34:1089–105. doi: 10.1101/gad.338178.120

28. Bao JF, Wu RG, Zhang XP, Song Y, Li CL. Melatonin attenuates 1-methyl-

4-phenylpyridinium-induced PC12 cell death. Acta Pharmacol Sin. (2005)

26:117–23. doi: 10.1111/j.1745-7254.2005.00004.x

29. Roth JA, Rabin R, Agnello K. Melatonin suppression of PC12 cell growth and

death. Brain Res. (1997) 768:63–70. doi: 10.1016/S0006-8993(97)00549-0

30. Roth JA, Rosenblatt T, Lis A, Bucelli R. Melatonin-induced suppression of

PC12 cell growth is mediated by its Gi coupled transmembrane receptors.

Brain Res. (2001) 919:139–46. doi: 10.1016/S0006-8993(01)03016-5

31. Pan B, Jing L, Cao M, Hu Y, Gao X, Bu X, et al. Melatonin promotes Schwann

cell proliferation andmigration via the shh signalling pathway after peripheral

nerve injury. Eur J Neurosci. (2021) 53:720–31. doi: 10.1111/ejn.14998

32. Chang HM, Liu CH, Hsu WM, Chen LY, Wang HP, Wu TH, et al.

Proliferative effects of melatonin on Schwann cells: implication for nerve

regeneration following peripheral nerve injury. J Pineal Res. (2014) 56:322–32.

doi: 10.1111/jpi.12125

33. Tiong YL, Ng KY, Koh RY, Ponnudurai G, Chye SM. Melatonin promotes

Schwann cell dedifferentiation and proliferation through the Ras/Raf/ERK

and MAPK pathways, and glial cell-derived neurotrophic factor expression.

Exp Ther Med. (2020) 20:1. doi: 10.3892/etm.2020.9143

34. Warner LE, Svaren J, Milbrandt J, Lupski JR. Functional consequences

of mutations in the early growth response 2 gene (EGR2) correlate with

severity of human myelinopathies. Hum Mol Genet. (1999) 8:1245–51.

doi: 10.1093/hmg/8.7.1245

35. Li Z-H, Cheng L, Wen C, Ding L, You Q-Y, Zhang S-B. Activation of

CNR1/PI3K/AKT pathway by tanshinone IIA protects hippocampal neurons

and ameliorates sleep deprivation-induced cognitive dysfunction in rats. Front

Pharmacol. (2022) 13:823732. doi: 10.3389/fphar.2022.823732

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Lin, Masi, Moni, Kummerfeld and Eapen. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Psychiatry | www.frontiersin.org 8 July 2022 | Volume 13 | Article 904091

https://doi.org/10.1177/1362361311404255
https://doi.org/10.1016/j.rasd.2021.101767
https://doi.org/10.3389/fpsyt.2019.00487
https://doi.org/10.1080/03004430.2018.1464622
https://doi.org/10.1007/s10803-014-2050-9
https://doi.org/10.3390/ijms20133285
https://doi.org/10.1136/archdischild-2017-314181
https://doi.org/10.1186/2040-2392-4-29
https://doi.org/10.1016/j.rasd.2020.101715
https://doi.org/10.1007/s10803-014-2197-4
https://doi.org/10.1186/s12887-018-1255-z
https://doi.org/10.1093/sleep/23.8.1d
https://doi.org/10.1186/s12864-019-5992-7
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/gkx1064
https://doi.org/10.1089/152791601750294344
https://doi.org/10.1093/nar/gkv1351
https://doi.org/10.1093/nar/gky1055
https://doi.org/10.4137/IJTR.S11760
https://doi.org/10.1093/bib/bbr042
https://doi.org/10.1016/j.bbi.2003.08.004
https://doi.org/10.1007/s00424-011-1044-0
https://doi.org/10.5665/sleep.5538
https://doi.org/10.1016/bs.mie.2014.10.008
https://doi.org/10.1016/j.cub.2011.12.051
https://doi.org/10.1101/gad.338178.120
https://doi.org/10.1111/j.1745-7254.2005.00004.x
https://doi.org/10.1016/S0006-8993(97)00549-0
https://doi.org/10.1016/S0006-8993(01)03016-5
https://doi.org/10.1111/ejn.14998
https://doi.org/10.1111/jpi.12125
https://doi.org/10.3892/etm.2020.9143
https://doi.org/10.1093/hmg/8.7.1245
https://doi.org/10.3389/fphar.2022.823732
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	Genetic Pathways Associated With Sleep Problems in Children With Autism Spectrum Disorder
	Introduction
	Materials and Methods
	Participants
	Measures for Key Variables
	Statistical Data Analyses
	Descriptive Statistics
	Melatonin Analysis
	Genome-Wide Association Study
	Gene Set Analysis


	Results
	Characteristics of the Sample
	The Relationship Between the 6-SM Level and the CSHQ Score
	Genetic Variants Associated With the Target Phenotypes
	Gene Set Analysis

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


