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Children born preterm are at heightened risk of neurodevelopmental impairments, including 

Autism Spectrum Disorder (ASD). The placenta is a key regulator of neurodevelopmental 

processes, though the underlying molecular mechanisms remain unclear. Here, we employed a 

multi-omic approach to identify placental transcriptomic and epigenetic modifications related 

to ASD diagnosis at age ten, among children born preterm. Working with the Extremely 

Low Gestational Age (ELGAN) cohort, we hypothesized that a pro-inflammatory placental 

environment would be predictive of ASD diagnosis at age ten. Placental messenger RNA (mRNA) 

expression, CpG methylation, and microRNA (miRNA) expression were compared among 368 

ELGANs (28 children diagnosed with ASD and 340 children without ASD). A total of 111 

genes displayed expression levels in the placenta that were associated with ASD. Within these 

ASD-associated genes is an ASD regulatory complex comprising key genes that predicted ASD 

case status. Genes with expression that predicted ASD case status included Ewing Sarcoma 

Breakpoint Region 1 (EWSR1) (OR: 6.57 (95%CI: 2.34, 23.58)) and Bromodomain Adjacent 

To Zinc Finger Domain 2A (BAZ2A) (OR: 0.12 (95%CI: 0.03, 0.35)). Moreover, of the 111 

ASD-associated genes, nine or 8.1% displayed associations with CpG methylation levels, while 

14 or 12.6% displayed associations with miRNA expression levels. Among these, LRR Binding 

FLII Interacting Protein 1 (LRRFIP1) was identified as being under the control of both CpG 

methylation and miRNAs, displaying an OR of 0.42 (95% CI: 0.17, 0.95). This gene, as well 

as others identified as having functional epimutations, plays critical roles in immune system 

regulation and inflammatory response. In summary, a multi-omic approach was used to identify 

functional epimutations in the placenta that are associated with the development of ASD in 

children born preterm, highlighting future avenues for intervention.

Lay Summary:

Children who are born preterm have an increased risk for neurodevelopmental impairments 

including autism spectrum disorder (ASD). The placenta is known to play a pivotal role in 

child development, and is posited to regulate neurodevelopment as well. Our research reveals a 

significant number of placental genes expressed in relation to ASD, and that many of these genes 

are under the control of epigenetic processes. This research is important for understanding how the 

placenta may contribute to the development of ASD later in life in children born preterm.
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Introduction:

Children born preterm are at an increased risk for neurodevelopment impairments, including 

complex developmental conditions such as Autism Spectrum Disorder (ASD) (Anderson, 

2014; Chen et al., 2019). Increasing evidence suggests an association exists between the 

in utero environment, altered placental function, and child health later in life (Goyal, 

Limesand, & Goyal, 2019; Green & Arck, 2020; O’Donnell & Meaney, 2017). The 

current literature establishes a connection between intrauterine inflammation and preterm 

birth (Green & Arck, 2020; Humberg et al., 2020; Outcomes, 2007). Recent studies have 
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demonstrated links between inflammation and early- and later-life neurodevelopmental 

outcomes, such as ASD (Jiang, Cowan, Moonah, & Petri, 2018; Leviton, Gressens, 

Wolkenhauer, & Dammann, 2015; Meltzer & Van de Water, 2017; Vohr, Poggi Davis, 

Wanke, & Krebs, 2017). The relationship between in utero inflammation and ASD risk later 

in life is also supported in preclinical models, where immune system dysregulation during 

pregnancy is tied to behavioral features characteristic of ASD (Favrais et al., 2011; Hagberg, 

Gressens, & Mallard, 2012; Hagberg et al., 2015; Patterson, 2011). While the in utero 
environment likely contributes to ASD, the specific components of the placental cellular 

machinery (e.g., transcriptomic, epigenomic, or proteomic) and key target genes underlying 

this association in children born preterm remains understudied.

Numerous studies have examined individual components of the placental cellular machinery 

to identify key genes and pathways as they relate to child health later in life (Bangma, 

Hartwell, Santos, O’Shea, & Fry, 2021; Oldenburg et al., 2021; Peng et al., 2017; Tilley et 

al., 2017). For example, our previous work uncovered novel associations between placental 

CpG methylation of key genes and cognitive outcomes at 10 years of age (Tilley et al., 

2018). Still, there is limited research into how the various components of the placental 

cellular machinery interact with one another to regulate developmental processes. A multi-

omic approach can provide a more robust understanding of the cellular contributions to 

later-life disease, specifically employing assessments of differential expression of mRNA, 

miRNAs, and CpG methylation (Hodyl, Roberts, & Bianco-Miotto, 2016; Schepici, Cavalli, 

Bramanti, & Mazzon, 2019). To address this, our research team recently employed a multi-

omic kernel aggregation analysis of placental transcriptomic and epigenomic datasets to 

predict intellectual and social impairment, two neurological outcomes that are associated 

with ASD (Santos et al., 2020). Still, a gap exists in identifying the specific components of 

the placental cellular machinery, and key target genes, associated with ASD. This research 

aims to fill this gap by evaluating associations between the components of the placental 

cellular machinery and ASD, using a multi-omic approach.

The placenta is critical for healthy fetal development, as it serves as the regulator of the 

uterine environment by transporting nutrients and gas to the fetus, secreting hormones, and 

removing waste (Gude, Roberts, Kalionis, & King, 2004; Guttmacher, Maddox, & Spong, 

2014). Abnormal placental function during pregnancy is tied to adverse later-life outcomes 

in the offspring including heart disease, obesity, and impaired neurodevelopment (Barker, 

Bull, Osmond, & Simmonds, 1990; Bronson & Bale, 2016). In particular, alterations in the 

placental transcriptome have been linked to brain damage and to the development of adverse 

neurodevelopmental outcomes (Bangma et al., 2021; Freedman et al., 2022; Marable, Roell, 

Kuban, O’Shea, & Fry, 2022; Oldenburg et al., 2021) supporting the placenta-brain-axis. 

Still, the role of the placental epigenome in regulating these transcriptome-level changes is 

not well established.

In this study, we conducted a multi-omic analysis integrating mRNA expression data, CpG 

methylation data, and miRNA expression data from the placenta. These were studied in 

relation to the development of ASD at 10 years of age in children from the Extremely 

Low Gestational Age Newborn (ELGAN) study, with replication in the Rhode Island Child 

Health Study (RICHS). Given the complexity of this developmental disorder, we used a 
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multi-tiered approach to identify gene expression profiles in the placenta associated with 

ASD status, and to establish whether these genes were under the control of CpG methylation 

or miRNAs. This study is among the first to integrate numerous components of the placental 

cellular machinery to predict the onset of ASD in children.

Methods:

ELGAN Recruitment and Study Participants

The process for recruitment for the ELGAN study has been described in detail elsewhere 

(O’Shea et al., 2009). From 2002 to 2004, in 14 hospitals in five states in the United 

States, women who gave birth before 28 weeks gestational age were asked to participate 

in the study (O’Shea et al., 2009). The study was approved by the Institutional Review 

Board at each participating institution. After delivery, a trained nurse measured demographic 

and pregnancy variables using a structured questionnaire. The ELGAN cohort consists 

of 1,506 infants, from a total of 1,249 mothers recruited. Of this group, 1,405 placentas 

were collected. Subsequent analysis was restricted to those placentas that were available 

for ELGANs who were assessed at age 10 and placentas that had sufficient quality and 

quantity for the CpG methylation, mRNA sequencing, and miRNA sequencing resulted in 

a total of 368 samples for analysis. For this prospective case-control study, the exposures 

of interest are the placental transcriptomic and epigenomic measures, and the outcome of 

interest is ASD diagnosis at age 10, among infant born extremely preterm. A total of 28 

placental samples were from ASD cases, and 340 placentas were from non-cases for the 

gene expression and CpG methylation analysis. For the miRNA analysis, a total of 27 

placental samples were from ASD cases, and 339 placentas were from non-cases.

ASD diagnosis in ELGANs

All participants were assessed for ASD at 10 years of age (Joseph, O’Shea, et al., 

2017). Diagnostic assessment of ASD was conducted with three well-validated measures, 

administered sequentially. First, the Social Communication Questionnaire (SCQ) was 

administered to screen for potential ASD, using a score ≥ 11 to increase sensitivity relative 

to the standard criterion score of ≥ 15 (Joseph, Korzeniewski, et al., 2017; Joseph, O’Shea, 

et al., 2017). For children who screened positive on the SCQ criterion, we conducted the 

Autism Diagnostic Interview–Revised (ADI-R) with the primary caregiver (Lord, Rutter, & 

Le Couteur, 1994). All children who met ADI-R criteria for ASD, or who had a prior clinical 

diagnosis of ASD and/or exhibited symptoms of ASD during cognitive testing according to 

the site psychologist were then assessed with the Autism Diagnostic Observation Schedule, 

Second Version (ADOS-2) Module 1, 2, or 3, depending on language level (no speech/single 

words, phrase speech, or fluent speech, respectively). The ADOS-2 served as the criterion 

measure of ASD in this study. All ADOS-2 administrations were independently scored by 

a second rater with autism diagnostic and ADOS-2 expertise, as detailed in Joseph 2017 

(Joseph, O’Shea, et al., 2017).

General cognitive and language abilities

General cognitive ability (or IQ) was assessed with the School-Age Differential Ability 

Scales-II (DAS-II) Verbal (VIQ) and Nonverbal Reasoning (NVIQ) scales (Elliot, 2007). 
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Language ability was evaluated with the Oral and Written Language Scales (OWLS) 

Oral Expression and Listening Comprehension subtests, which assess production and 

comprehension of elaborated sentences (Carrow-Woolfolk, 1995).

Sample Collection

Placental collection for the ELGAN study has been described previously (Onderdonk et al., 

2008). Briefly, placentas were collected upon delivery and placed in a sterilized basin to 

transport to the sampling room for biopsy. The chorion was exposed via retraction of the 

amnion. A sample (<1 g) was removed by applying traction to the chorion and trophoblast 

tissue from the base of the chorion. Samples were placed in a sterile two-mL cryovial 

and subsequently submerged into liquid nitrogen and transferred to a −80°C freezer for 

long-term storage. Placental tissue samples were batch-shipped frozen to the University 

of North Carolina at Chapel Hill for processing. These samples were first processed by 

placing the placental biopsy-containing cryotubes on dry ice. Frozen tissue samples were 

sliced into roughly 0.02g segments using a sterile dermal curette, and washed in 1x PBS, to 

reduce blood contamination (Fisher Scientific, Waltham, MA). Washed samples were snap 

frozen immediately in homogenization tubes and placed back to dry ice to preserve sample 

integrity. Tissue segments were homogenized using a sterile stainless-steel bead (Qiagen, 

Germantown, MD) in RLT+ lysis buffer (Qiagen) with TissueLyserII (Qiagen). Following, 

samples were clarified by spinning to collect cellular debris and the bead. Homogenated 

samples were stored at −80°C until nucleic acid extraction.

Placental DNA and RNA Extraction and Quantification

The homogenized placental samples previously collected and frozen were thawed and 

used for nucleic acid extraction. Nucleic acids were extracted using an AllPrep DNA/RNA/

miRNA Universal kit (Qiangen, Germany). The quantity and quality of DNA and RNA 

were analyzed using the NanoDrop 1000 spectrophotometer. The nucleic acid integrity was 

verified by the Agilent 2100 BioAnalyzer.

RNA sequencing

RNA molecules 18 nucleotides or greater were extracted using the AllPrep DNA/RNA/

miRNA Universal kit (Qiagen), as previously noted. mRNA expression was determined 

using the Illumina QuantSeq 3’ mRNA-Seq Library Prep Kit, which has high strand 

specificity and can quantify transcripts with lower range RNA integrity numbers (RINs). 

mRNA-sequencing libraries were pooled and sequenced (single-end 50 bp) on one 

lane of the Illumina Hiseq 2500. mRNAs were quantified through pseudo-alignment 

with Salmon v.14.0 (Patro, Duggal, Love, Irizarry, & Kingsford, 2017), mapped to the 

GENCODE Release 31 (GRCh37) reference transcriptome. Raw and processed signature 

data are available through the National Center for Biotechnology Information (NCBI) Gene 

Expression Omnibus (GEO) repository under GEO series GSE154829 (NCBI, 2020).

Placental CpG methylation

DNA sequences previously extracted were bisulfate-converted using the EZ DNA 

methylation kit (Zymo Research, Irvine, CA), then quantified using the Infinium 
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MethylationEPIC BeadChip (Illumina, San Diego), which measures CpG loci at a single 

nucleotide resolution, which has been previously described (Addo et al., 2019; Clark et al., 

2019; Santos et al., 2019). Quality control and normalization were performed resulting in 

3,747 CpG probes from downstream data processing and statistical analysis. Methylation is 

represented as the average methylation level at a single CpG site.

Differential expression testing of the ASD-associated mRNA

Similar to our prior genome-wide mRNA and miRNA analyses (Eaves et al., 2020; Payton 

et al., 2020) universally lowly expressed transcripts were excluded, requiring that >25% of 

the samples be expressed at signals above the overall median signal intensity. This resulted 

in n = 11,229 mRNA transcripts being included in the models. QA/QC was conducted on 

the count data in order to identify any subjects with outlier values. This was done utilizing 

hierarchical clustering and principal components, with the hclust and prcomp functions, 

respectively. This resulted in the removal of n= four outlier subjects that were clearly 

differentiated from the others, resulting in the final n=368.

The DESeq2 package (v 1.24.0) was used to normalize the count data, resulting in variance 

stabilized counts (Ashrap et al., 2020). The SVA package (v 3.32.1) was used to account for 

potential batch effects and sources of sample heterogeneity with control probes empirically 

estimated using default parameters. Three surrogate variables were calculated and included 

as covariates in the statistical model. A model was constructed based on covariates that 

were significantly associated (p < 0.05) or had known relationships with placental miRNA 

and/or mRNA expression levels and ASD. This was intended to capture potential sources 

of bias while mitigating loss of precision. This resulted in the inclusion of the following 

covariates: birthweight-for-gestational age (binned according to z-score normalized range: 

< −2; −2 ≥ and < −1; −1 ≥ and < 1; ≥1), gestational days (continuous), maternal age 

(continuous), maternal education (binned according to years of education: < 12; 12; 13–15; 

16; > 16 years), race (categorical: white/black/other), and sex (categorical: male/female). 

Statistical methods employing negative binomial generalized linear models within DESeq2 

were used to identify miRNAs and mRNAs with differential expression according to ASD, 

controlling for covariates listed previously as well as three surrogate variables. The p-values 

were adjusted using the Benjamini and Hochberg (BH) procedure to account for multiple 

testing. Differentially expressed mRNAs were defined as those with a false discovery rate 

(BH- adjusted p) < 0.1.

Identifying placental mRNAs that are predictors of ASD case status

For mRNAs identified as significantly differentially expressed in the DESeq2-based 

analysis, their capacity to predict ASD case status was estimated using logistic regression 

models to derive adjusted odds ratios (ORs). For calculating the adjusted ORs across all 

participants (n=366), each participant’s mRNA expression was first categorized as high (> 

median) or low (≤ median) for each of the 111 significantly differentially expressed genes. 

Then, an adjusted logistic regression model was fit with ASD as the dependent variable, and 

the binary high or low gene variable as the independent variable. The same covariates were 

incorporated as for the differential expression analysis (i.e., birthweight-for-gestational age, 
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gestational age, race, maternal age, infant sex, and maternal education). Significance was set 

at p-value <0.05.

Identification of miRNA targets of the ASD-associated genes and miRNA differential 
expression analysis

Following the identification of ASD-associated genes, miRNAs predicted to target these 

mRNAs were identified using an in silico approach utilizing TargetScan(Vikram, 2018). 

TargetScan searches for the presence of sites that match the seed region of each miRNA. 

miRNA-mRNA interactions were queried, based on algorithms that identify potential 

matches between 3’-untranslated mRNA regions and miRNA seed sequences(V. Agarwal, G. 

W. Bell, J. W. Nam, & D. P. Bartel, 2015; Rager et al., 2014). The interactions were filtered 

for high predicted confidence, as defined by those with a context plus score < −0.4. The 

context plus score controls for factors influence miRNA targeting, including local adenine 

and uracil content, target site abundance, supplementary pairing, miRNA binding site type 

and location, and seed-pairing stability (Garcia et al., 2011).

The predicted miRNAs generated using TargetScan were then queried for differential 

expression in the placenta by ASD status. Differential expression of miRNAs was queried 

using similar methods to those described above with mRNA, including filtering out 

universally lowly expressed counts, QA/QC process, the same model specification and 

utilizing the DeSeq2 package. QA/QC identified n= two additional outliers in the miRNA 

data, resulting in n=366 subjects included in the miRNA models. Differentially expressed 

miRNAs were defined as those with a false discovery rate (BH- adjusted p) < 0.1.

Identification of CpG methylation sites of the ASD-associated genes and differential 
methylation analysis

To evaluate potential epigenetic control by CpG methylation, CpG sites mapped to ASD-

associated genes were identified using the Infinium MethylationEPIC v1.0 B4 Manifest 

file (MethylationEPIC). In testing the hypothesis that placental methylation of CpG sites 

annotated to ASD-associated genes is associated with ASD diagnosis at age ten, we 

implemented a logistic regression model at each of the probes. The general model includes 

whether a child was diagnosed with ASD at age 10 and the average methylation level 

(M-value) for a probe located within a CpG site mapped to an ASD-associated gene, as 

measured in placental tissue. A beta coefficient was also incorporated into the model, 

representing the log(OR) of ASD diagnosis at age 10 corresponding to a one-unit increase 

in methylation at the respective CpG probe. An error term and a matrix of potential 

confounders representing adjustments made for birth weight, gestational age, maternal age, 

maternal education, race, and sex was also included in the model. Potential epigenetic 

control was then evaluated for CpG sites significantly associated with ASD diagnosis at 

age ten using a Pearson correlation test of CpG methylation levels (M-values) and mRNA 

expression levels (variance-stabilized counts). ASD-associated mRNAs were considered 

under putative epigenetic control by CpG methylation if CpG-mRNA pairings were 

significant (p < 0.05) and inversely (r<0) correlated. All statistical analysis was conducted in 

R (v.4.0.3).
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Network analysis

To understand the relationship among the proteins encoded by the genes that were 

differentially expressed in relation to ASD in the placenta, a network analysis was 

created, generating the visual representation of the ASD regulatory complex. The list 

of 111 differentially expressed genes was analyzed using the Search Tool for Retrieval 

of Interacting Genes/Proteins (STRING), a web-based software for understanding protein-

protein interaction networks and functional enrichment (STRING, 2022). The resulting 

network was graphed using Cytoscape, an open-source software platform for visualizing 

complex interactions within networks (Shannon et al., 2003). Five clusters were noted, as 

detailed in Supplemental Tables 2, 4 and 6. These clusters represent proteins encoded by 

the ASD-associated genes. Specifically, those that were: 1) CpG methylation-controlled; 2) 

miRNA-controlled; 3) CpG methylation- and miRNA-controlled; 4) epigenetic independent; 

and 5) predictors of ASD case status.

Biological pathway enrichment

To identify the functional effects of the differentially expressed genes in relation to ASD, 

QIAGEN’s Ingenuity Pathway Analysis (IPA), was employed coupled with a search of the 

current literature. Two gene sets were analyzed from the 111 genes expressed with relation 

to ASD; one comprising genes for which expression in the placenta was higher in children 

later diagnosed with ASD (n= four), and one comprising the genes for which expression in 

the placenta was lower in children later diagnosed with ASD (n=107). The resulting analyses 

were used to classify the members of the ASD-associated genes in terms of their biological 

functions and processes.

Replication of data from the RICHS Cohort

Data from the replication cohort were derived from the Rhode Island Child Health 

Study (RICHS) Recruitment for the RICHS has been described elsewhere (Bhattacharya 

et al., 2022;E. Kennedy et al., 2020). Briefly, enrolled mother-infant pairs from the 

Women & Infants Hospital in Providence, Rhode Island from 2010–2013. Mothers 

without life-threatening conditions at least 18 years of age were eligible, with singleton 

pregnancies without congenital/chromosomal abnormalities at or after 37 weeks of 

gestation. Additionally, RICHS oversampled for large-for-gestational age (>90th birth 

weight percentile) and small-for-gestational age (<10th birth weight percentile) infants. All 

participants provided written informed consent and all protocols were approved by the IRBs 

at the Women & Infant Hospital of Rhode Island and Emory University. The replication 

cohort uses data from n= 119 participants. RNA sequencing data provided for this study was 

evaluated using the HiSeq 2500 platform (Illumina) and expression analysis was performed 

using DESeq2. Data provided by RICHS for miRNA expression were sequenced by Omega 

Bioservices (Norcross, Georgia) and analyzed using DESeq2 (E. M. Kennedy et al., 2021). 

Data provided by this study for site-specific measures of placental DNA methylation were 

evaluated using the Illumina Infinium Human MethylationEPIC BreadChip (Illumina), and 

analyzed using the minfi Bioconductor package in R (Tian et al., 2020). A regression 

analysis was run to test for replication of CpG-mRNA and miRNA-mRNA expression pairs 

that were statistically significant in the ELGAN cohort.
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Results:

Demographic characteristics of the ELGANs.

Transcriptomic and epigenomic analyses were conducted in n=368 ELGAN subjects for the 

present study. General characteristics of the ELGAN participants, including ASD diagnosis, 

are summarized in Table 1. Among the 368 ELGANs, 28 (8%) of the infants were diagnosed 

with ASD at age 10. The average gestational age for infants was 26.0 weeks. Mean 

birthweight was significantly different between ASD cases and non-cases, 747 versus 841 

grams, respectively. The overall average age of participating mothers at birth was 29.7 

years. The prevalence of fetal growth restriction/SGA, defined as birthweight z-score, was 

the most significantly different variable between ASD cases and non-cases in the ELGAN 

sample. Because birthweight was significantly different between ASD cases and non-cases, 

it was included in subsequent models as a confounder, as was birthweight-for-gestational 

age which normalizes birthweight within gestational age categories.

The cohort comprises 175 (47.6%) females and 193 (52.4%) males. Demographic 

characteristics of the ELGANs stratified by sex are provided in Supplemental Table 1. No 

statistically significant differences in demographic characteristics were observed between 

males and females in this study. Among the ASD cases, 21 (75%) were male and seven 

(25%) were female (Table 1).

In relation to the cognitive and language characteristics of the 28 ELGANs with ASD, 

mean scores for ADOS-2 Social Affect, Restricted and Repetitive Behaviors, DAS-II IQ and 

OWLS language ability scores are presented in Table 2. Across ADOS-2 modules, there are 

10 Social Affect items, yielding total scores from 0–20, and four Restricted and Repetitive 

Behavior scores, yielding total scores from 0–8. Statistically significant differences were 

observed between ASD cases and non-cases for each of the measures presented (Table 2).

Genome-wide RNA sequencing-based analysis identified 111 mRNAs in the placenta 
associated with ASD.

We used a multi-tiered analytical approach to identify mRNAs in the placenta in ELGANs 

associated with ASD, followed by those that were also under epigenetic control (Figure 1). 

Differential expression analysis of the RNA sequencing data resulted in the identification of 

111 genes that were significantly (BH p-value<0.1) differentially expressed in the placental 

of children who developed ASD versus non-cases (Supplemental Table 2). Of these 111 

genes, DESeq2 analysis highlighted four (3.6%) that displayed increased expression and 107 

(96.4%) that displayed decreased expression in relation to ASD (Figure 2).

The relationship between the expression levels of each of these 111 ASD-associated genes 

and their capacity to predict ASD case status was quantified using logistic regression models 

resulting in adjusted odds ratios (Supplemental Table 2). A total of 15 genes were identified 

as having statistically significant (p-value <0.05) ORs with expression concordant to the 

DESeq2 fold changes. The ORs ranged from 0.16–6.57. The highest ORs were identified 

for the following: Ewing Sarcoma Breakpoint Region 1 (EWSR1) (OR: 6.57 (95%CI: 2.34, 

23.58)), Activating Transcription Factor 7 Interacting Protein (ATF7IP) (OR: 3.45 (95%CI: 

1.39, 9.83)), and DEAD-Box Helicase 59 (DDX59) (OR: 2.84 (95%CI: 1.18, 7.60)). High 
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ORs indicate that high placental mRNA levels are predictive of ASD status at age 10. 

Conversely, the lowest ORs were identified for the following: Adaptor Related Protein 

Complex 3 Subunit Delta 1 (AP3D1) (OR: 0.19 (95%CI: 0.06, 0.48)), Mitochondrially 

Encoded Cytochrome C Oxidase III (MT-CO3) (OR: 0.19 (95%CI: 0.06, 0.48)), and 

Bromodomain Adjacent To Zinc Finger Domain 2A (BAZ2A) (OR: 0.12 (95%CI: 0.03, 

0.35)). Low ORs indicate that low placental mRNA levels are predictive of ASD status at 

age 10.

A biological functional analysis of the 111 ASD-associated genes highlighted roles 

in immunological disease, inflammatory response, chromatin regulation, and cancer 

(Supplemental Table 2). Further, network analysis was conducted to understand the 

relationships among the proteins encoded by these genes (Figure 3). Among the 111 

genes, 90 displayed known protein-protein interactions and are termed the ASD regulatory 

complex (Figure 3). Several of the ASD-associated genes are noteworthy for their roles in 

inflammation and immune response including Collagen Type IV Alpha 1 Chain (COL4A1), 

Annexin A1 (ANXA1), DEK Proto-Oncogene (DEK), ATPase Plasma Membrane Ca2+ 

Transporting 1 (ATP2B1), Ribosomal Protein L32 (RPL32), Heat Shock Protein 90 Beta 

Family Member 1 (HSP90B1), Eukaryotic Translation Elongation Factor 1 Alpha 1 

(EEF1A1), BBX High Mobility Group Box Domain Containing (BBX), and LRR Binding 

FLII Interacting Protein 1 (LRRFIP1) (Supplemental Table 2).

Targeted analysis of CpG sites mapped to ASD-associated mRNAs identified 10 CpG sites 
differentially methylated in relation to ASD.

To investigate epigenetic control of placental transcription by CpG methylation, we 

performed targeted CpG methylation analysis of the 3,747 CpG sites that mapped to 

the 111 ASD-associated genes. Of these, 142 CpG sites displayed differential DNA 

methylation in relation to ASD mapping to 60 of the 111 ASD-associated genes (Figure 

4a, Supplemental Table 3). As CpG methylation can control expression of mRNAs, we 

performed a correlation analysis between the M-values of the ASD-associated CpG sites and 

variance-stabilized expression levels of ASD-associated genes. This analysis identified 10 

CpG-mRNA pairs that were significantly associated (Supplemental Table 4), representing 

nine unique genes. Specifically, the expression levels of nine of the 111 (8.1%) of the 

ASD-associated genes were correlated with CpG methylation levels either within or near 

sites of the genes, suggesting potential epigenetic control of gene expression associated with 

ASD. An example of one of the significant pairs, cg10493270-ARHGEF12, is illustrated in 

Figure 4b.

miRNA-based analysis identified 17 miRNAs with differential expression in relation to ASD 
and ASD-associated transcript level changes.

To examine the relationship between miRNA expression and mRNA abundance, TargetScan 

(V. Agarwal, G. W. Bell, J.-W. Nam, & D. P. Bartel, 2015) was used to identify miRNAs 

known to target ASD- associated mRNAs. 769 miRNAs were identified as potential 

regulators of the 111 ASD-associated genes. Of these, a total of 343 miRNAs had count 

levels above background filtering levels within our dataset, and were thus able to be 

evaluated for differential expression. Of these, 28 miRNAs displayed differential expression 
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levels between placentas from ELGANs who were later diagnosed with ASD versus non-

cases (Figure 5a, Supplemental Table 5). Further, through a correlation analysis, 17 mRNA-

miRNA pairs were identified where 15 unique miRNAs displayed a strong correlation with 

their target mRNAs, representing 14 unique genes (Supplemental Table 6). Together, 14 

of the 111 (12.6%) ASD-associated genes were predicted to be regulated by miRNAs, 

suggesting potential post-transcriptional control of placental gene expression associated 

with ASD. An example of the correlated miRNA-mRNA pair, miR-27b-3p-ANKRD36 is 

displayed in Figure 5b.

ASD-associated gene LRRFIP1 is controlled via both miRNA and CpG methylation change.

Comparing the genes that were under either CpG methylation or miRNA control revealed 

that the expression of one ASD-associated gene was correlated with both miRNA expression 

levels and CpG methylation levels, namely LRR Bindings FLII Interacting Protein 1 

(LRRFIP1). LRRFIP1 demonstrated decreased expression in relation to ASD diagnosis 

at age 10 (Supplemental Table 2). LRRFIP1 expression was significantly correlated 

with cg23517743 methylation, and miR-744–3p expression, both demonstrating a positive 

correlation between the epigenetic modifier and gene expression (Supplemental Tables 4 

and 6). Interestingly, the expression of LRRFIP1 also demonstrated a predictive capacity for 

ASD case status with an OR of 0.42 (95% CI: 0.17, 0.95) (Supplemental Table 2).

Replication cohort.

A cohort that would allow for complete replication of all data (particularly the ASD 

diagnosis) in this study is not available. For those components of the study that could be 

compared, the RICHS study (n= 199) was used to assess CpG methylation-mRNA pairs and 

miRNA-mRNA pairs. Of the 10 CpG-mRNA expression pairs that displayed significant 

associations in the ELGAN cohort, five of the pairs also shared similar directionality 

in their association from the RICHS cohort yet did not reach statistical significance 

(Supplemental Table 4). An example of one of the displayed pairs, cg10493270-ARHGEF12 
is illustrated in Supplemental Figure 1. Of the 17 miRNA-mRNA expression pairs that 

displayed significant associations within the ELGAN cohort, seven of the pairs showed 

similar directionalities in their associations in the replication cohort with miR-27b-3p-

ANKRD36 and miR-199b-5p-SRRM1 showing statistical significance (Supplemental Table 

6, Supplemental Figure 2).

Discussion:

The placenta is a critical, yet transient, organ linking the early life environment of the fetus 

to later in life child outcomes. Our data support that the analysis of -omic data measuring 

levels of components of the placental cellular machinery at the time of birth reflects a 

placental “recording” of the early life environment (Clark et al., 2019). This suggests that 

transcriptomic and epigenomic signatures measured in placental tissue may provide insight 

into the origins of later in life disease. The current study employed a multi-omic approach 

to identify associations between various components of the placental cellular machinery 

and ASD diagnosis later in life in ELGANs. Using a genome-wide differential expression 

analysis, a total of 111 ASD-associated genes were identified. Within these genes was the 
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ASD regulatory complex including genes with expression levels that serve as predictors of 

ASD case status. By integrating data on the expression of the 111 ASD-associated mRNAs, 

with the expression of miRNAs, and the methylation levels of CpG sites, it was observed 

that roughly 12% and 8% of the ASD-associated genes displayed functional epimutations 

with expression under the epigenetic control of miRNAs and CpGs, respectively. In contrast 

to traditional mutations, epimutations result in chemical changes to DNA that do not change 

the DNA coding sequence. These data support our prior work that highlights epigenetic 

control of the placental transcriptome (Clark et al., 2021; Eaves et al., 2020), and extends 

this work to identify transcriptomic predictors of ASD status.

Interestingly, among the genes that were predictors of ASD status was EWSR1 and ATF7IP. 

For both genes, high expression of EWSR1 or ATF7IP in the placenta is associated with 

increased odds (OR~7 and OR~3, respectively) of developing ASD at age 10. Importantly, 

EWSR1 is involved in cell signaling, RNA processing and transport (Aynaud et al., 2020). 

Further, EWSR1 and ATF7IP are involved in chromatin regulation and organization (Aynaud 

et al., 2020; L. Liu et al., 2009). Given our a priori hypothesis that ASD-associated genes 

would be involved in inflammation and immune response, it is noteworthy that identified 

genes that strongly predict ASD case status are involved in chromatin regulation. DDX59 
(OR ~3) is implicated in nervous system development and function and is one that was 

highlighted in our recent article (Santos et al., 2020). Further, among the ASD predictors 

were UPF2 Regulator Of Nonsense Mediated MRNA Decay (UPF2) and Serine And 

Arginine Rich Splicing Factor 11 (SRSF11). Interestingly, in support of these findings, 

these genes have been highlighted as candidate ASD risk genes within the Simons 

Foundation Autism Research Initiative (SFARI) database (Banerjee-Basu & Packer, 2010). 

Further, impaired UPF2 function has been associated with neurodevelopmental dysfunction 

by activating the immune response (Johnson et al., 2019). Highlighting the potential 

relationship of the altered expression of these genes in the placenta and brain damage in 

the ELGAN neonate, four of the ASD predictors were also associated with cerebral white 

matter damage in neonates, namely, BAZ2A, MT-CO3, Bromodomain Containing 7 (BRD7) 
and Phosphoglucomutase 5 Pseudogene 2 (PGM5P2) (Marable et al., 2022).

An analysis of the ASD-associated genes that are under epigenetic control revealed 

that several that were correlated with CpG methylation levels also have known roles in 

inflammation and immune response. These genes include BBX (Moffitt et al., 2017), 

COL4A1 (Hetmanczyk-Sawicka et al., 2020; Kauerhof et al., 2019), and DEK (Kappes 

et al., 2008; Mor-Vaknin et al., 2006). Similarly, several of the ASD-associated genes 

under miRNA control have known roles in inflammation and/or immune-related processes, 

including ATP2B1 (Allantaz et al., 2007) and HSP90B1 (Graustein et al., 2018; He et 

al., 2019; Stengel et al., 2020). Interestingly, a single gene was identified to be associated 

with ASD and under the control of both miRNA expression and CpG methylation, namely 

LRRFIP1. In terms of the predictive capacity of this gene, high expression of LRRFIP1 in 

the placenta was associated with lower odds of a child developing ASD at age 10 suggesting 

a protective role for this gene. Studies have demonstrated that LRRFIP1 plays multiple 

roles in the regulation of biological systems including immune response to microorganisms, 

as well as auto-immunity, signal transduction pathways and transcriptional regulations of 

genes (Takimoto, 2019). LRRFIP1 plays a role in regulating inflammation, which may 
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cause physiological vulnerabilities during development. Specifically, LRRFIP1 plays a role 

in repressing Tumor Necrosis Factor Alpha (TNF-α), a pro-inflammatory cytokine with 

diverse roles in the regulation of immune and inflammatory responses (Suriano et al., 2005; 

Takimoto, 2019). Furthermore, it has been characterized as a transcriptional repressor to an 

upstream element of Epidermal Growth Factor Receptor (EGFR) gene (Takimoto, 2019). 

Interestingly, LRRFIP1 largely plays a role in enhances the interactions of certain proteins 

to increase the transcription of type 1 interferon (INF) gene, leading to NF-κB activation 

(Y. Liu et al., 2015; Plourde et al., 2013). In the present study, LRRFIP1 displayed lower 

expression in placentas collected from children who went on to develop ASD, suggesting the 

potential for enhanced TNF-α and EGFR expression. Notably, these data suggest that low 

placental expression of LRRFIP1 in relation to later-life ASD diagnosis may be enhanced 

by epimutations, given that CpG methylation and miRNA expression were positively 

correlated with LRRFIP1 expression. Studies investigating genetic influences specific to 

autism-associated behaviors have also found that LRRFIP1 is associated with quantitative 

trait nucleotides (QTN) or quantitative trait loci (QTL) associated with spoken language 

(Devlin, 2015; Hu, Devlin, & Debski, 2019).

This study examined the relationship between placental omics data and ASD risk later in 

life, in a cohort of infants all born extremely preterm. The relationship between preterm 

birth and ASD is complex, where perinatal environmental factors may lead to altered 

inflammatory and immune signaling which may lead to preterm birth (Green & Arck, 

2020; Humberg et al., 2020). Still, not all children within the ELGAN cohort developed 

ASD, suggesting other factors beyond preterm birth, such as perinatal inflammation, are 

likely contributing factors to disease risk. Our analyses still leave open the possibility 

of inflammation persistence as a driver of ASD. It is plausible that inflammatory 

signals, beginning as early as the first trimester, could initiate a cascade of inflammatory 

events resulting in dysregulation of placental development, postnatal inflammation and 

subsequent disrupted fetal brain development. Preclinical models provide support for this 

concept, showing that intrauterine inflammation can lead to neuroinflammation that persists 

postnatally and is associated with disrupted brain development (Favrais et al., 2011). There 

is a large body of epidemiologic literature describing the relationship between prenatal 

inflammation, postnatal inflammation, and impaired neurodevelopment, reviewed in Jian 

2018, Leviton 2015, Meltzer 2017, and Vohr 2017 (Jiang et al., 2018; Leviton et al., 2015; 

Meltzer & Van de Water, 2017; Vohr et al., 2017). Across epidemiologic studies, there are 

three primary stages during which inflammation has been associated with ASD risk. First, 

related to the prenatal/in utero period, fetal head growth measurements during the second 

and third trimester of pregnancy provide evidence of disrupted brain development as a 

possible marker of ASD (Bonnet-Brilhault et al., 2018; Caly et al., 2021). Further supporting 

this in utero linkage, fetal growth restriction in the ELGAN cohort was associated with an 

increased risk of ASD (Korzeniewski et al., 2017). Second, related to measurements at birth, 

the data from this study support a link between functional epimutations in the placenta and 

ASD. Specifically, genes involved in various biological processes including inflammation 

and immune response, as well as chromatin regulation were identified as strong predictors 

of ASD risk. Lastly, relating to the postnatal period, disrupted signaling of inflammatory 

markers in circulating blood collected within the first weeks of life is associated with 
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increased risk of ASD in ELGANs (Korzeniewski et al., 2018). Further support for 

inflammation persistence postnatally, our research group has recently demonstrated strong 

associations between placental CpG methylation and intermittent or sustained systemic 

inflammation over the first two postnatal weeks of life within ELGANs (Eaves et al., 2022). 

Thus, when considering the early-life cascade of events, ASD risk is tied to inflammatory 

signals present during gestation, at delivery assessed in the placenta, as well as within 

the first few weeks of life, at least among infants born before 28 weeks. This work 

contributes to understanding these complex pre- and perinatal signals, by uncovering a 

novel link between placental immune and inflammation-related mRNAs, their epigenetic 

mediators, and ASD diagnosis later in life. Future research should investigate factors (e.g., 

fetal genotype, chemical exposures, maternal stress) that influence interindividual placental 

responses associated with later life ASD status.

This study employs multi-omic methods to further the understanding of the genes and 

pathways in the placenta that may play a role in the onset of ASD later in life. This 

study is not without limitations. This study focuses on a cohort of children born extremely 

preterm, which limits the generalizability of the results for children born at term. Still, the 

conservation of directionality in expression control of the miRNA-mRNA and CpG-mRNA 

pairs in the RICHS cohort, which consists of all term (<30 weeks gestational age) infants, 

lends support for the underling molecular mechanisms controlling the expression of these 

placental genes. Another limitation is the potential for selection bias due to the exclusion 

of children who died at birth or before age 10, or who were lost to follow-up exists. In 

spite of this, the cohort remains of sufficient size to identify key associations. While the 

results highlight genes with potential predictive capacity for ASD case status, these results 

should be validated in a larger and more diverse cohort, and their potential clinical role 

should be validated in subsequent studies. It is also important to note that an observational 

study cannot establish a causal relationship between placental omics data (miRNA and 

CpG methylation) and the development of ASD later in life. This research also has 

many strengths. Integrating data provided through RNA sequencing and DNA methylation 

analyses in the placenta allows for a novel multi-omic approach toward understanding 

epigenetic drivers of ASD. Future research can investigate which perinatal factors are 

associated with the altered expression of genes involved in the ASD regulatory complex to 

identify potential modifiable factors associated with later-life ASD diagnosis. Our findings 

contribute toward the mechanistic insights on ASD in children born preterm, and provide 

future avenues for research with an eye ultimately on intervention.
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Figure 1. 
Flowchart of workflow
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Figure 2. A volcano plot of the 111 ASD-associated mRNAs in the placenta.
Red indicates genes where the fold change (FC) >1.5 or <−1.5 and FDR p<0.1. Green 

indicates genes where the FC >1.5 or <−1.5. Blue indicates FDR p<0.1. Gray indicates 

genes that were not significant.

Freedman et al. Page 21

Autism Res. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Network analysis identified the ASD Regulatory Complex.
Network analysis of the 111 ASD-associated genes identified the complex (n= 90). Genes 

are represented in five clusters represented as differentially expressed genes under predicted 

epigenetic control as follows: CpG methylation-controlled (Purple); miRNA-controlled 

(Red); CpG methylation- and miRNA-controlled (Yellow); Epigenetic independent (Green); 

Predictors of ASD Case Status (Red halo)
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Figure 4. CpG sites (n= 142) associated with ASD at age 10 in ELGANs.
(a) Manhattan plot of identified CpGs mapped to chromosomal location in the placenta. (b) 

Correlation analysis of a representative pair for cg10493270 and ARHGEF12. Red indicates 

ASD case status and blue indicates non-case status.
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Figure 5. miRNAs (n= 28) differentially expressed in relation to ASD-associated genes.
(a) Volcano plot demonstrating miRNAs associated with ASD across human placenta 

samples. Red indicates genes where the fold change (FC) >1.5 or <−1.5 and FDR p<0.1. 

Green indicates genes where the FC >1.5 or <−1.5. Blue indicates FDR p<0.1. Gray 

indicates genes that were not significant. (b) Scatterplot demonstrating a correlated mRNA-

miRNA pair: mmiR-27b-3p-ANKRD36. Red indicates ASD case status and blue indicates 

non-case status.
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Table 1.
Demographic characteristics of the ELGAN study participants (n=368).

Subjects with missing data on were not included in the percentage calculation.

Overall (n=368) Non-Cases (n=340) ASD Cases (n=28) p-value*

N (%), or N (%), or N (%), or

Mean [SD] Mean [SD] Mean [SD]

Gestational Age (wks) 26.0 [1.29] 26.0 [1.29] 25.5 [1.26] 0.06

Gestational Age (wks) 0.07

23–24 weeks 83 (22.6%) 72 (21.2%) 11 (39.3%)

25–26 weeks 159 (43.2%) 148 (43.5%) 11 (39.3%)

27 weeks 126 (34.2%) 120 (35.3%) 6 (21.4%)

Birthweight (grams) 834 [189] 841 [188] 747 [172] 0.01

Birthweight (grams) 0.08

<= 750 137 (37.2%) 120 (35.3%) 17 (60.7%)

751–1000 163 (44.3%) 154 (45.3%) 9 (32.1%)

1001–1250 61 (16.6%) 59 (17.4%) 2 (7.14%)

>1250 7 (1.90%) 7 (2.06%) 0 (0.00%)

Child Sex 0.02

Female 175 (47.6%) 168 (49.4%) 7 (25.0%)

Male 193 (52.4%) 172 (50.6%) 21 (75.0%)

Multiple Births 0.77

Yes 134 (37.9%) 125 (38.2%) 9 (33.3%)

No 220 (62.1%) 202 (61.8%) 18 (66.7%)

Maternal Age (years) 29.7 [6.6] 29.7 [6.7] 29.8 [5.1] 0.89

Maternal Education 0.27

High School 139 (38.9%) 125 (37.8%) 14 (53.8%)

Some College 77 (21.6%) 73 (22.1%) 4 (15.4%)

College or Greater 141 (39.5%) 133 (40.2%) 8 (30.8%)

Public Insurance 0.32

Yes 123 (33.8%) 111 (39.2%) 12 (44.4%)

No 241 (66.2%) 226 (67.1%) 15 (55.6%)

Race 0.43

White 228 (62.3%) 213 (63.0%) 15 (53.6%)

Non-white 138 (37.3%) 125 (37.0%) 13 (46.4%)

Ethnicity 0.72

Non-Hispanic 336 (91.3%) 311 (91.5%) 25 (89.3%)

Hispanic 32 (8.7%) 29 (8.5%) 3 (10.7%)

Maternal Smoking Status 1.0

Yes 39 (10.8%) 37 (11.0%) 2 (7.7%)

No 322 (89.2%) 298 (89.0%) 24 (92.3%)

Maternal pre-pregnancy BMI 0.47

Underweight 26 (7.3%) 24 (7.3%) 2 (7.7%)
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Overall (n=368) Non-Cases (n=340) ASD Cases (n=28) p-value*

N (%), or N (%), or N (%), or

Mean [SD] Mean [SD] Mean [SD]

Normal 192 (54.1%) 181 (55.0%) 11 (42.3%)

Overweight 65 (18.3%) 60 (18.2%) 5 (19.2%)

Obese 72 (20.3%) 64 (19.5%) 8 (30.8%)

Birthweight Z-Score: 0.04

1 (< −2) 20 (5.43%) 16 (4.71%) 4 (14.3%)

2 (< −1) 41 (11.1%) 39 (11.5%) 2 (7.14%)

3 (<= 1) 267 (72.6%) 245 (72.1%) 22 (78.6%)

4 (> 1) 40 (10.9%) 40 (11.8%) 0 (0.00%)

*
P-values were generated using T-tests for continuous variables and Chi-squared tests or Fisher’s exact tests for categorical variables, as 

appropriate.
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Table 2.

Summary of cognitive and language characteristics of the ASD cases

ASD Cases
(n=28)

Mean (SD)

Non-Cases (n=340)
Mean (SD) p-value

ADOS-2
1
 Social Affect Score 13.1 (4.77) 0 (0.0) <0.001

ADOS-2 Restricted and Repetitive Behaviors Score 4.96 (1.74) 0 (0.0) <0.001

ADOS-2 Total Score 18.7 (4.75) 0 (0.0) <0.001

DAS-II Verbal IQ 48.9 (20.6) 94.9 (16.7) <0.001

DAS-II Nonverbal IQ 62.5 (25.2) 91.6 (14.8) <0.001

OWLS Oral expression 49.2 (15.2) 91.3 (16.5) <0.001

OWLS Listening comprehension 50.0 (13.5) 90.5 (15.4) <0.001

OWLS Oral language composite 48.6 (13.5) 89.9 (15.7) <0.001

1
Of ASD cases, eight were administered Module 1 (minimal speech), three were administered Module 2 (phrase speech), and 16 were administered 

Module 3 (fluent speech)

Autism Res. Author manuscript; available in PMC 2024 May 01.


	Abstract
	Lay Summary:
	Introduction:
	Methods:
	ELGAN Recruitment and Study Participants
	ASD diagnosis in ELGANs
	General cognitive and language abilities
	Sample Collection
	Placental DNA and RNA Extraction and Quantification
	RNA sequencing
	Placental CpG methylation
	Differential expression testing of the ASD-associated mRNA
	Identifying placental mRNAs that are predictors of ASD case status
	Identification of miRNA targets of the ASD-associated genes and miRNA differential expression analysis
	Identification of CpG methylation sites of the ASD-associated genes and differential methylation analysis
	Network analysis
	Biological pathway enrichment
	Replication of data from the RICHS Cohort

	Results:
	Demographic characteristics of the ELGANs.
	Genome-wide RNA sequencing-based analysis identified 111 mRNAs in the placenta associated with ASD.
	Targeted analysis of CpG sites mapped to ASD-associated mRNAs identified 10 CpG sites differentially methylated in relation to ASD.
	miRNA-based analysis identified 17 miRNAs with differential expression in relation to ASD and ASD-associated transcript level changes.
	ASD-associated gene LRRFIP1 is controlled via both miRNA and CpG methylation change.
	Replication cohort.

	Discussion:
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.
	Table 2.

