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A B S T R A C T

Preliminary evidence suggests that changes in DNA methylation, a widely studied epigenetic
mechanism, contribute to the etiology of Autism Spectrum Disorder (ASD). However, data is
primarily derived from post-mortem brain samples or peripheral tissue from adults. Deep-phe-
notyped longitudinal infant cohorts are essential to understand how epigenetic modifications
relate to early developmental trajectories and emergence of ASD symptoms. We present a proof-
of-principle study designed to evaluate the potential of prospective epigenetic studies of infant
siblings of children with ASD.

Illumina genome-wide 450 K DNA methylation data from buccal swabs was generated for 63
male infants at multiple time-points from 8 months to 2 years of age (total N= 107 samples). 11
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of those infants received a diagnosis of ASD at 3 years. We conducted a series of analyses to
characterize DNA methylation signatures associated with categorical outcome and neurocogni-
tive measures from parent-report questionnaire, eye-tracking and electro-encephalography.

Effects observed across the entire genome (epigenome-wide association analyses) suggest that
collecting DNA methylation samples within infant-sibling designs allows for the detection of
meaningful signals with smaller sample sizes than previously estimated. Mapping networks of co-
methylated probes associated with neural correlates of social attention implicated enrichment of
pathways involved in brain development. Longitudinal modelling found covariation between
phenotypic traits and DNA methylation levels in the proximity of genes previously associated
with cognitive development, although larger samples and more complete datasets are needed to
obtain generalizable results.

In conclusion, assessment of DNA methylation profiles at multiple time-points in infant-sibling
designs is a promising avenue to comprehend developmental origins and mechanisms of ASD.

1. Introduction

Autism Spectrum Disorder (ASD) is a neurodevelopmental condition characterized by difficulties with social interaction and
communication, and the presence of restricted interests, repetitive behaviors and sensory anomalies (American Psychiatric
Association, 2013). Behavioral symptoms of ASD emerge gradually over the first few years of life, such that a stable diagnosis can
often be made by age 3–5 years (Zablotsky et al., 2017). Identifying the mechanisms that underpin behavioral symptoms is important
for understanding the etiology of ASD, and for designing new focused intervention strategies. Since genetic and environmental risk
factors for ASD can act prenatally (Lasalle, 2013), to identify the potential mechanisms that lead to symptoms we need to study early
development.

One fruitful approach has been the prospective longitudinal study of infants with an older sibling with ASD. Such infants are
considered at elevated likelihood of ASD, as they have a higher chance of developing the condition themselves (20 %) compared to
the general population (typically ∼1 %, Ozonoff et al., 2011). These studies have provided substantial insight into the early be-
havioral and neurocognitive profiles that precede later symptomatology (Elsabbagh & Johnson, 2010; Szatmari et al., 2016). In
parallel, post-mortem genetic and epigenetic studies have discovered that sets of genes implicated in ASD are typically expressed
during fetal and infant development (Grayson & Guidotti, 2015). To date these efforts have proceeded largely in parallel, with little
attempt to integrate insights from genetics and developmental cognitive neuroscience to provide a full picture of how genetic risk is
linked to neurocognitive vulnerability and behavioral symptoms. In this manuscript, we present a proof-of-principle that integrating
epigenetics into prospective longitudinal studies of infant siblings of children with ASD holds great potential for closing this gap.
These insights will also be valuable to the broader community of researchers interested in the biological foundations of early de-
velopmental processes.

1.1. Early neurocognitive pathways to ASD

Although the average age of diagnosis of ASD in the UK is typically around age 5, parents tend to report they first became
concerned about their child’s behavior before age 2 (Crane, Chester, Goddard, Henry, & Hill, 2016). Prospective longitudinal studies
of infants with an older sibling with ASD have examined how behavioral symptoms unfold over developmental time. Such studies
follow infants from close to birth to three years, an age at which stable diagnosis of ASD can be made (Ozonoff et al., 2015). Data is
analyzed retrospectively based on the child’s diagnostic status at the outcome visit. Perhaps surprisingly, 6- to 8-month-old infants
who later receive a diagnosis of ASD appear to be relatively typically developing at the behavioral level (Jones, Gliga, Bedford,
Charman, & Johnson, 2014). However, in the second postnatal year infants with emerging ASD show gradual declines in social
interest and delayed or slower communication development that gradually accumulates (Ozonoff et al., 2014). By 14 months, be-
havioral signs of ASD begin to show some predictive validity for a later diagnosis (Bussu et al., 2018), and by 24 months a diagnosis is
often possible (Szatmari et al., 2016). Thus, the period between 8 and 24 months is particularly critical for identifying the causal
processes involved in ASD. The mechanisms that underpin this behavioral trajectory remain unclear. However, one particularly
strong candidate that has been suggested to contribute to the emergence of ASD is disruption in how the child’s brain engages in
focused attentive states during social interaction (Klin, Shultz, & Jones, 2015).

1.1.1. Social attention in the developmental path to ASD
Attention is a domain-general cognitive function which serves to prioritize environmental information for in-depth processing,

learning and memory (Amso & Scerif, 2015; Scerif, 2010). A long history of research has identified robust neurocognitive correlates
of the state of focused attention that enhances learning in the infant brain. When infants are focally attentive, they tend to show
longer epochs of looking with minimal movement (Colombo & Cheatham, 2006; Colombo & Mitchell, 2009). Further, when infants
are in an attentive state, averaged profiles of brain activity captured with electroencephalography (EEG) show a larger and faster
negative deflection over frontocentral electrodes around 500ms after a stimulus is presented. This response has been identified as the
event-related potential (ERP) Negative Central component or Nc (Richards, Reynolds, & Courage, 2010).
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Attention likely plays a critical role in the experience-dependent specialization of the social brain. Basic orienting mechanisms
supporting rapid attention to salient, face-like stimuli are present from birth (Senju, Johnson, & Tomalski, 2014) and assist in the
tuning up of cortical areas for face processing and social cognition (Johnson, 2005). Evidence from the study of 6- to 12-month-old
typically developing infants indicates that there is a progressive selectivity in neural response to social vs non-social stimuli (Jones,
Venema, Lowy, Earl, & Webb, 2015). Thus, the first year of life appears to be critical for the infant brain and entails tuning up a wide
network of specialized areas that, initially biased towards social cues, gradually learn to select relevant information from these social
stimuli (Csibra & Gergely, 2009) and to use this information to actively engage in joint attention (Mundy, 2018).

When look durations and ERPs in response to social and non-social stimuli have been examined, infants with a later diagnosis of
ASD show profiles consistent with diminished attention engagement to faces in the first eight months of life (Elsabbagh, Mercure
et al., 2012; Jones et al., 2016; Jones & Klin, 2013). Reduced Nc in response to faces with direct gaze has been consistently shown to
be a precursor of later social difficulties seen in children with ASD (Dawson et al., 2012; Gui et al., under review; Jones et al., 2016;
Webb et al., 2011). Additionally, previous studies using eye-tracking revealed that atypical developmental trajectories of face looking
duration are observed after 12 months not only in infants with emerging ASD, but also in infants with a familial history of ASD
without a later diagnosis (Elsabbagh, Gliga et al., 2012; Hendry et al., 2018; Jones et al., 2016). Thus, it is possible that genetic or
environmental risk factors for ASD impact the brain systems necessary to maintain focused attention to social stimuli. This process
may reduce the child’s ability to learn from people around them, which gradually makes the social world less comprehensible as it
becomes more complicated (Klin et al., 2015). Infants may then gradually withdraw from the people in their environment as an
adaptive response, producing subsequent symptoms of ASD (Johnson, 2017).

Evidence supporting this account could be obtained through linking cognitive components like social engagement and other early
signs of atypical developmental trajectory in infants with emerging ASD to the biological processes that have been associated with
clinical diagnosis in large samples. One way to make progress in this area is through genetics. Indeed, twin studies indicate that social
engagement (based on eye-tracking measures of face and eye looking) may be heritable (Constantino et al., 2017), supporting the
possibility that early social attention difficulties might serve as intermediate phenotypes between ASD risk factors and the emergence of
social difficulties. However, just as we need to take a developmental approach to studying the neurocognitive processes underpinning
ASD, we need to take a developmental approach to genetics. Traditional behavioral or molecular genetics does not account for the

Fig. 1. a) Within the nucleus of each cell, the DNA is packaged into chromatin, a complex formed by long DNA molecules wrapped around histone
proteins. Genes are strings of DNA that code for proteins; promoters are regions of DNA that control when and where transcription of a gene is
initiated. b) CpG islands are strings of DNA where there is a relatively high proportion of Cs whose downstream neighbour is G (CpG sites). When a
methyl group (m) attaches to a CpG site in the promoter region of a gene, that gene is less likely to be accessible to transcription factors to be copied
into RNA. These diagrams simplify the DNA greatly – promoters and genes can be dozens or even hundreds of base pairs. This figure was created
with BioRender.com (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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fact that gene expression patterns are not developmentally static; rather, they change over developmental time and there are sub-
stantial individual differences in these changes (Moore, 2015). Understanding the emergence of ASD requires us to study dynamic
changes in both neurocognitive systems and genome function in parallel.

1.2. Developmental approaches to genetics: peripheral epigenetics

The term “Epigenetics” literally means “above the genome” and was originally defined as the field that studies the developmental
processes connecting genotype and phenotype (Waddington, 1942). The genome is the entire string of DNA (deoxyribonucleic acid)
that resides in a cell nucleus. DNA is made up of two intertwined strands composed of nucleotides, which are composed of three
elements: a phosphate group, a five-carbon sugar (deoxyribose) and a nitrogenous base attached to it. Nucleotides in DNA can contain
one of four different bases, which are referred to by the letters A (adenine), T (thymine), C (cytosine) and G (guanine). These
nucleotides are organized into triplets that represent codes for different amino acids. Each ‘gene’ consists in a long string of triplets. In
order to be turned into proteins, gene codes must be copied, or ‘transcribed’, into RNA (ribonucleic acid) and then ‘translated’ into
strings of amino acids. Amino acids then group together to form proteins, which take up different roles in the cell. The degree to
which a particular protein is made within a cell depends on whether the corresponding region of the DNA is available to be tran-
scribed into RNA. Within the nucleus of each cell, DNA is wrapped around histone proteins, forming a complex called chromatin (see
Fig. 1.a). Modifications of the chromatin structure determines the accessibility of genes to be transcribed into RNA, while leaving the
DNA code intact (Rudenko & Tsai, 2014). Epigenetics involves the study of chemical modifications to chromosome structure which
modify gene expression (Wolffe & Matzke, 1999). Critically, epigenetic markers can change across development and between cells,
whilst the genome itself is fixed. Studying epigenetics thus gives us an opportunity to probe how genes and environment interact
throughout development (Wiers, 2012).

1.2.1. DNA methylation
The most widely studied mechanism of epigenetic regulation in mammalian genomes is DNA methylation (DNAm). DNAm refers

to the addition of a methyl group to a C (cytosine) nucleotide. In humans, methylation of cytosines typically occurs when a C is next
to a G in the sequence (i.e., at a CpG dinucleotide or site). When a methyl group attaches to a CpG site, various proteins bind to the
methylated C and recruit other proteins at the same location. This then means that the gene that includes that CpG site is less likely to
be accessible to being copied into RNA. Often, stretches of DNA where CpG sites occur with higher frequency (CpG islands) are
located in ‘promoter regions’ – regions where key proteins bind to a gene to copy it into RNA. Methylation in CpG islands thus results
in silencing of gene expression, because they limit the accessibility of DNA to the key proteins (transcription factors) that are required
to transcribe DNA into RNA, critical in later creating proteins (see Fig. 1.b). A complex enzymatic machinery maintains a balance
between stability and change in these methylation patterns across the lifespan (Geiman & Muegge, 2010).

1.3. DNA methylation programming during development

DNAm plays a crucial role in brain development. The fastest changes in DNAm occur during the fetal period (Numata et al., 2012).
During the early phases of fetal life, two major waves of epigenetic reprogramming take place that remove epigenetic patterns from
the sperm and the egg and establish a new epigenetic profile in the developing embryo (Geiman & Muegge, 2010). After the embryo
implants in the uterus, changes in DNAm regulate the differentiation of cells into different types (like neurons, somatic cells or glial
cells) (Moore, Le, & Fan, 2013). Although global levels of methylation do not change drastically after birth (Slieker, Roost, Van Iperen,
& Suchiman, 2015), animal work indicates that DNAm patterns can change postnatally in interaction with the environment. In mice,
extracellular signals and neuronal electrical activity both influence neuronal DNAm levels, inducing long-lasting methylation changes
(Guo et al., 2012; Lister et al., 2013). Further, human studies have demonstrated that DNAm levels at CpG sites in the proximity of
genes relevant for neurodevelopment can be associated with environmental exposure to adverse events, for example prenatal ex-
posure to toxicants (Kundakovic et al., 2015), parental risks such as substance use or psychopathology (Cecil et al., 2014), mal-
nutrition in infancy (Peter et al., 2015), stress (Essex, Boyce, Hertzman, Lam, & Armstrong, 2013), and bullying victimization
(Ouellet-Morin et al., 2013) during childhood. These associations have often been linked to variation in behavioural phenotypes too,
suggesting that DNAm may be a mediator between early risk exposure and later psychopathology (Barker, Walton, & Cecil, 2018).
Changes in DNAm have also been linked to change in brain activity in adults (e.g., Frodl et al., 2015; Hass et al., 2015; Ursini et al.,
2011). Thus, there are preliminary indications of associations between DNAm, brain activity and cognitive functions.

1.4. DNA methylation and ASD

DNAm is essential for typical neurodevelopment and altered methylation patterns have been linked to ASD (Ciernia & Lasalle,
2016). For example, Rett syndrome is a severe neurodevelopmental disorder characterized by brain abnormalities and gradual
emergence of autistic features as well as motor and language regression (Neul et al., 2011). Although initially identified through
clinical phenotyping, Rett syndrome is now known to be caused by a mutation in the MeCP2 gene. MeCP2 modulates the degree to
which other genes are translated into proteins through its ability to bind to CpG sites and recruit other proteins that have the function
to switch off genes (i.e., repression factors, Rudenko & Tsai, 2014). This suggests that alterations in DNAm patterns likely produce
effects on neurodevelopment similar to those observed when mutations in the MeCP2 gene occur (Rubenstein & Merzenich, 2003).
Further, rare de novo mutations in the DNMT3a gene, involved in the regulation of embryonic methylation, have been found in people
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with ASD (Sanders et al., 2015). Additionally, there are greater age-related DNAm changes in the human cortex during fetal and post-
natal development within genes implicated in schizophrenia and ASD relative to other regions of the genome (Jaffe et al., 2016;
Numata et al., 2012; Spiers et al., 2015). This suggests that disruptions in the epigenetic machinery could have a particularly
significant effect on the formation of brain circuits relevant to these disorders. In line with this hypothesis, a recent large Epigenome-
Wide Association Study (EWAS), examining associations of DNAm levels of many individual methylation sites at once with a variable
of interest, found that differences in DNAm in newborn blood samples were correlated with increased genetic risk for ASD (Hannon
et al., 2018). Infant epigenetic marks, including the location of methylated CpGs, are likely to be traces of developmentally relevant
interplays between genes and environment (Lasalle, 2013). Thus, critical period-specific investigations of the association between
DNAm levels and developmental neurocognitive phenotypes may illuminate the causal pathway to ASD symptoms.

1.5. Limitations of previous studies that can be addressed in the infant-sibling design

Although highly promising, studying the relation between emergence of ASD and DNAm in humans poses practical, technical and
theoretical challenges associated with data collection (Kato & Iwamoto, 2014; Relton & Smith, 2012). Since DNAm is responsible for
shaping the differences between neurons, glia and other cell types, epigenomic patterns vary across tissues. Selecting a relevant tissue
to study is thus important (Michels et al., 2013). Brain tissue is considered the most relevant tissue for investigating mechanisms
involved in neurodevelopmental disorders. Indeed, the study of epigenetic signatures in brain tissue have provided fundamental
advances in our knowledge of biological mechanisms underlying the emergence of ASD (Sun, Zang, Shu, & Li, 2014; Wong et al.,
2018). However, limited availability of human post-mortem brain tissue is a major issue, especially when studying early development
and neurodevelopmental disorders. Moreover, DNAm in post-mortem brains will be affected by how samples are processed, donor
characteristics (that are often not available), cause and timing of death (Lim et al., 2014), all of which will introduce noise and hold
the possibility to confound findings. Further, to really understand the causal nature of the relationship between DNAm patterns and
the emergence of ASD traits across development, multiple measurements from the same individual are required (Martino et al., 2013;
Michels et al., 2013). This is clearly impossible when using post-mortem brain tissue.

The importance of tracking individual developmental trajectories of DNAm justifies the use of more available peripheral tissues,
such as whole blood and buccal epithelial cells isolated from saliva (Barker et al., 2018). Saliva and buccal swabs are relatively easy
to collect, especially from young children and individuals with ASD who might be distressed by a blood draw procedure. En-
couragingly, buccal epithelial cells are potentially more closely related to brain methylation patterns than blood, as they come from
the same primary germ layer in the embryo, i.e. the ectoderm (Mitchell, Schneper, & Notterman, 2015). Corroborating this, Smith
et al. (2015) found that DNAm levels in saliva with a high number of epithelial cells appeared generally more similar to patterns from
various brain regions than DNAm levels in blood.

1.6. Aims of the study

Linking DNAm data to neurocognitive measures collected within a prospective longitudinal study of infants at elevated likelihood
of ASD (also referred to as ‘high-risk infants’ in the literature) could enable unique insights into how epigenetics shape brain de-
velopment. However, the methodological and practical challenges mean this work is highly novel, expensive and risky, and thus the
field is in need of proof-of-principle studies to determine its potential value. In this study, we explored the potential of using buccal
swab samples to analyze DNAm at multiple time points in a study of infants with emerging ASD. We present four approaches to
explore how variations in DNAm signatures associate with behavioural manifestations of atypical development, and with neuro-
cognitive measures of social attention in infancy that are potential intermediate phenotypes between genetic factors and later ASD
traits (Constantino et al., 2017; Jones, Venema, Earl, Lowy, & Webb, 2017).

Analyses aimed to identify the association between DNAm profiles and five phenotypes of interest: (i) case-control status for ASD
and (ii) case-control status for atypical development at 3 years of age (categorical outcomes); (iii) continuous measure of adaptive
skills at 3 years of age (dimensional outcome), and two infant intermediate phenotypes: (iv) face looking time and (v) neural response
to faces, i.e., amplitude of the Nc event-related component. Measures iv and v have been selected as candidate intermediate phe-
notypes as they have been previously associated with ASD outcome (Hendry et al., 2018; Jones et al., 2016), and parental variation in
ASD-related traits (Jones et al., 2015). We were particularly interested in whether the use of candidate intermediate phenotypes
could increase power for identifying relations with epigenetic variation, as has been previously suggested (Flint & Munafò, 2007).

First, in Analysis 1 we explored whether global methylation levels (calculated by averaging all interrogated methylation sites
across the microarray, or ‘probes’) are sensitive to our five phenotypes of interest (i-v).

Second, in Analysis 2 we performed EWASes to identify potential significant associations between DNAm levels at individual
methylation sites and categorical/dimensional ASD outcomes (i-iii), as well as our candidate intermediate phenotypes (iv,v). We
explored overlap of any identified probes with independent developmental and ASD-related methylation datasets.

Third, in Analysis 3 we used a network-based analysis (Langfelder & Horvath, 2008) to look for associations between the DNAm
profiles of groups of related probes and both categorical and dimensional outcomes (i-iii) and candidate intermediate phenotypes
(iv,v). This method has been previously used to study developmental DNAm changes (Spiers et al., 2015) and relationships with
dimensional ASD traits (Ginsberg, Rubin, Falcone, Ting, & Natowicz, 2012). We used this information in association with upstream
genetic regulatory information (regions of the genome that are known to have an effect on the DNAm levels of other genes at
particular developmental stages – so called ‘methylation quantitative traits loci’, or mQTL, Gaunt et al., 2016) to ask whether the
analysis identified biologically relevant pathways potentially implicated in the early emergence of ASD phenotypes.
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Finally, in Analysis 4 we explored the potential for joint longitudinal analysis of both epigenetic change and change in behavior
using two dimensional measures available at multiple time-points (adaptive skills from parent-report, iii, and looking time to faces,
iv). Taken together, we aimed to determine whether epigenetics from buccal epithelial cells provides a potentially valuable approach
for the field of developmental cognitive neuroscience, and if so what analytic approaches and phenotypic associates are most ap-
propriate to examine.

2. Materials and methods

2.1. Participants

The sample for the present study is derived from the Phase 2 of the British Autism Study of Infant Siblings (http://www.
basisnetwork.org), which consists of 143 children (65 females). 116 were younger siblings of children with ASD (elevated-likelihood
infants, EL, 52 females) and 27 were infants with no first- or second-degree relatives with ASD (typical-likelihood controls; TL, 13
females). Children took part in research assessments when they were around 8 months (T1), 15 months (T2), 25 months (T3) and 36
months (T4). Research assessments included collection of parent-report questionnaires, experimental tasks with eye-tracking and EEG
and standardized behavioral assessments. At the 36-months visit, experienced clinical researchers reviewed all the available measures
to determine the clinical outcome.

Genome-wide DNAm profiles from 107 buccal swab DNA samples were available for a sub-set of 63 unrelated male infants from
this cohort (49 EL, of whom 11 developed ASD at 3 years of age) across T1, T2 and T3. For 33 participants (21 EL, of whom 5 had
ASD), DNA samples were collected at more than one visit and DNAm assessed, resulting in longitudinal DNAm data for these infants.
Table 1 provides information on the total number of good-quality DNA samples and the age of the participants when samples were
collected.

DNAm was quantified using the Illumina Infinium HumanMethylation450 BeadChip (hereafter, 450 K array), which assesses
DNAm at over 450,000 methylation sites (∼2 % of all possible sites) throughout the genome at single-nucleotide resolution, in-
cluding 96 % of the CpG islands and 99% of the known genes (Illumina, 2012). DNA extraction, DNAm array data generation and
quality control procedures were performed at King’s College London following established guidelines as detailed in Appendix B. For
each probe on the BeadChip, relative methylation (β value) was calculated as the ratio of the normalized signal from the methylated
probe to the sum of the normalized signals of the methylated and unmethylated probes. Thus, a value ranging from 0 (unmethylated)
to 1 (fully methylated) was obtained for each of the 402,971 interrogated probes that passed quality control.

2.2. Phenotypes

2.2.1. Categorical outcome: ASD and atypical development
At three years, children underwent diagnostic assessment for ASD, including standardized and semi-standardized behavioral

assessments (the Mullen Scales of Early Learning, MSEL, Mullen, 1995, and Autism Diagnostic Observational Schedule, ADOS, Lord
et al., 2000) and parent-report interviews (the Vineland Adaptive Behavior Scales, VABS, Sparrow, Cicchetti, & Balla, 2005, and
Autism Diagnostic Interview - Reviewed, ADI-R, Lord, Rutter, & Le Couteur, 1994). Based on these assessments and unstructured
observations, experienced clinicians determined whether the EL children met criteria for ASD, and used their determinations to assign
the children to outcome groups. Further details on the classification criteria can be found in the Supplementary material (Appendix
A). By the outcome visit (T4), none of the TL children had received a community diagnosis of ASD nor met criteria for an ASD
research diagnosis (see Table A.1). Following previous work, analyses compared outcome groups based on 1) presence or absence of
ASD and 2) presence or absence of atypical development. To evaluate effects of ASD, EL children who received a diagnosis of ASD at
T4 (N=10) were compared with a no-ASD group, which included EL children with no ASD and TL children (N=41). To evaluate
the effects of atypical development, infants with typical developmental outcome at T4 (TL and EL children with no signs of devel-
opmental delay, N= 28) were compared with children who received a diagnosis of ASD or showed sub-threshold levels of ASD
symptoms and/or more general developmental delays but did not fully meet criteria for ASD (N=23).

Table 1
Numbers and age of the study participants for the three time-points (visits) and number of unique participants.

Visit Recruitment groups N groups Total N Mean (SD) age in months Min – Max age in months

T1 TL 9 51 8.7 (0.8) 8 - 10
EL 42 (10 ASD)

T2 TL 9 24 15.3 (1.1) 14 - 18
EL 15 (6 ASD)

T3 TL 12 32 25 (1.7) 24 - 32
EL 20 (3 ASD)

Unique participants TL 14 63
EL 49 (11 ASD)

Recruitment groups: TL: typical-likelihood infants; EL: elevated-likelihood infants; ASD: EL infants who received a diagnosis of ASD at age three
years. N: number of participants. SD: standard deviation. Min: minimum age. Max: maximum age.
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2.2.2. Dimensional outcome: adaptive skills
The standard composite adaptive behavior scores from the second edition of the VABS was used as a measure of dimensional

developmental outcome of adaptive behavior at three years of age (Sparrow et al., 2005). VABS is a semi-structured interview
measuring adaptive functioning in everyday life. It has been extensively used to study variability in early difficulties in adaptive
behavior and to capture differences in developmental trajectories in infants at elevated likelihood of ASD (Bussu et al., 2018; Estes
et al., 2015). In the present research, VABS was collected as a parent-report questionnaire at T1 and T2 and as a parent interview at
T3 and T4. VABS composite scores at T4 were used as a measure of dimensional adaptive outcome in Analyses 1–3, with lower scores
indicating lower adaptive functioning (Sparrow et al., 2005). VABS composite scores of the same scale at T1, T2 and T3 were used in
Analysis 4.

2.2.3. Candidate intermediate phenotypes
2.2.3.1. Face looking. Infants completed a face ‘pop-out’ task at T1, T2 and T3. Data from T1 were used for Analysis 1–3; in Analysis 4
we used data from all three visits. The face pop-out task was created to measure infant’s attraction to and preference for faces. The full
paradigm has been described previously (Elsabbagh, Gliga et al., 2012; Hendry et al., 2018). At each timepoint, infants were
presented with a series of visual arrays composed of five images: face, bird, car, mobile phone and a non-social control stimulus,
henceforth “noise”, created by randomizing the phase spectra of the face stimulus while keeping the amplitude and color spectra
constant (Halit, Csibra, Volein, & Johnson, 2004). An example of the visual array presented as face pop-out stimulus is shown in
Fig. 2. Infants watched 10 different arrays, each presented for 15 s. Looking behavior was recorded either with a Tobii 120 eye-
tracker at a rate of 60 Hz or a Tobii 1750 at a rate of 50 Hz. Each testing session was preceded by a 5-point calibration sequence.

From this data, we extracted the average duration of the longest look (peak look) at the face image (Jones et al., 2016). This
biometric is considered to reflect endogenous attention allocation from 6 months of age (Colombo & Cheatham, 2006). Peak look
durations were calculated as described by Hendry and colleagues (2018). Briefly, the peak look to the face was identified for each
trial in which there was a minimum of two looks (> 100ms). Peak look durations were averaged across the trials (minimum 3/child)
to provide a more stable characterization of individual differences.

2.2.3.2. Nc to face. At T1, infants sat on their parent’s lap at 60-cm distance from a 40×29-cm computer screen while brain activity
was measured simultaneously with a 128-channel Hydrocel Sensor Net. The EEG task was as described in Elsabbagh, Mercure et al.
(2012). Briefly, infants were presented with a series of 50 trial blocks. Each trial block began with a static colorful fixation stimulus,
followed by four to seven color pictures of a female model whose gaze is either direct or averted. Additionally, in approximately one
third of the blocks a control-stimuli (the ‘noise’ stimulus described above) was presented. The trial duration was 800ms, followed by

Fig. 2. Examples of the slides of the face pop-out eye-tracking task. The first and third slide display arrays of five static visual stimuli including a
face; the second slide presents an animation which served to attract the infant’s gaze to the center of the screen before the presentation of the next
slide.
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a 500-ms interval with no visual stimulus. Fig. 3 illustrates the task stimuli. Gaze was recorded with a video camera and trials were
excluded for inattention, blinks or looking away during the 800ms following stimulus onset.

In NetStation 5, the EEG recording was vertex referenced, band-pass filtered (0.1–100 Hz) and segmented into stimulus-locked
epochs (-200 to 800ms peri-stimulus window) by condition. Segments showing significant artifact were removed through automatic
detection and hand-editing. Clean segments were averaged within condition; bad channels were replaced through spine interpolation
and then data were average re-referenced and baseline-corrected (195ms before stimulus onset). Infants were excluded if good
quality EEG data was obtained for fewer than 10 trials for the conditions of interest.

Following previous research (Jones et al., 2016; Richards et al., 2010; Webb et al., 2011), the Nc component was used as a neural
correlate of attention engagement. Nc amplitude was defined as the mean amplitude of the negative deflection between 300 and
800ms after stimulus onset across left and right frontal regions. Our phenotypic measure of interest was the Nc amplitude difference
score between the face with direct gaze (henceforth face) and noise stimuli, to reflect attention engagement processes specific to
salient social content. Previous analyses including the present participants demonstrated that this variable was associated with later
individual variability in social adaptive skills, and that this effect was specific to faces with direct gaze (Gui et al., under review).
Therefore, EEG data for the face with averted gaze condition were not included in this study.

2.3. Statistical analyses

Four different investigations (Analyses 1–4) were conducted on the present dataset. Table 2 illustrates the number of DNA samples
for each Analysis and when they were collected.

2.3.1. Analysis 1: global DNA methylation levels
A global level of methylation was calculated for each individual at each visit (T1, T2, T3) as a mean of methylation levels across

all 402,971 probes. All 107 samples were included in this analysis. Multi-level mixed models using the ‘lme’ function within the nlme
R-package (Pinheiro, Bates, DebRoy, Sarkar, & R Core Team, 2018) were used to explore the longitudinal trajectory of the change in
global methylation level, while accounting for repeated measurements from the same participant with a random-effect term. Fixed
effects of group, visit and their interaction were tested by comparing the overall fit of the multilevel mixed-effects models using a chi-
square likelihood ratio test. The significant effect of visit was estimated with a linear model with T1 as reference. Finally, linear
regressions were used to test associations with dimensional outcome measures (adaptive skills) and candidate intermediate phe-
notypes (Nc to face, face looking). To control for possible batch effects (i.e., systematic errors occurring when samples are processed
in multiple sets), we examined effects of prenatal exposure to smoke and alcohol (Grayson & Guidotti, 2015) and effects of age
differences within each visit, Appendix C (Tables C.1-C.5) reports results of all the multilevel mixed-effects models including these
variables as covariates.

2.3.2. Analysis 2: Epigenome-wide association analyses (EWAS)
EWAS is a statistical approach that involves systematically testing thousands of probes distributed throughout the genome for

association with a phenotypic trait. Typically, linear models are employed where the phenotype is the dependent variable, and a
quantitative measure of DNAm (ranging from 0 to 1) is the independent variable. Due to the multiple testing issue, a stringent p-value
threshold of p≤ 2.4×10−7 has been established as the threshold for statistical significance for studies using the 450 K array, like the
present one (Saffari et al., 2018). When no epigenome-wide significant hits are identified, a common approach in the ASD literature is
to highlight probes for follow-up analyses that have a more liberal “discovery” p-value threshold, for example p< 5×10-5 (see
Andrews et al., 2018; Hannon et al., 2018).

In the present study, DNAm collected at 8 months was used for EWAS analyses (N=51). The choice to restrict this analysis to the
first visit was motivated by the importance of narrow age ranges for DNAm analyses (Michels et al., 2013) and the fact that beha-
vioral symptoms begin to emerge after this time-point (Szatmari et al., 2016). Table 3 summarizes the sample sizes for this analysis
for each of the phenotypes of interest. Table A.2 provides mean (standard deviation) values for the continuous phenotypes, by

Fig. 3. Examples of the ‘face with direct gaze’ and ‘noise’ trials of the EEG task. Blocks started with a figure of a toy to attract the infant’s gaze to the
center of the screen. Each block presented either images of faces or the ‘noise’ stimulus.
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outcome group. A multiple regression was implemented through the cpg.assoc R-package (Barfield, Kilaru, Smith, & Conneely, 2012)
to test the association between DNAm levels of individual probes, while controlling for possible confounders due to ancestry dif-
ferences (Barfield et al., 2014) and batch effect (see Appendix D). Five EWASes were run to test for association with our five
phenotypes of interest: three measures of developmental outcome (categorical outcome of ASD, categorical outcome of atypical
development and dimensional outcome measured with VABS composite score) at T4, and the two infant phenotypes measured at the
same visit when the DNA sample was collected (T1): Nc to faces and face looking.

We then used two approaches to examine whether the discovery-significant probes (p<5×10−5, as in previous research testing
the association between peripheral DNAm and later ASD, Hannon et al., 2018) appear to be identifying potentially meaningful
signals. Given the focus on ASD, our first approach was to examine the proportion of probes located in high confidence ASD genes in
the SFARI Gene database (www.gene.sfari.org, Banerjee-Basu & Packer, 2010, release Nov. 2018). This publicly available database
includes all genes which have been previously associated with ASD in published scientific work or are candidate genes for their
molecular or functional role (N=1037 genes). The second approach was to examine the overlap with probes previously related to
fetal brain development (Spiers et al., 2015, N= 16,543 probes) given that the study involves early neurocognitive development. To
identify the location of each probe with respect to gene regions, EWAS discovery-significant probes were annotated based on UCSC
Genome Browser, build hg19 (Karolchik et al., 2004). Chi-square statistics were used to test whether the percentage of discovery-
significant genes/probes which could be found in the SFARI and Spiers et al., 2015 datasets, respectively, was higher than it would
have been by chance (4.1% of all interrogated probes are located in SFARI genes and 7.1% of them have been associated with fetal
brain development in Spiers et al., 2015).

2.3.3. Analysis 3: Co-methylation network analysis
Identification of aberrant DNAm profiles associated with ASD might reflect either the cause or the consequence of atypical

development. To investigate a potential causal link, we explored whether differentially methylated probes identified in our sample
reflected known ASD-associated biological processes coupled to underlying genetic variations. Recent research has shown that ge-
netic variation influences DNAm levels in a developmental-specific manner (mQTLs, Gaunt et al., 2016), and a relationship between
known ASD-associated genetic variants and DNAm levels is observable at birth in peripheral tissue (Hannon et al., 2018). We
therefore used available bioinformatic resources to investigate whether biological pathways through which genetic factors contribute
to early epigenetic signatures associated with our phenotypes of interest.

First, we ran a Weighted Gene Co-methylation Network Analysis (WGCNA, Langfelder & Horvath, 2008) to identify networks, also
called modules, of probes whose DNAm levels were consistently correlated across infants at T1. The module eigenvalues, representing
the methylation profiles of the modules, were correlated with the five phenotypes of interest: categorical outcome of ASD and
atypical development; dimensional outcome (adaptive skills at T4) and the two candidate intermediate phenotypes (face looking and
Nc to face at T1). False Discovery Rate (FDR) method was used to adjust p-values controlling for simultaneous testing of the asso-
ciation of multiple modules with the phenotypes of interest. Module-trait relationships were considered significant at an FDR-ad-
justed p-value < 0.05.

Subsequently, to examine early genetically driven effects on DNAm levels in the significant module, we used the mQTL database
published by Gaunt and colleagues (2016, http://mqtldb.org) to extract a list of variations in nucleotide sequence, or Single
Nucleotide Polymorphisms (SNPs), known to influence DNAm of the probes of interest (i.e., mQTLs) during pregnancy and at birth.
We then looked for biological pathways in which the mQTLs might be involved. To do this, we used eSNPO (http://bioinfo.hrbmu.
edu.cn/esnpo/), which utilizes available resources to provide functional enrichment pathways for sets of SNPs (Li et al., 2016),
indicating what biological function each set of SNPs play all together based on their gene expression profiles. Pathways for the two
sets of SNPs (mQTLs at birth or during pregnancy) were obtained. FDR correction was applied to control for multiple testing of all
possible pathways associated with the input SNPs. The entire procedure is described in detail in Appendix F and in Fig. 6.

2.3.4. Analysis 4: longitudinal analysis
Tracking the stability and change of association between DNAm and behavioral traits in the first two years of life is important to

understand which probes will be potentially involved in developmental mechanisms as they show plasticity (i.e. change across

Table 2
Number of samples included in all the analyses for the present study and specification of the visit when the samples were collected (T1: 8
months, T2: 15 months, T3: 25 months).

DNA samples for the present study

Total N Visit

Analysis 1: Global DNA methylation levels* 107 T1 (N=51),
T2 (N=24),
T3 (N=32)

Analysis 2: Epigenome-wide association analysis 51 T1
Analysis 3: Co-methylation network Analysis 51 T1
Analysis 4: Longitudinal analysis* 33 VABS/ 27 Face pop-out T1,T2,T3

* model accounting for repeated measurements from the same individual.
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development) in relation to the phenotype. In this analysis we aimed to explore if the epigenetic signals suggestively associated with
later outcome have a time-specific effect on dimensional traits. We built on the EWAS results to conduct Analysis 4 on two sets of
candidate probes: those associated with ASD (N=32) and those associated with atypical development (N=33) at a discovery
threshold of p<5×10−5. FDR method was used to correct p-values for multiple testing.

This analysis included the subset of infants with repeated measurements for both DNAm and phenotypic measure (Table G.1
presents the number of participants for each visit). Two phenotypic measures were available at multiple visits and were therefore
used as dependent variables: VABS composite score as a dimensional measure of adaptive skills (Estes et al., 2015; Robinson et al.,
2016, N=33) and face looking as a behavioral correlate of social visual attention engagement (Colombo & Cheatham, 2006; Hendry
et al., 2018; Jones et al., 2016, N= 27). The relation between DNAm level of a probe and continuous phenotypic measure was
modelled over time using multilevel mixed-effects linear models (Laird & Ware, 2007). A random intercept model was used to
account for individual differences in DNAm at the first visit, thus controlling for possible effects of ancestry differences and other
between-individual sources of variability. Multilevel mixed-effects models handle missing time-points in the measurements and have
been used previously in longitudinal research testing the relationship between DNAm and continuous phenotype measures (Simpkin
et al., 2015). Parameters estimated by the models used in this analysis allowed us to explore changes in the direction of the relation
between DNAm and phenotype across toddlerhood, possibly reflecting epigenetic changes going along with symptom emergence.

Fig. 4. Boxplots of the pattern of association with four of the top-ranked probes associated with ASD. a) The most significant signal (probe
cg15976650 in the CpG island of gene TUFT1), b) the signal with the highest effect size (probe cg23367851 in the shore of gene CYCS), c) probe
cg10242763 located in gene CACNA2D1 and d) probe cg08625996 located in gene SND1, which have both been previously associated with ASD.
DNA methylation levels are adjusted for ancestry principal components and batch effect. In all figures, the lower and upper hinges of the boxplots
correspond to the first and third quartiles (the 25th and 75th percentiles). Individual data are represented by points. The upper and lower whiskers
extend from the hinges to the largest and smallest values, respectively, no further than 1.5 x inter-quartile range. Data beyond the end of the
whiskers are represented by stars. Horizontal lines within boxplots indicate median values, while rhombi represent mean values.
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3. Results

3.1. Analysis 1: global DNA methylation levels

3.1.1. Categorical outcome
There was no difference between children with and without ASD in terms of global level of methylation (β=0.0005, standard

error= 0.0007, p=0.428). Similarly, there was no significant difference between children with typical and atypical development
(β=0.0001, s.e.= 0.0005, p=0.86). These analyses remained non-significant after correcting for batch, age (in months) at the time
of DNA collection (visit) and prenatal maternal smoke and alcohol intake (Tables C.1 and C.2).

Global methylation levels increased with time (χ2(6)= 23.46, p< 0.0001), as they were significantly higher at 25 months than at
8 months (β=0.002, s.e.= 0.004, p<0.0001). This result was expected based on a previous study reporting general increase in
DNAm in buccal cells the first two years of life (Martino et al., 2013). No difference was observed between 8 and 15 months
(β=0.0006, s.e.= 0.0005, p=0.212). The slope of the change in global methylation between 8 and 25 months did not differ
between children with and without ASD (χ2(9)= 0.588, p=0.745), nor when comparing children with typical and atypical de-
velopmental outcome at 3 years of age (χ2(9)= 0.302, p=0.86).

3.1.2. Associations with dimensional phenotypes
Global methylation level was not associated with adaptive behavior at three years (β=-0.0001, s.e.= 0.0003, p= 0.66).

Similarly, no variation in global methylation was associated with face looking (β=-0.0004, s.e. = 0.0003, p=0.27) or Nc to face at 8
months (β=0.0001, s.e.= 0.0003, p=0.76). Analyses controlling for possible covariates led to the same results and can be found in
Tables C.3-C.5.

3.2. Analysis 2: epigenome-wide association analyses (EWAS)

EWAS analyses were carried out for the three continuous traits in the same way as for categorical outcomes. Results are sum-
marized in Table 3.

3.2.1. Categorical outcome
3.2.1.1. ASD. EWAS was first performed for prediction of categorical ASD outcome comparing no-ASD (N=41) vs ASD (N=10)
groups for their DNAm levels at T1. No probe was statistically significant at the empirical epigenome-wide significant threshold after
controlling for multiple testing (p<2.4×10−7). Figures D.1a and D.1b illustrate the results for the ASD analysis with plots that are
commonly used in EWAS to display significant probes. At a discovery threshold of p< 5×10-5, 32 probes were significantly
associated with ASD, of which 2 probes are in genes that have been previously linked with ASD, according to the SFARI dataset
(6.25% of the discovery probes, not significantly higher than that expected by chance, χ2(1)= 0.373, p=0.27). Table D.1 reports
discovery-level significant probes. Fig. 4 illustrates patterns of group differences for four selected probes: TUFT1, the gene associated
with the probe with the most significant (i.e. lowest) p-value; CYCS, the gene associated with the probe with the largest effect size;

Fig. 5. Scatter plot representing the relationship between DNA methylation of the cg23367851 probe in the CYCS gene at 8 months (x-axis) and
difference in oxygenated haemoglobin concentration (HbO2) in the auditory social (vocal) vs non-social (non-vocal) conditions at 5 months (y-axis)
for 11 infants who provided both NIRS and DNA methylation data. The black line represents the linear relationship between the two variables. CYCS
methylation levels have been adjusted for the effect of ancestry principal components and batch effect.

A. Gui, et al. Infant Behavior and Development 60 (2020) 101409

12



and the two probes previously associated with ASD: SND1, whose mutation leads to presynaptic myasthenic congenital syndrome 7
(GeneCards, Stelzer et al., 2016) and whose common (Holt et al., 2010) and rare (Iossifov et al., 2012) variations have been
previously associated with ASD; and CACNA2D1, which is involved in voltage-gated calcium channels (GeneCards, Stelzer et al.,
2016). Missense variation (Iossifov et al., 2014) or deletions (Vergult et al., 2015) in this gene have been found in a patient with ASD
and 3 patients with intellectual disability and epilepsy, respectively.

Post-hoc exploratory analyses on the signal with the highest effect size (cg23367851 probe associated with the promoter region of
the CYCS gene) were conducted as a proof-of-principle of how phenotypic information collected longitudinally in an infant-sibling
design could be leveraged to further investigate possible developmental mechanisms involving epigenetic variation. The CYCS gene
plays a crucial role in the electron-transport chain in the mitochondria (GeneCards, Stelzer et al., 2016). Thus, we investigated
whether DNAm-driven atypicalities in the electron-transport chain were associated with available hemodynamic data, collected in a
functional near infra-red spectroscopy (fNIRS) study from the same cohort at age 4–6 months (details on the study paradigm can be
found in Appendix E and in Lloyd-Fox et al., 2013, 2018). We selected this dataset because fNIRS can be used to measure task-related
oxygen concentration changes in haemoglobin within the brain, which indirectly reflect mitochondrion-mediated energy metabolism
(Siddiqui et al., 2017). Importantly, Lloyd-Fox et al. (2013) reported attenuated socially selective hemodynamic responses – during
the presentation of social (human vocal) and non-social (toys, water, bells) sounds – in infants with an older sibling with ASD. In a
subset of these children who provided both DNAm and NIRS data (N=12), we found that DNAm level in the CYCS probe at 8 months
(adjusted for principal components and batch effect as in the ASD EWAS conducted in Analysis 2) was negatively correlated with
cortical oxygenation changes in response to the vocal vs non-vocal conditions over the temporal lobes (rho= -0.40, t(10)=-1.39,
p=0.097, Figure E.2). This relation held when excluding the data point identified as an outlier for methylation levels (rho= -0.78, t
(9)= -3.7, p= 0.002, Fig. 5).

3.2.1.2. Atypical development. The most significant signal for the EWAS comparing infants who later underwent typical (N= 28) vs
atypical development (N=23) was probe cg21973914, located in the shore of gene F10 (p=3.34×10−7, non-significant based on
the established significance threshold of 2.4× 10−7 for EWAS studies, Saffari et al., 2018). Gene F10′s primary role is to encode the
vitamin K-dependent coagulation factor X of the blood coagulation cascade, and is involved in calcium ion binding and phospholipid
binding (GeneCards, Stelzer et al., 2016). The probe with the highest effect size (cg06963664), which was 7.3% more methylated in
infants who show signs of atypical development at 3 years, is located in gene PLXNA3. Deleterious variants of this gene have been
found in ASD probands from the Simons Simplex Collection, Autism Sequencing Consortium and a Chinese population (Guo et al.,
2017; Krumm et al., 2015).

Overall, 33 probes were associated with atypical development at a discovery p-value threshold <5×10−5 (Table D.2, Figure
D.2). Three of these probes (9%, slightly higher than that expected by chance: χ2(1)= 1.83, p= 0.088) have been found to be
associated with genes within the SFARI dataset. One of these has been previously described as the probe with the highest effect size
(cg06963664, gene PLXNA3). Additionally, probe cg21082921 is located in the promoter region of gene CHD1. Missense and de novo
mutation of this gene have been found in individuals with ASD (Iossifov et al., 2014; Neale et al., 2012) and other neurodevelop-
mental disabilities such as speech apraxia and developmental delay with and without seizures (Pilarowski et al., 2018). Last, probe
cg05922723 is located in the GIGYF1 gene, whose de novo mutation has been recognized in ASD probands by three different studies
(De Rubeis et al., 2014; Iossifov et al., 2014; Krumm, O’Roak, Shendure, & Eichler, 2014).

3.2.2. Association with dimensional phenotypes
When testing the association between DNAm levels of single probes and dimensional outcome (VABS at 3 years), face looking and

Nc to face, no probes reached corrected significance in any analysis. However, all analyses revealed a number of probes that were
significant at a discovery threshold of p< 5×10−5. Of note, for all measures except face looking, the percentage of probes identified
in the vicinity of high-confidence ASD genes (SFARI datadase) was higher than that expected by chance (4.1%), though not sig-
nificantly. Interestingly, the neural metric (Nc to face) resulted in the highest percentage of probes overlapping with the SFARI
database (11%, χ2(1)= 0.97, p= 0.16), consistent with the possibility that imaging measures provide stronger signals for genetic
analysis (Nikolova & Hariri, 2015; Wiers, 2012). Of note, signals associated with face looking were not significant in control analyses

Fig. 6. Diagram illustrating the analyses (dotted boxes) and outputs (solid boxes) of the network analysis (Weighted Gene Co-methylation Network
Analysis, WGCNA), methylation quantitative trait loci (mQTLs) analysis and functional enrichment pathway analysis.
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using robust regression to account for non-normality of the distribution (Table D.4). Appendix D reports all results (Tables D.3-D.5,
Figures D.3-D.5).

3.3. Analysis 3: Co-methylation network analysis

Differently from Analysis 2 (EWAS), where ∼400,000 tests were performed simultaneously to test associations at a single-probe
level, Analysis 3 (network analysis) tested the association between methylation profiles in 23 networks or modules of co-methylated
probes identified in the 8-month-old DNAm data and the five phenotypes of interest. We found that one module (to which the color
slate blue was automatically assigned; hereafter, the slate blue module) was significantly associated with Nc to face with a p-
value=4×10−7 (significant after controlling for multiple testing, FDR<0.0001). No other association reached corrected sig-
nificance (see Figure F.1). Probes in the significant module showed higher DNAm in relation to enhanced neural activation in
response to noise over face (Figure F.2). This result was driven by a case that showed extreme, though plausible (see Figure F.3)
values of Nc amplitude difference between conditions, with greater Nc in response to the noise than to the face stimulus. This
participant also had an extreme methylation profile (i.e., module eigenvalue) for the slate blue module, though he did not show
atypical DNAm genome-wide (see Figure F.4). This result must be treated with caution given that it is significant only in the presence
of one influential case. However, as there was no a priori reason to exclude the participant from the analysis, we explored this finding
with additional analyses aimed to understand whether it could reflect plausible biological mechanisms that, if altered due to ab-
normal methylation, could be related to neural atypicalities.

To identify genes that exert a direct influence over DNAm levels in the co-methylated probes of the slate blue module (listed in
Table F.1), we identified mQTLs during pregnancy and at birth (Gaunt et al., 2016). We found 573 mQTLs acting during pregnancy
and 385 mQTLs at birth. 356 probes were shared signals, indicating that they influenced infants’ DNAm levels at both developmental
points. FDR-significant pathways indicating the biological function of the set of SNPs regulating methylation levels of the slate blue
module are reported in Tables F.2 and F.3. Fig. 6 summarizes the results of this set of analyses.

3.4. Analysis 4: longitudinal analyses

One potentially valuable feature of longitudinal analysis is the ability to examine probes that changed the direction of their
association with key phenotypes over time, providing insights into the timing of the relationship between DNAm and the phenotypic
trait. Longitudinal analyses focused on the probes that Analysis 2 identified for suggestive significance by the EWAS for ASD (N=32,
Table D.1) and atypical development (N=33, Table D.2) in Analysis 2. For probes associated with ASD, DNAm levels of one probe
(cg21348771) showed an age-specific change of association with face looking between T1 and T2 (β=-0.008, s.e.= 0.003,
p=0.003, FDR=0.08, Fig. 7). Interestingly, this probe is in the CpG island of gene GFOD1, which has been associated with ADHD
(GeneCards, Stelzer et al., 2016). No other signals were significant after controlling for multiple testing (all FDRs>0.1, Tables G.2
and G.3). When analyzing the probes associated with atypical development, DNAm levels of one probe (cg04089240 in gene TRPM5,
Fig. 8) showed significant change in direction of the association between DNAm levels and adaptive skills at 15 months (β=-0.003,

Fig. 7. Scatterplots representing the relationship between face looking (x-axis) and DNA methylation levels of the cg21348771 probe located in the
promoter region of the GFOD1 gene (y-axis) for the three visits. Regression lines are depicted, with shaded grey areas representing standard errors.
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s.e.= 0.0009, p= 0.002, FDR=0.03). Of note, de novo loss of function mutation in the TRPM5 gene has been found in one child
with ASD (Neale et al., 2012). No other probe showed a significant association with adaptive skills (Table G.4) or face looking (Table
G.5) after correcting p-values for multiple testing.

4. Discussion

Incorporating epigenetic analysis into prospective longitudinal studies of infants with later ASD could help delineate the me-
chanisms that underpin ASD emergence. First, we did not find differences in whole-genome DNAm associated with later ASD, in line
with some other reports in larger samples (Hannon et al., 2018). Second, we showed that although EWAS did not produce epigenome-
wide significant hits in a sample of this size (as expected), we identified altered DNAm profiles in a number of probes that are located
in close proximity to high-confidence ASD genes at our discovery-level threshold. Third, we showed that a network-based analysis
coupled with neuroimaging phenotypes did produce significant associations after correction for multiple comparisons. Further,
biological pathways identified through examination of mQTLs linked to probes in the significant network were relevant to brain
development. This supports other evidence that neuroimaging metrics may be highly promising intermediate phenotypes appropriate
for analysis of genetic effects on neurodevelopmental disorders (Geschwind & Konopka, 2009; Nikolova & Hariri, 2015; Wiers, 2012).
Finally, our longitudinal analysis revealed dynamic changes in the relation between DNAm of candidate probes and ASD-relevant
behaviors between the first and second years of life. Since this is the time at which behavioral markers of ASD typically emerge, such
longitudinal analyses may hold promise for understanding underpinning mechanisms of change (Gliga, Jones, Bedford, Charman, &
Johnson, 2014). Together, our analyses indicate that epigenetic analysis may be a promising strategy for the integration of neuro-
biology and neurocognitive insights into ASD emergence.

4.1. Developmental changes in whole-genome methylation

As expected based on previous studies of buccal swab samples collected during infancy (Martino et al., 2013), an increase of
global methylation was observed in the genome for the entire sample between 8 and 25 months. This confirms the importance of
using narrow age ranges in DNAm studies, especially when investigating mechanisms of development (Michels et al., 2013). How-
ever, we did not find significant differences in global methylation between infants with and without later ASD or with and without
later atypical development. Effect sizes were < 0.0005, suggesting that if any significant difference between groups existed it would
have only been identified with extremely large samples. In accordance with other studies (see Dall’Aglio et al., 2018), we did not
replicate previous claims about a general disruption of DNAm in individuals with ASD (James, Shpyleva, Melnyk, Pavliv, & Pogribny,
2013; Tsang et al., 2016). Of note, the 450 K array used in the present and other studies, interrogates around 450,000 individual CpG
sites genome-wide. These are estimated to be less than 2% of all possible methylated cytosines (Dedeurwaerder, Defrance, & Calonne,
2011), and differences between studies might be due to discrepancies in the interrogated sites. Importantly, previous studies re-
porting differences in global methylation in ASD have studied children over 2 years (James et al., 2013; Tsang et al., 2016). It is

Fig. 8. Scatterplots representing the relationship between parent-reported adaptive skills measured with the Vineland Adaptive Behavior Scales
(VABS) composite score (x-axis) and DNA methylation levels of the cg04089240 probe located in the shore of gene TRPM5 (y-axis) for the three
visits. Regression lines are depicted, with shaded grey areas representing standard errors.
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possible that such differences emerge later in life, as environmental influences on the epigenome become more consistent (Fraga
et al., 2005). However, our data gave no indications of different developmental pathways for children with typical and atypical
development up to two years of age.

4.2. Exploring associations with phenotypes at a methylation site-level

No individual probes reached a strict epigenome-wide significance threshold in the EWAS analyses. This was as expected since the
sample size was relatively small (though comparable to many previous studies on DNAm and ASD; see Dall’Aglio et al., 2018 for a
review). However, most effect sizes resulting from our categorical analyses are comparable with previous case-control DNAm studies,
with the most highly associated probes having an effect size (β coefficients of regression) ranging from 0.005 to 0.1, indicating a
difference of 0.5–10% in DNAm level between individuals with and without ASD (Dall’Aglio et al., 2018). For example, the strongest
signal in our sample was a probe with 2% average difference between children with and without ASD. Previous power computations
for EWAS signals have suggested sample sizes of 110–120 cases and controls are necessary for epigenome-wide significance of signals
for this range of effect sizes (Saffari et al., 2018; Tsai & Bell, 2015). Importantly, these simulation analyses have indicated that more
powerful signals are found when variance in DNAm is smaller, and thus more homogenous phenotypic samples may give larger effect
sizes (Tsai & Bell, 2015). Accordingly, characteristics in the infant-sibling designs might lead to higher power for EWAS analyses. For
example, our study examined DNAm levels of males only, ranging between 7 and 10 months of age, all receiving accurate diagnostic
assessment by the same clinical team at the same age. Results of an exploratory power analysis conducted on the observed results
confirm that EWAS in infant-sibling designs may require substantially smaller sample sizes than previously estimated (see Appendix
D and Table D.6), although these results should be considered with caution given that estimates of the examined effect sizes derived
from underpowered analyses and might not be reliable.

As in similar research, we also examined the probes that were associated to each phenotype at a discovery threshold to further
probe the potential promise of this approach for the study of early neurodevelopmental trajectories. We identified probes in high
confidence ASD genes according to the SFARI Gene resource (Banerjee-Basu & Packer, 2010), and probes previously related to fetal
brain development (Spiers et al., 2015). With exception of the face looking metric, the proportion of probes in the discovery set found
in the SFARI dataset was higher, although not significantly, than that expected by chance. Associations with the EEG phenotype
produced the strongest enrichment for high-confidence ASD genes from SFARI (11% vs 4.1% by chance), due to a single probe located
in the CpG island of gene GRID1). GRID1 is the Glutamate D1 Receptor gene (GRID1). In this analysis, an infant with particularly
enhanced amplitude of the neural response to noise vs face had 10% higher DNAm levels in this probe. This association is significant
also using robust regression (Table D.5), suggesting that this relationship was shared with others in the sample. Of course, this result
requires replication. However, GRID1 deletions have been strongly linked to ASD (Glessner et al., 2009) and related conditions like
schizophrenia (e.g., Guo et al., 2017; Nenadic et al., 2012); one study looking at rare variations of large effect across the entire
genome (copy number variants, CNVs) showed that mutations in this gene were over-represented in ASD patients (N=14) compared
to controls (N=3) (odds ratio= 5.412, p= 0.0031) (Glessner et al., 2009). Deletion of GRID1 in mouse models has been associated
with deficits in emotional and social behaviors (Yadav et al., 2012). Since the imbalance between glutamatergic and GABAergic
neurons in the brain is a leading hypothesis for mechanisms underpinning core ASD symptomatology and sensory atypicalities, this
may indicate promising avenues for future work (Robertson & Baron-Cohen, 2017; Rubenstein & Merzenich, 2003). Another inter-
esting signal emerging from the EWAS testing association with the neural phenotype is that one of the discovery-significant probes is
located in the CpG island of gene FAM167 (see Appendix D and Table D.5), which is involved in auto-immune disease (Mentlein et al.,
2018). This signal replicates an epigenome-wide significant finding of a recent EWAS with ∼1200 newborns with and without later
ASD, which reported an association between DNAm in this gene and ASD polygenic score (Hannon et al., 2018).

With regards to probes previously implicated in fetal brain development, the proportion of shared signals was not higher than that
expected by chance for all phenotypes except face looking (Table 3). In fact, DNAm levels of the top probe associated with this
behavioral phenotype significantly increase during fetal brain development (Spiers et al., 2015). Further analyses revealed that this
result is not robust to influential cases (see Appendix D and Table D.4 showing results of robust regression). This might indicate that
possible effects of epigenetic variations are observed only in relation to values at the extreme ends of the phenotypic distribution,
although no reliable conclusions can be drawn from this exploratory analysis on a very small sample (Sonuga-Barke & Fearon et al.,
2018). Associations with face looking produced no enrichment for genes previously associated with ASD, perhaps reducing the
likelihood that this is a meaningful intermediate phenotype for ASD. Indeed, its association with later ASD before the first year of age
in previous studies has been mixed (Hendry et al., 2018; Jones et al., 2016), with stronger potential links to executive functioning
(Hendry et al., 2018).

Enrichment for ASD genes was greater for the comparison between typical and atypical outcome (around 9%) than for ASD vs no
ASD (6%). This may be due to the fact that groups were more balanced in terms of participant numbers in the former analysis (28 vs
23) than in the latter (41 vs 10). However, the ASD vs no ASD contrast did reveal an intriguingly strong signal for a particular probe
(cg23367851). This probe was very highly methylated in two individuals (see Fig. 4.b), although non-parametric analysis still gave
nominally significant results (W=99, p=0.011). To check that this result was not an artifact of a genetic variant being present in
the probe location, we looked for the presence of SNPs in the probe sequence and flanking region. No SNPs lies within the probe
binding region, although one SNP (rs58704610) lies at 10 base pairs (i.e. 10 nucleotides) distance from it. Given that genotype data
was not available for the infants it is not possible to exclude the possibility that the DNAm signal is confounded by local DNA
sequence variation. However, the pattern of DNAm levels did not correspond to three qualitative groups of methylation levels that
would have indicated an effect of genotype (high and low DNAm levels representing homozygosity for each of the two alleles
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respectively, and mid-level between the other two groups representing heterozygosity).
Probe cg23367851 is associated with the promoter region of the CYCS gene, which is a central component of the electron

transport chain in mitochondria (GeneCards, Stelzer et al., 2016). As mitochondrial dysfunctions have been found previously in
individuals with ASD (Siddiqui, Elwell, & Johnson, 2016), we leveraged the availability of a range of phenotypic measures collected
in the first three years for the infant siblings to conduct post-hoc exploratory verification of the plausibility of such mechanism.
Examination of phenotypic data from these two individuals revealed that parents reported lower motor skills at T1 compared to the
other adaptive domains (Figure E.1a). Data from standardized behavioral assessments confirmed that at T1 these infants showed
lower gross and fine motor skills, respectively, with respect to their peers (Figures E.1b and E.1c), in line with findings reporting
motor delay and fatigability in individuals with mitochondrial dysfunction and ASD (Weissman et al., 2008). Longitudinal data
available revealed that this effect was not persistent, suggesting that, if our result reflects a true pathophysiological mechanism, this
represents a transient effect, rather than a stable long-term pathological dysfunction. Disruptions in the electron transport chain
might lead to early inefficient oxygen metabolism in the brain, having downstream effects on the hemodynamic response to social
stimuli which can be observed with functional Near Infrared Spectroscopy (fNIRS, Siddiqui et al., 2017). Significant correlations
between CYCS methylation levels and brain oxygenation responses measured at 4 to 6 months with fNIRS (Lloyd-Fox et al., 2013)
seem to support the hypothesis that increased DNAm in this gene might be linked with reduced responses to social vs non-social
auditory stimuli (see Fig. 5 and E.2), which is a pattern observed in infants who go on to develop ASD (Lloyd-Fox et al., 2018). Of
note, this probe is promoter-associated and not tissue-specific (Table D.1), thus a systemic epigenetic effect is not implausible.
Moreover, Goldenthal et al. (2015) reported extensive mitochondrial enzyme deficiencies in the activity of the respiratory complex in
buccal swabs of 39 (42%) children with ASD compared with controls. A deletion in the region of the genome where the CYCS gene is
located was reported in one individual with a developmental delay in the Deciphering Developmental Disorders study (Fitzgerald
et al., 2014), and expression levels have been reported to be downregulated in a mouse model of schizophrenia (Sowers et al., 2019).
Given increasing drives to stratify participants with ASD into meaningful subgroups (Jeste & Geschwind, 2014), genetic and epi-
genetic signals related to mitochondrial function may be a meaningful area for future investigation. Such findings can generate
hypotheses for biologically possible mechanisms through which epigenetic markers could reflect or contribute to the gradual
emergence of more severe phenotypes.

4.3. Functional networks and genetic influences

Network-based analysis allowed us to take into account the interrelation between different epigenetic probes when associating
their DNAm levels with particular phenotypes. This approach may thus increase power to detect effects in small samples. Indeed, in
the present study we found a significant association between one network of co-methylated probes, the slate blue model, and our
putative neural intermediate phenotype between genetic risk and emerging ASD (Nc to face, see also Jones et al., 2016). Combined
with the greater enrichment of ASD-relevant genes in the EWAS incorporating this marker, this result further suggests that neu-
roimaging measures may be more powerful in detecting relations to epigenetics than categorical outcome. Of note, these signals were
driven by an influential case who showed extremely (though not implausible, see Appendix D and Figure F.3) reduced neural
activation to social than to non-social stimuli. Although we recommend caution in the interpretation of the observed signals, it is
possible that variation in DNAm profiles might have an impact on neurodevelopment only when extreme patterns emerge. The
influential case in this analysis showed subthreshold ASD symptoms at T4, thus early intermediate phenotype patterns might indeed
be indications of an atypical developmental trajectory.

Understanding the pathophysiological pathway underlying this association and ASD is complicated, especially when observing
epigenetic signal in a tissue different from the brain. One approach to dealing with the issue of tissue specificity of the DNAm signal is
to move away from the interpretation of the individual effects of significant probes and examine the functional effect of genetic
variants that are known to exert upstream influences on DNAm levels of the probes in the significant network (mQTLs). These genetic
variants are of course themselves present across tissue types. We can then examine the biological processes controlled by these
genetic variants to see whether some are plausibly involved in neurodevelopment. This approach uses DNAm data as a signature
readout of a combination of genetic and epigenetic differences that may impact development (Ciernia & Lasalle, 2016; Geschwind,
2008). We found that 385 genetic variants influence DNAm of the probes in the significant co-methylation network at birth and 573
SNPs during pregnancy. Importantly, functional enrichment analysis revealed that genes in our significant network are significantly
involved in several brain-related pathways including neural cells migration and differentiation, synaptic transmission and compo-
sition of the myelin sheath (Tables F.2 and F.3). The identified mQTLs also have other biological functions that are potentially
associated with ASD, such as: response to oxygen limitation (ischemia) which is one potential source of vulnerability for the autistic
brain (Johnson, 2017), sleep, which is atypical in people with ASD (Won, Feldman, & Huffman, 2019) and inhibitory processes in the
brain (calcineurin complex and calcineurin-NFAT signaling cascade, involved in activity-dependent GABAergic interneuron tuning,
Bannai et al., 2009). Various pathways are also involved in mitochondrial generation function, intriguing in the light of the EWAS
results for later ASD discussed above and given that mitochondrial dysfunctions are a proposed mechanism for ASD (Essa et al., 2013;
Siddiqui et al., 2016). This approach thus produced encouraging signals that could guide future structural genomic work in similar
cohorts, and could ultimately help us to generate hypotheses for potential biomarkers that are understood from biology to behavior.

4.4. Sensitive periods for epigenetic effects

Although no significant change in global methylation was observed between 8 and 15 months of age, our longitudinal analysis
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revealed significant association between probe-specific methylation profiles and behavioral phenotypes across times. Altered brain
development caused by genetic or environmental perturbations may affect DNAm in a system- and period-specific way, as the brain
attempts to compensate for suboptimal conditions (Ciernia & Lasalle, 2016). Changes in DNAm occurring at specific loci in sensitive
developmental windows are strictly regulated and highly important for neurodevelopment, as demonstrated in studies using fetal
brain tissue (Numata et al., 2012). One intriguing feature of the longitudinal analysis was that significant changes in the association
between DNAm and the behavioral phenotypes was observed between 8 and 15 months.

While very preliminary due to the small sample size, these results showing changes in the relationship between phenotype and
DNAm during the second year are interesting because the time period between 8 and 15 months has been associated with emerging
atypicality related to later ASD in both looking behavior (Elsabbagh, Gliga et al., 2012; Hendry et al., 2018) and behavioral measures
including the adaptive skills measured with the VABS (Bussu et al., 2018; Estes et al., 2015) in previous work. In fact, the age of
12–15 months appears to be particularly significant. For example, differences in adaptive skills between EL infant siblings with and
without ASD are significant at 12 but not 6 months (Estes et al., 2015); difficulties in attention shifting emerge between 6 and 12–14
months (Elsabbagh et al., 2013; Elsabbagh, Gliga et al., 2012); the behavioral composite symptom measure from the Autism Ob-
servation Scale for Infants (AOSI) is elevated in infants with later ASD at 14 but not 8 months (Gammer et al., 2015); and prediction of
later ASD from a range of cognitive and adaptive skills is possible with reasonable sensitivity and specificity at 14 but not 8 months
(Bussu et al., 2018). The present study indicates there may be a change in the degree of relation between the methylation of particular
epigenetic probes and behavioral phenotypes within this same window. Future studies with larger samples could fruitfully focus on
this developmental window.

Longitudinal modelling revealed that, among the probes whose methylation levels were highly associated with ASD at 3 years,
one probe located in gene GFOD1 showed an age-specific change of association with face looking between T1 and T2. Encouragingly,
DNAm levels of this probe in saliva and brain have been shown to be correlated within individuals (rho=0.64, p=0.04, Braun
et al., 2019). Genome-wide association analyses revealed that GFOD1 is significantly associated with ADHD at the population level
(Lasky-Su et al., 2008). Moreover, this gene was found to be associated with differences in IQ in a large sample of individuals with
ASD (N=1,590, Wang, Qin, Guo, Samuels, & Shugart, 2013). In the present study, decreased DNAm in this gene was associated with
shorter looking time at 8 months but longer looking time at the face at 15 months. Across this period, look duration becomes
increasingly under the influence of the executive attention system, which has been identified as a domain of vulnerability for a
significant minority of children with ASD (Hendry et al., 2018). Thus, it is possible that variation in DNAm levels of the GFOD1 gene
contributes to this developmental mechanism. In fact, ADHD and ASD often co-occur in the same individuals and shared genetic and
familial influences have been observed on ADHD and ASD (Rommelse, Franke, Geurts, Hartman, & Buitelaar, 2010). Causal mod-
elling investigating the co-occurrence of ADHD and ASD in family members of people with a neurodevelopmental condition revealed
a strong causal link between impulsivity and social difficulties (Sokolova et al., 2017). This finding supports the idea that shared
biological mechanisms might lead to the emergence of common behavioral traits at the end of the first year of life in children with
elevated likelihood of neurodevelopmental disorders (Johnson, Gliga, Jones, & Charman, 2014).

5. Conclusions

In a proof-of-principle study, we explored the potential of imaging-behavior-epigenetics studies in longitudinal cohorts of in-
dividuals with a familial history of neurodevelopmental disorders. Given the exploratory nature of the present study, an extension, as
well as replication, of these findings is warranted. Our sample size, although similar to many previous studies, is too small to provide
high confidence in the results (Sonuga-Barke & Fearon et al., 2018). Undoubtedly, our EWAS analyses were underpowered to provide
epigenome-wide significant results (see Table D.6). Larger samples can help to identify weaker signals but are counterbalanced by
important limitations such as increasing heterogeneity and less precise and less informative phenotypes. We only included male
infants to reduce heterogeneity, but obviously this means our results will not necessarily generalize to females. As noted, the Illumina
450 K array used in the current study covers only 2% of the CpG sites; future studies should consider obtaining better genome
coverage using EPIC BeadChip (which interrogates > 850,000 CpG sites) or whole-genome bisulfite sequencing (Pidsley et al., 2016),
though this has cost implications. In practice there is often a trade-off between sample size and density of coverage that can be
achieved. Future researchers will need to carefully evaluate means to conduct well-powered and biologically informative studies.

Promising signals were observed at the single-probe level, replicating the contribution of several genes implicated in biological
mechanisms for ASD. We showed how infant-siblings designs offer the possibility to investigate the effects of suggestive signals on
experimental data collected as part of the longitudinal study, to test specific hypotheses of biological mechanisms underlying in-
dividual differences. Mapping networks of co-methylated probes associated with neural correlates of social attention showed several
candidate pathways potentially involved in brain development. This is consistent with previous evidence that neuroimaging phe-
notypes may produce higher effect sizes because they are closer to the neurobiological level (Gliga et al., 2014; Nikolova & Hariri,
2015). Longitudinal modelling indicated promising signals associated with developmental changes in looking behavior during social
attention and adaptive skills, although larger samples and complete datasets are needed to obtain generalizable results. We suggest
that incorporation of epigenetic analysis into prospective longitudinal designs is a potentially fruitful approach to illuminating the
neurobiological mechanisms underlying ASD.
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