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Abstract 

Gestation is a vulnerable window when exposure to per- and polyfluoroalkyl substances (PFAS) may impact child development and 
health. Epigenetic modification, including DNA methylation (DNAm), may be one mechanism linking prenatal PFAS exposure to off-
spring outcomes. We tested associations between prenatal PFAS and newborn DNAm in 1017 participants from 6 cohorts in the US 
Environmental influences on Child Health Outcomes consortium. Concentrations of PFAS [perfluorooctanesulfonic acid (PFOS), per-
fluorooctanoic acid (PFOA), perfluorohexanesulfonic acid (PFHxS), perfluorononanoic acid (PFNA), and perfluorodecanoic acid] were 
measured in maternal serum or plasma. DNAm was quantified in newborn dried blood spot or umbilical cord blood leukocytes using 
the Infinium HumanMethylation450 (450K) or MethylationEPIC (EPIC) arrays. We tested associations between prenatal PFAS and neona-
tal blood DNAm on the 450K (n = 772) and EPIC (n = 245) arrays; results were meta-analysed across the platforms. Regional changes in 
DNAm were investigated, and findings were checked for replication in the Michigan Mother–Infant Pairs (MMIP) cohort (n = 140). Follow-
ing correction for false discovery rate (q = 0.1 for meta-analyses), we identified an association between PFHxS and one cytosine–guanine 
(CpG) mapped to CASC3 (q = 0.065) that replicated in MMIP (P = .006). PFOS was associated with six CpG sites, of which five were mapped 
to the genes KIAA1841, ABR, LEP, SERPINA1, and LOXL1. One differentially methylated region (DMR) was associated with prenatal PFOA
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exposure, and one DMR was associated with PFOS exposure. In this multicohort analysis including a diverse group from the USA, PFOA, 
PFOS, PFHxS, and PFNA exposures in pregnancy were associated with offspring DNAm, and the implications for children’s health merit 
further exploration.

Keywords: per- and polyfluoroalkyl substances; perfluorinated chemicals; epigenetics; epigenomics; children’s health; developmental 
origins of health and disease; DNA methylation

Introduction
Per- and polyfluoroalkyl substances (PFAS) are a class of syn-
thetic chemicals of concern to public health. PFAS have been 
used to make fluoropolymer coatings for products due to their 

flame-retardant and stain-, water-, and grease-resistant proper-
ties. Given these properties, PFAS are widely found in products 

used by the general population such as cookware, carpets, furni-

ture, shoes, dental floss, and food packaging [1–5]. PFAS are also 

a key component of aqueous film-forming foams used at sites 
such as airports and military bases [6]. PFAS contaminate drinking 
water and groundwater throughout the USA; it is now estimated 

that at least 45% of US drinking water sources contain PFAS [7–9]. 

Although awareness of the hazards of PFAS on public health as 

well as the number of PFAS regulations have rapidly increased in 

the USA and globally in the past few years [10, 11], legacy expo-
sures to banned PFAS still continue due to their long half-lives in 

the environment and in people [12–14]. In addition, the concerning 
toxicity of emerging and replacement PFAS is becoming apparent 
[15, 16].

While PFAS act as multisystem toxicants and elicit harmful 
health effects at all stages of life, exposure during pregnancy, a 

sensitive period when organs are differentiating, merits particu-
lar consideration. PFAS have the ability to cross and accumulate 

in the placenta during pregnancy [17, 18], and exposure has been 

associated with a suite of adverse health outcomes at birth and 
across childhood. Specifically, prenatal exposure to PFAS has been 

associated with preterm birth [19], lower birth weight [20], and 
long-term effects on children including increased mid-childhood 

adiposity among girls [21] and increased body mass index (BMI) 
in early adulthood [22]. There is robust evidence to support that 

prenatal PFAS exposure has been associated with cholesterol-

related outcomes including cardio-metabolic indicators [23, 24] 
and adverse plasma lipid concentrations [25] in cord blood, as 

well as immune system dysregulation [26] in children. Other stud-
ies have found neurodevelopmental impacts from prenatal PFAS 

exposure, although findings are not consistent [27–30]. Epigenetic 

perturbation may be one biological mechanism linking gestational 

PFAS exposure to children’s outcomes. Environmental exposures, 
especially during early gestation, perturb epigenetic programming 
and metabolic homeostasis, setting the stage for altered foetal 
growth and ultimately disease development later in life. DNA 
methylation (DNAm) is one mechanism of epigenetic regulation 
that is stable across time at many cytosine–guanine (CpG) dinu-
cleotides, although it is responsive to the environment [31]. The 
epigenome, including the DNA methylome, is dynamic and vul-
nerable to exogenous exposures during embryogenesis due to the 
waves of epigenetic reprograming that occur post-fertilization and 
post-implantation, which can lead to epigenetic dysregulation 
[32].

There is a growing body of literature focused on the relation-
ship between PFAS exposure and epigenetic regulation, and par-
ticularly, DNAm (reviewed in [33, 34]). Associations between PFAS 
and altered epigenetics have been observed at various life stages 
of exposure in rodents, zebrafish, and humans [33]. Epidemiologic 

studies of prenatal PFAS exposure have identified DNAm changes 
at birth and throughout childhood [34]. Although most studies 
have been underpowered, three notable epigenome-wide stud-
ies provided evidence for alteration of DNAm in genes involved 
in growth, lipid metabolism, immune function, and more. The 
Upstate New York Infant Development Screening (Upstate KIDS) 
study (n = 597) based in New York reported a small number of sta-
tistically significant associations between prenatal perfluorooc-
tanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) expo-
sure and DNAm in neonatal blood spots assessed via the Infinium 
MethylationEPIC (EPIC) array, although this study was limited by 
analysis of only two PFAS measured at the time of birth [35]. The 
Healthy Start cohort, which is also included in the present study, 
reported associations between 5 PFAS and cord blood DNAm at 
multiple genes including genes involved in cardiometabolic func-
tion among 583 newborns [23]. Work from the Health Outcomes 
and Measures of the Environment Study identified DNAm changes 
in cord blood at birth that persisted into childhood, as mea-
sured in peripheral blood leukocytes at 12 years of age, and that 
were associated with prenatal exposure to PFOS, PFOA, perfluoro-
hexanesulfonic acid (PFHxS), and perfluorononanoic acid (PFNA) 
[36].

Most studies use methods that capture total methylation at 
cytosine residues, but hydroxymethylation and methylation are 

separate modifications with distinct roles in gene regulation [37]. 

In the Michigan Mother–Infant Pairs (MMIP) cohort, associations 

between PFAS with methylation and hydroxymethylation were 

assessed separately, and dozens to thousands of CpG sites were 
associated with six PFAS when these modifications were consid-
ered separately instead of combined [23, 38].

Research to date clearly indicates that prenatal PFAS expo-
sures have the potential to modify DNAm in offspring and that 

these modifications may persist in childhood. However, the het-

erogeneity of results across studies hinders our ability to identify 

replicable biomarkers of prenatal exposure that can be used to 
understand past exposures or underlying biological pathways of 

concern to target for prevention or intervention strategies to pro-
tect against PFAS toxicity. Our objective was to conduct a multi-

cohort analysis to identify genes and their biological pathways in 
offspring that are differentially methylated by prenatal exposure 

to five individual PFAS: PFOS, PFOA, PFHxS, perfluorodecanoic acid 
(PFDA), and PFNA. We hypothesized that gestational exposures to 

each PFAS would be associated with altered DNAm in the offspring 
in genes relevant to early life growth, metabolic programming, 
and immune function. To conduct this analysis, we pooled data 
from six cohorts—The Healthy Start Study, the Atlanta ECHO 
Cohort of Emory University, the Maternal and Developmental 
Risks from Environmental and Social Stressors (MADRES) Study, 
the New Hampshire Birth Cohort Study, Project Viva, and the 
Archive for Research on Child Health (ARCH). These cohorts are 
part of the Environmental influences on Child Health Outcomes 
(ECHO) consortium [39] and measured at least two prenatal PFAS 
in pregnancy samples and DNAm in offspring samples collected 
at birth. ECHO comprises multiple US-based cohorts from diverse 
racial, ethnic, and socioeconomic backgrounds. This provides rich 
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opportunities to explore the generalizability of our findings across 
other populations in the country and around the globe.

Methods
Study population
The ECHO cohort is a national program of more than 60 observa-
tional sites that is dedicated to understanding the role of the envi-
ronment in child health and development [39–44]. We included 
any ECHO participants that had the following: DNAm assessment 
via the Infinium HumanMethylation450 (450K) or EPIC in neonatal 
samples collected at or near the time of birth (e.g. cord blood and 
neonatal blood spots) and PFAS exposure assessment using mater-
nal serum or plasma samples collected during pregnancy. There 
were no exclusion criteria based on initial cohort participation. 
This study used data available through the ECHO data repository 
as of the 31 March 2023, data lock date. The study protocol was 
approved by the single ECHO institutional review board (IRB). Orig-
inal data collection from each cohort was approved by the cohorts’ 
local IRBs, and all study participants (parents) provided informed 
consent.

Participants from this study were born between 1999 and 2019 
and were recruited from six participating ECHO cohorts: The 
Healthy Start Study, the Atlanta ECHO Cohort of Emory Univer-
sity, the MADRES Study, the New Hampshire Birth Cohort Study, 
Project Viva, and ARCH. There were 1017 participants with DNAm 
and exposure data for four PFAS (PFNA, PFOA, PFOS, and PFHxS). 
For one additional PFAS, PFDA, there were 1000 total participants 
with DNAm and exposure.

Replication cohort
We sought to replicate statistically significant results in a non-
ECHO cohort with the same types of data. The MMIP, with first 
trimester PFAS data and DNAm in cord blood via the EPIC array, 
was selected as the replication cohort. MMIP is a birth cohort study 
based out of the University of Michigan Von Voigtlander Women’s 
Hospital. Participants (n = 140) were recruited between 2010 and 
2019 during their first prenatal visit if they were at least 18 years 
old, had a singleton pregnancy, and were between 8 and 14 weeks 
of gestation. Other details about the cohort, including details on 
PFAS and epigenetic analysis, have been previously detailed [38, 
45, 46]. All participants provided informed, written consent prior 
to study enrollment. The University of Michigan Medical School 
IRB approved all study procedures.

Per- and polyfluoroalkyl substance analysis
For each PFAS analyte, when more than one measurement per 
mother was available, we retained the measurement taken from 
the earliest trimester available. We included PFAS measurements 
from maternal plasma or serum collected during pregnancy; 
31.9% of participants had PFAS measured in the first trimester, 
30.9% in the second, and 37.3% in the third trimester. The labo-
ratories conducting the analyses included the Wadsworth Center-
Human Health Exposure Analysis Resource Laboratory and the 
Centers for Disease Control and Prevention. Although the num-
ber of PFAS analysed varied by cohort, we included PFAS that 
were measured and widely detected in all cohorts [>50% of sam-
ples above the limit of detection (LOD)]: PFOS, PFOA, PFHxS, PFNA, 
and PFDA. PFAS analysis in the replication cohort was performed 
using first trimester plasma samples at NSF International as previ-
ously described [38]. Analytes with measures below the LOD were 
imputed using cohort-specific LOD divided by the square root of 2. 

Since PFAS concentrations were right-skewed, values were natural 
log-transformed prior to analysis [27, 47].

Biospecimen collection and DNA methylation 
assessment
Cohorts included in the present study collected cord blood or new-
born dried blood spots through approved site-specific protocols. 
DNAm was measured using the 450K or EPIC arrays (Illumina, San 
Diego, USA). Raw data files from each ECHO site with DNAm data 
were imported into the minfi processing pipeline in R to calculate 
‘beta’ values for each probe and sample; beta values (estimating 
the proportion of DNAm at each locus from 0 to 1) were calculated 
as previously described [48]. Sample and probe-level filters were 
applied to the data [48]. Briefly, samples were removed if there 
were discrepancies between reported and predicted sex, there was 
a low overall signal intensity, duplicates were present, >1% of 
probes for the sample had a detection P-value > .05 (compared 
to background signal), or >1% of probes had a bead count <3. 
Probes were removed if >1% of samples had a detection P-value 
> .05, >1% of samples had bead count <3, probes were cross reac-
tive, or if there was a known single-nucleotide polymorphism at 
the CpG site queried. Background correction and within-sample 
normalization were performed on the filtered data sets for each 
methylation platform using the noob function in minfi as described 
[48]. Finally, additional sample filters were applied to the noob-
corrected data sets based on age and tissue-type discrepancies to 
achieve clean data sets for each platform for analysis [48].

Confounders/covariates
Covariate data harmonized across cohorts included self-reported 
maternal race and ethnicity, maternal education, maternal 
tobacco use, maternal BMI, parity, maternal age, and child sex. 
These data were obtained from participant report on sociode-
mographic questionnaires or via medical records. We included 
self-reported race and ethnicity as covariates because of con-
cerns that each could independently associate with both prenatal 
PFAS exposure and DNAm, though this may be a proxy for the 
impacts of structural and environmental racism and not biologi-
cal differences. Technical covariates in statistical models included 
DNAm batch and blood cell composition estimates. For cord blood 
biospecimens, we adjusted for CD4+ T cells, CD8+ T cells, granulo-
cytes, monocytes, natural killer cells, and red blood cells, and for 
dried blood spot biospecimens, we adjusted for CD4+ T cells, CD8+
T cells, granulocytes, monocytes, and natural killer cells.

Statistical approach
1. Descriptive statistics. R version 4.2 was used for statistical anal-
yses unless otherwise specified. Descriptive statistics were calcu-
lated for continuous and categorical variables across all partici-
pants for each cohort. For PFAS concentrations, we calculated the 
geometric mean, median, IQR, minimum, and maximum for each 
analyte, and all PFAS data were natural log transformed prior to 
running analyses.

When missingness was present among demographic variables 
and was found to be unrelated to the exposures, we applied the 
following imputation method: using the first step of multiple 
imputations for categorical variables with missingness, the distri-
butions of the complete data were defined, and random samples 
were drawn from these distributions, as previously described [38], 
with the major category imputed. For continuous variables with 
missingness (maternal BMI), we imputed using the cohort-specific 
mean.
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2. Epigenome-wide association testing. Epigenome-wide associ-
ation tests between prenatal PFAS and DNAm were performed 
separately for the 450K and EPIC arrays. Among those with PFNA, 
PFHxS, PFOA, and PFOS data, 772 participants had DNAm data 
from cord blood on the 450K array. The remaining 245 dried blood 
spot (n = 147) and cord blood (n = 98) samples were analysed on 
the EPIC array separately by tissue type. Among those with PFDA, 
there were 772 participants with cord blood DNAm data measured 
on the 450K array, and 228 participants measured on the EPIC 
array. We used a linear regression model of the beta methylation 
value at each locus as the dependent variable, and PFAS expo-
sure, maternal race, maternal ethnicity, parity, maternal BMI, child 
sex, DNAm batch, and tissue-specific cell composition estimates 
as independent variables. These variables were selected a priori by 
using a directed acyclic graph and prior knowledge of variables 
that strongly influence the DNA methylome assessed via Infinium 
arrays (cell type composition, batch, and sex) and potential con-
founders in the relationship between PFAS exposures and DNAm 
(maternal race and ethnicity as proxies for structural and envi-
ronmental racism, parity, and maternal early- or pre-pregnancy 
BMI). We implemented modelling using the lmFit() function from 
the limma R package for each of the DNAm probes that passed 
quality control [49]. We then calculated the genomic inflation fac-
tor, lambda, to ensure reasonable control of genomic inflation [49]. 
After completing association testing for each array and tissue type 
individually, we meta-analysed data across the 3 EWAS results 
using an inverse variance weighted approach with the METAL soft-
ware on the 361 610 probes that were in common across the 450K 
and EPIC arrays [50]. False discovery rate (FDR) was computed 
using the Benjamini–Hochberg method [51], and q < 0.1 was taken 
to be significant. CpG sites were annotated to genes using human 
assembly GRCh37/hg19. For EPIC-only analyses, we used the same 

approach in METAL to meta-analsze EWAS results from the cord 

blood and dried blood spot analyses, and q < 0.05; a more stringent 
cut-off was used given the secondary nature of these analyses.

3. ipDMR.Differentially methylated region (DMR) analyses were 
performed using the ipDMR() function from the ENmix R package 

[52]. Briefly, ipDMR identifies DMRs based on user-provided asso-
ciation P-values for individual CpG sites from an epigenome-wide 

study. Firstly, the function calculates a P-value for the interval bor-
dered by two adjacent CpG sites within the specified value of 1000 
base pairs. After performing the Benjamini–Hochberg procedure 
on the interval P-values, we selected those that had an FDR < 0.05. 
All nearby significant intervals and CpGs were then joined as long 
as the gap between CpGs was <1000 base pairs, and a P-value for 
the combined region was recalculated using the original P-value 
for all CpGs in the region. A final FDR correction (q < 0.05) was 
performed on the region P-values to obtain the FDR-adjusted P-
value. Finally, we filtered for DMRs that consisted of three or more 
consecutive CpG sites.

4. Gene Ontology (GO) analysis. GO analyses were performed 
using the gometh() function from the missMethyl R package to 
determine whether there was any enrichment for gene pathways 
among CpG sites associated with exposures [53]. This package 
takes into account the bias often present in gene set testing for 
methylation array data given that a subset of CpG sites are anno-
tated to more than one gene, as well as selection biases where 
different numbers of probes per gene are present on different 
array technologies [53]. We limited the analysis to PFAS that were 
significantly associated (q < 0.05) with any sites in the previous 
analyses, and we inputted the top 1000 CpG sites by raw P-value. 
In addition to GO analysis, we looked up whether any of the 
genes with differentially methylated CpG sites or regions by PFAS 

had previously reported PFAS–gene interactions in the Compara-
tive Toxicogenomics Database [54] or whether any of these genes 
were predicted or known PPAR target genes given the established 
relationship between PFAS and PPARs [55–58].

5. Replication cohort. Beta methylation values from CpG sites 
significantly associated (FDR < 0.05) with at least one PFAS in the 
ECHO analysis were extracted from the MMIP EPIC array dataset, 
preprocessed as previously described [38]. Associations between 
each PFAS (log2 transformed) and total DNAm at these loci were 
tested in 140 MMIP participants using linear regression, adjusting 
for maternal race, parity, child sex, maternal smoking, batch, and 
estimated cord blood cell type proportions.

Results
Study demographics
There were 1017 participant dyads who met the inclusion criteria 
for this study, having PFAS measured in maternal serum (n = 823) 
or plasma (n = 194) collected during pregnancy, and DNAm mea-
sured in cord blood (n = 870) or dried blood spots (n = 147; Fig. 1). 
Demographic information for the participants can be found in 
Table 1. The mean maternal age of the participants was 28.9 years 
of age, and the majority of babies were born at full term with 
a mean gestational age of 39 weeks. There was a roughly even 
split between those who were previously nulliparous (50.4%) and 
those who had other children (48.5%). The majority of moth-
ers were non-smokers (84.1%), white (75.1%), and non-Hispanic 
(75.1%), with an education of at least some college (66.3%). Moth-
ers were on average categorized as slightly overweight with a 
mean pre-pregnancy BMI of 26.34 kg/m2. Among newborns, 48.6% 
were female and 51.4% were male. There was a slightly smaller 
population with PFDA data (n = 1000 participants), although the 
demographic information was nearly identical to that of the full 
study population (Supplementary Table S1).

Per- and polyfluoroalkyl substance exposures
There were 1017 participants with PFHxS, PFOS, PFOA, and PFNA 
concentrations measured from maternal blood in pregnancy 
included in this study, and 1000 participants with PFDA concen-
trations. Based on the cohort-specific median for each analyte, 
concentrations of PFOS and PFOA were highest in Project Viva. 
PFHxS was highest in ARCH and Project Viva. Concentrations of 
PFNA and PFDA were highest in the New Hampshire Birth Cohort 
Study, though PFNA and PFDA were low in all cohorts (medians 
<1 ng/mL; Supplementary Table S2). The total study population 
geometric mean, median with interquartile range (IQR), and min-
imum and maximum measurement for each PFAS analyte can be 
found in Table 2. 

Meta-analysis findings
We conducted an epigenome-wide association study (n = 361 610 
CpG sites) examining associations between prenatal PFAS expo-
sure and DNAm measured in neonatal blood specimens. Lambda 
values for the meta-analyses were as follows: PFOA = 1.15, 
PFOS = 1.28, PFDA = 0.99, PFNA = 0.95, and PFHxS = 0.94. Follow-
ing FDR correction (q ≤ 0.1), there were seven CpG sites where 
we detected an association between prenatal PFAS exposure and 
blood DNAm at birth (Table 3). Specifically, PFOS concentrations 
were associated with six CpG sites mapped to the genes KIAA1841
(q = 0.030), ABR (q = 0.030), LEP (q = 0.030), SERPINA1 (q = 0.056), 
LOXL1 (q = 0.068), and cg22777441 (q = 0.068) which was not anno-
tated to a gene. The direction of effect was positive for all six of 
these CpG sites (effect sizes in adjusted models = 0.0053, 0.0065, 
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Figure 1. Participants included in the analysis.

DBS, dried blood spot.

0.0054, 0.005, 0.004, and 0.0067, respectively); effect sizes corre-
spond to a change in the proportion of methylation per one-unit 
increase in natural-log transformed PFAS concentration. Three 
of these CpG sites were within or near CpG Islands. Tests for 
heterogeneity did not display major heterogeneity across meta-
analysed results for five of the six CpG sites, with a heterogeneity 
P > .05 for those five sites, and I2 statistics from 0% to 12.1% 
(Table 3). The CpG site annotated to LEP, had a heterogeneity 
P = .05 and an I2 statistic of 65.9. Additionally, PFHxS concentra-
tions were associated with DNAm at one CpG site mapped to the 
gene CASC3 (q = 0.065). The direction of effect was positive (effect 
size = 0.0027 in adjusted models), and tests for heterogeneity were 
null (I2 = 1.39% and heterogeneity P-value = .38). 

Differentially methylated regions
We performed DMR analysis to identify regional methylation 
changes associated with PFAS exposure. After applying the ipDMR
function and filtering for DMRs that contained two or more CpG 
sites in a 1000 base pair region, we identified two DMRs associated 
(q < 0.05) with prenatal PFAS exposure (Table 4). Prenatal PFOA 
exposure was inversely associated with one DMR located in the 
South Shore of a CpG island and annotated to the gene SSR3. PFOS 
exposure was positively associated with DNAm at five CpG sites 
comprising a DMR annotated to the gene ZDHHC14. 

Per- and polyfluoroalkyl substance and DNA 
methylation: Infinium MethylationEPIC-only 
analysis
Given that there are hundreds of thousands of CpG sites covered 
on the EPIC array that are not included on the 450K array, we 
examined the associations between prenatal PFAS exposure and 
DNAm in the subset of 245 participants who had DNAm measured 
on the EPIC array separately. Lambda values for the EPIC-only 
analyses were as follows: PFOS = 1.67, PFNA = 0.88 PFOA = 1.13, 
PFHxS = 1.1, and PFDA = 0.81. From this epigenome-wide analy-
sis, we identified 1 CpG site significantly associated with prenatal 
PFNA exposure; 1 CpG site significantly associated with PFOA 

exposure, and 133 CpG sites significantly associated with PFOS 
exposure (Table 5, q < 0.05). The CpG site associated with PFNA 
was unique to the EPIC array, while the CpG site associated with 
PFOA was present on both the EPIC and 450K arrays. Of the 133 
PFOS-associated sites, 107 were unique to the EPIC array, while the 
remainder were present on both the EPIC and 450K arrays. The 
direction of effect was positive for the majority (130/133) of the 
CpG sites associated with prenatal PFOS, with effect sizes rang-
ing from −0.0113 to 0.0253. The direction of effect was positive for 
the CpG sites that were associated with prenatal PFNA and PFOA 
exposures, with effect sizes of 0.0305 and 0.0104, respectively. 

We performed GO analyses to identify functional pathways 
associated with the CpG sites that were significantly associated 
with prenatal PFOS and PFDA exposure in the EPIC-only analyses. 
No GO terms were significantly enriched at a q < 0.05 (see top GO 
terms in Supplementary Tables S3, S4, and S5).

Replication cohort
We assessed whether associations between PFAS and DNAm repli-
cated in an independent cohort with first trimester PFAS concen-
trations and cord blood leukocyte DNAm data quantified via the 
EPIC array. The replication cohort, MMIP, consisted of 140 partici-
pants (Supplementary Table S6). Median PFAS concentrations for 
PFOA, PFNA, and PFDA were similar to the ECHO median (Sup-
plementary Table S7), while PFHxS and PFOS were substantially 
higher (medians 3.29 and 5.52 ng/mL, respectively). Among CpG 
sites associated with PFAS in the meta-analysis (q ≤ 0.1, in Table 3), 
six were available in the MMIP dataset. One was significant in 
MMIP—the association between PFHxS and CASC3 methylation 
(probe ID cg27426500, P = .006); however, it was in the opposite 
direction (Supplementary Table S8). Seven of the loci associ-
ated with PFOS in the EPIC-only analysis were also significant in 
MMIP (P < .05, Supplementary Table S8). These sites were in inter-
genic regions (probe IDs cg26046406 and cg10626792) and FGGY, 
ODZ4, SLC47A1, WDFY3, and TMEM131 (probe IDs cg15591629, 
cg03825175, cg05947984, cg04355093, and cg17238473, respec-
tively).
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Table 1. Study population characteristics

Characteristic n= 1017

Maternal age at delivery (years), mean (SD) 28.94 (6.2)
Gestational age at birth (weeks), mean (SD) 39.04 (1.4)
Parity
 Nulliparous 513 (50.4)
 Multiparous 493 (48.5)
 Missing 11 (1.1)
Maternal smoking during pregnancy
 No 855 (84.1)
 Yes 68 (6.7)
 Missing 94 (9.2)
Maternal race
 Asian 30 (2.9)
 Black 165 (16.2)
 White 764 (75.1)
 More than one race 21 (2.1)
 Any other 26 (2.6)
 Missing 11 (1.1)
Maternal ethnicity
 Hispanic 251 (24.7)
 Non-Hispanic 764 (75.1)
 Missing 2 (0.2)
 Child sex
 Female 494 (48.6)
 Male 523 (51.4)
Maternal pre-pregnancy BMI in kg/m2, mean (SD) 26.34 (6.74)
Maternal education
 Less than high school 150 (14.7)
 High school or GED 166 (16.3)
 Some college and above 674 (66.3)
 Missing 27 (2.7)
Specimen collection trimester for PFAS analysis
 First 324 (31.9)
 Second 314 (30.9)
 Third 379 (37.3)

Data shown are n (%) except where indicated.
GED, general educational development

Table 2. PFAS concentrations (ng/mL) in pregnancy samples

n Geometric mean Median IQR Min Max

PFHxS 1017 1.08 1.1 0.6, 2 0.07 25.5
PFOS* 1017 3.47 3 1.6, 7.39 0.029 134
PFOA* 1017 1.18 1.27 0.67, 2.27 0.015 22.4
PFNA 1017 0.36 0.4 0.26, 0.60 0.014 4.3
PFDA 1000 0.09 0.08 0.07, 0.20 0.022 3.5

*Total PFOS and PFOA.

Discussion
In this analysis of six US-based birth cohorts, we identified asso-
ciations between prenatal exposure to PFOA, PFOS, PFHxS, and 
PFNA with DNAm at select CpG sites or regions in newborn 
samples (umbilical cord blood or neonatal blood spots). In the 
meta-analysis of all cohorts, PFOS was associated with six differ-
entially methylated sites (q < 0.1) and 1 DMR (q < 0.05). PFHxS was 
associated with one differentially methylated CpG site (q < 0.01), 
and PFOA was associated with one DMR (q < 0.05). The PFHxS-
associated site in CASC3 replicated in MMIP, but in the opposite 
direction.

In the analysis including only the cohorts with EPIC array data, 
PFOA and PFNA were each associated with 1 CpG site, while PFOS 
was associated with 133 CpG sites (q < 0.05). Of these CpG sites, the 
site associated with PFNA was unique to the EPIC array, as were Ta
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Table 4. Associations between PFOA and DNAm at regions of consecutive CpG sites (q-value < 0.05)

PFAS Genomic location* Gene name Relation to 
CpG island

P-value FDR (q-value) Number of 
CpG sites

Probe IDs for CpG sites 
included in the DMR

Direction **

PFOA chr3:156 273 297–156
273 458

SSR3 S. Shore 9.27E−09 1.11E−07 3 cg03885646, 
cg14741143, cg14929208

—

PFOS chr6:157 931 791–157
932 180

ZDHHC14 Open Sea 2.71E−13 5.68E−12 5 cg00017931, 
cg01174743, 
cg03344384, 
cg09981914, cg20988098

+++++

*Locations are according to genome build GRCh37/hg19.
**Direction indicates the direction of the association between the PFAS and each CpG site included in the DMR.

107 of the 133 sites associated with PFOS. The CpG site associated 
with PFOA, as well as the remaining 26 CpG sites associated with 
PFOS, were found on both the EPIC and 450K arrays. Seven of the 
sites associated with PFOS replicated in MMIP. Of the 27 total CpG 
sites that were in common across both platforms, none of them 
showed up as significant in our meta-analysis. This may be due 
to cohort differences in PFAS exposure, where the association was 
strongest for this chemical in the smaller subset of cohorts that 
had measures on the EPIC array which were then diluted out when 
analysed in the larger sample despite our best efforts to adjust for 
cohort differences in the meta-analysis. The majority (107/133) of 
CpG sites that were significantly associated with prenatal PFOS 
exposure, however, were unique to the EPIC array, which suggests 
that we captured additional meaningful associations that were 
not included in the meta-analysis for this chemical. Since the 
lambda was slightly inflated for the PFOS analysis, results should 
be interpreted with caution.

Our results build from previous epidemiological studies includ-
ing one to two cohorts each that show associations between pre-
natal PFAS exposures with offspring DNAm assessed via similar 
methods. As summarized in a previous review, PFHxS, PFOA, PFOS, 
PFDA, and PFNA have been studied in epigenome-wide associa-
tion studies, and associations between each of these PFAS and 
DNAm have been identified. However, the sites identified in the 
present study did not overlap with those previously identified [34, 
38]. While not the exact same CpG sites or regions, loci within the 
genes PTCH1, SLC6A2, CCDC40, and ZDHHC14 were identified in 
our study and also as associated with PFNA when including longi-
tudinal measures of DNAm (cord blood and in blood collected at 
12 years of age) from the HOME study [36].

Collectively, the ECHO analysis and past studies suggest that 
prenatal exposures to various PFAS have the potential to modify 
DNAm at a modest number of loci. Our analysis contributes evi-
dence for PFOA, PFOS, PFHxS, and PFNA. PFAS exposure range or 
dose in various cohorts may influence the ability to detect differ-
ential methylation. The HOME cohort was recruited in the early 
2000s and median PFNA levels higher—equivalent to or higher 
than the 75th percentiles for each ECHO cohort included here [36]. 
PFOS, PFOA, and PFHxS concentrations varied widely in the ECHO 
cohort with the oldest cohort having the highest levels (Project 
Viva), as expected. Previous studies of prenatal PFAS exposure and 
newborn DNAm that reported notable associations for these PFAS 
had medians and ranges of exposure that were within the levels 
observed in the ECHO cohorts included here [23, 35, 36, 38, 59]. 
While no associations were observed with PFDA, serum concen-
trations in the ECHO cohorts were low (medians <0.4 ng/mL), and 
it is unknown whether higher exposures to PFDA may alter the 
newborn epigenome.

PFOA was inversely associated with DNAm at a region of three 
consecutive sites annotated to the gene SSR3. This DMR is located 
in a south shore relative to a CpG island. SSR3 is a translocation-
associated protein complex that has known roles in various dis-
eases including cancers. Specifically, this gene functions to facili-
tate the translocation of polypeptides across the membrane of the 
endoplasmic reticulum [60]. PFHxS exposure was positively asso-
ciated with methylation in a site within an exon of the CASC3
gene, and this association was also significant in MMIP but in 
the opposite direction. CASC3 is a component of the spliceosome 
that is required for pre-mRNA splicing. As a core component of 
the exon junction complex, CASC3 promotes transcriptome-wide 
activation of nonsense-mediated decay, an mRNA quality control 
mechanism [61]. Decreased placental expression of CASC3 was 
previously reported in a murine study of prenatal PFHxS expo-
sure [62]. PFOS exposure was associated with six CpG sites in 
our meta-analysis including both the 450K and EPIC arrays. From 
this analysis, we identified associations between PFOS exposure 
and methylation changes at the leptin (LEP) gene. LEP is impor-
tant for regulating energy homeostasis, adipogenesis, and food 
intake [63]. Higher circulating levels of leptin have been identified 
in individuals with obesity [63]. Interestingly, exposure to PFAS, 
including PFOS specifically, has been associated with obesity risk 
among individuals [64]. Therefore, it would be important to con-
sider whether methylation changes at LEP impact gene expression 
and whether this serves as a mediator between PFAS exposure 
and weight regulation. According to the Comparative Toxicoge-
nomics Database, altered expression of several of the differen-
tially methylated genes—ABR, LEP, SERPINA1, and LOXL1—have 
been associated with PFHxS, PFOA, and/or PFOS in various ani-
mal models of exposure, suggesting that, along with CASC3, these 
may be PFAS-responsive genes whose involvement in PFAS toxi-
city should be evaluated further. Seven sites from the EPIC-only 
analysis replicated in MMIP (in intergenic regions or FGGY, ODZ4, 
SLC47A1, WDFY3, and TMEM131). FGGY, SLC47A1, and TMEM31
expression were altered by PFAS exposure in past cell or animal 
exposure models [65–67], and these may be PFAS responsive genes 
for consideration in future studies.

There are several mechanisms by which PFAS exposure could 
disrupt the establishment of DNAm patterns in early develop-
ment or their maintenance. One potential mechanism is through 
disruption of peroxisome proliferator-activated receptor (PPAR) 
activity. Many PFAS are known to bind to and either activate or 
disrupt the transcription factor PPAR-alpha (PPARA) activity and in 
some cases other PPARs [55–58]. For example, seven of eight tested 
PFAS activated PPARA in vitro [58]. Transcription factor occupancy 
is one mechanism by which exposures lead to gene-specific epige-
netic changes [68, 69]. Activation of PPARA or other transcription 
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factors by PFAS during early gestation could lead to aberrant bind-
ing of PPARA to its target genes, thereby altering recruitment of 
the machinery needed for epigenetic reprogramming (i.e. inhibit-
ing DNA methyltransferase binding). Changes in the DNAm profile 
would then be propagated following mitosis. Among the genes we 
identified with CpG sites or regions associated with any PFAS, we 
identified a number of PPAR target genes from various publicly 
available databases [55, 70, 71]. Specifically, from our EPIC-only 
analysis, 30/133 genes associated with prenatal PFOS exposure 
were predicted to be PPAR gamma target genes, and 22/133 genes 
were predicted to be PPAR delta target genes [70, 71]. Of these 
genes, a number are predicted or verified to be targeted by both 
PPAR gamma and delta including PPARGC1A, which is verified to be 
upregulated by both [55, 70, 71], NCOR2, FGGY, TBXAS1, CREB3L1, 
NEDD9, NBAS, and FGFR1. In our total meta-analysis, of the six 
CpG sites associated with PFOS exposure prenatally, ABR is pre-
dicted to be a target of PPAR delta, while LEP is predicted to be a 
target of PPAR gamma [70, 71]. This particular finding further sup-
ports future investigation into the role of methylation at LEP as a 
mediator of the impact of PFAS on adiposity-related outcomes, as 
both LEP and PPAR gamma, independently, and in concert with 
one another, are involved in the development and function of 
adipocytes, and their dysregulation has been associated with obe-
sity [63, 72, 73]. SSR3, which was annotated to a DMR associated 
with prenatal PFOA exposure, is predicted to be a target of both 
PPAR gamma and delta.

PFAS may influence both DNAm and DNA hydroxymethyla-
tion through altered regulation of DNAm machinery. For example, 
a mouse study demonstrated decreased expression of Dnmt3a, 
which encodes the enzyme responsible for de novo methylation, 
increased expression of the maintenance methylator Dnmt1, and 
decreased expression of Tet1 (responsible for oxidation of methy-
lation to hydroxymethylation) in kidney following PFOA exposure, 
correlating with DNAm changes at 879 genes [74]. In human hep-
atocytes, PFOA decreased expression of TET1, while the replace-
ment PFAS, GenX, decreased expression of DNMT1, DNMT3b, 
and DNMT3a [75]. In our past MMIP study that estimated 5-
methylcytosine and 5-hydroxymethylcytosine levels separately in 
cord blood DNA, we discovered hundreds to thousands of loci with 
altered levels of either or both of these marks [38]. Thus, we may 
have identified more associations with PFAS in the current study 
if data on the individual modifications were available instead of 
the more commonly measured total DNAm. PFAS exposures also 
lead to oxidative stress, which can indirectly impact DNAm main-
tenance pathways; PFOS exposure during pregnancy in particular 
has been linked to increased oxidative stress biomarkers [76, 77].

A major strength of this study is the use of pooled data from six 
cohorts within the ECHO Cohort that represent diverse racial, eth-
nic and socioeconomic backgrounds in the USA and have a wide 
range of PFAS exposure levels. The focus on five PFAS—including 
PFDA, which has not been included in most epigenomic analyses 
in the past—is also a strength. Utilizing total DNAm data from the 
450K and EPIC arrays is a strength because it allows us to build on 
research by others. However, there is evidence that PFAS may influ-
ence 5-hydroxymethylcytosine and 5-methylcytosine separately, 
and we were not able to capture these nuances with total methyla-
tion data [38]. We also did not measure other modifications beyond 
DNAm that are important for epigenetic programming. To avoid 
issues with differences in the 450K and EPIC arrays, we conducted 
a meta-analysis of common probes across both arrays after run-
ning analyses in the 450K and EPIC datasets separately. Even with 
more than 1000 participants, our sample was not powered for 
stratified analyses by sex, race, and ethnicity, or other potential 

modifiers. Additionally, we had limited sample size for our EPIC-
only analyses, so these results should be interpreted with caution. 
While we used FDR to reduce the number of false positives, if 
we had used the stringent Bonferroni correction, one CpG site in 
the main analysis remains statistically significant (the association 
between PFOS and cg06528150 in KIAA1841). PFAS were measured 
at different time points across pregnancy in the cohorts, and we 
only had a single PFAS measure for each participant. Thus, we cap-
tured a snapshot in time of an individual’s exposure and related 
this to an epigenetic outcome also at a single timepoint—birth. 
Therefore, it is possible that over long periods of time, the rela-
tionship between PFAS exposure and DNAm (such as in childhood 
or adolescence) may change. With regard to having a single expo-
sure, however, most of the PFAS measured have long half-lives 
(up to years). Thus, measurement at any time point during preg-
nancy reflects the general exposure level of the foetus throughout 
pregnancy [13].

Conclusion
This study is the first multicohort analysis of prenatal PFAS expo-
sure and newborn blood DNAm. Our results build upon previous 
cohort studies and provide further evidence to support that PFOA, 
PFOS, PFHxS, and PFNA exposures in pregnancy are associated 
with offspring DNA methylome in a diverse population from the 
USA. This information furthers our understanding of how the 
epigenome might mediate the effects of prenatal PFAS exposure 
on child health outcomes, an area of intense interest. It also serves 
to contribute data to the environmental and human health risk 
assessment of PFAS, as the regulatory framework around this class 
of chemicals is an important public health issue, particularly as it 
relates to exposures during pregnancy. DNAm changes identified 
at birth have the broad potential to be developed and validated 
to serve as a biomarker of past exposure, illuminate mechanis-
tic links between exposure and disease, and inform therapeutic 
targets to disrupt exposure-associated toxicity to improve health 
outcomes. Strengthening our understanding of the relationship 
between prenatal PFAS exposure and the epigenome at birth will 
facilitate the development of these biomarkers and therapeutic 
targets, with the common goal of alleviating the burden of these 
exposures on children’s health.
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