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Objective: Individual differences in risk for mental disorders over the lifespan are shaped by forces acting before the individual is born—in utero, but
likely even earlier, during the mother’s own childhood. The environmental epigenetics hypothesis proposes that sustained effects of environmental
conditions on gene expression are mediated by epigenetic mechanisms. Recent human studies have shown that adversities in childhood are correlated
with DNA methylation (DNAm) in adulthood. In the current study, we tested the following pre-registered hypotheses: Mothers™ adverse childhood
experiences (ACEs) are correlated with DNAm in peripheral blood during pregnancy (hypothesis 1) and in cord blood samples from newborn infants
(hypothesis 2), and women’s depression and anxiety symptoms during pregnancy mediate the association between mothers’ ACE exposure and prenatal/
neonatal DNA methylation (hypothesis 3).

Method: Data were from the Avon Longitudinal Study of Parents and Children Accessible Resource for Integrated Epigenomic Studies substudy.
Women provided retrospective self-reports during pregnancy of ACE exposure. We conducted an epigenome-wide association study testing whether
mothers’ ACE exposure, cumulative score (0-10), was associated with DNAm in maternal antenatal blood and infant cord blood in more than 450,000
CpG (point on DNA sequence where cytosine and guanine base pairs are linked by a phosphate, where methylation usually occurs) sites on the Illumina
450K BeadChip. Analyses for cord blood were separated by infant sex, a pre-registered analysis.

Results: Hypothesis 1: In 896 mother—infant pairs with available methylation and ACE exposure data, there were no significant associations between
mothers’ ACE score and DNAm from antenatal peripheral blood, after controlling for covariates. Hypothesis 2: In infant cord blood, there were 5 CpG
sites significantly differentially methylated in relation to mothers’ ACE:s (false discovery rate [FDR] < .05), but only in male offspring. Effect sizes were
medium, with partial eta squared values ranging from 0.060 to 0.078. CpG sites were in genes related to mitochondrial function and neuronal
development in the cerebellum. Hypothesis 3: There was no mediation by maternal anxiety/depression symptoms found between mothers’ ACEs score
and DNAm in the significant CpG sites in male cord blood. Mediation was not tested in antenatal peripheral blood, because no direct association
between mothers’ ACE score and antenatal peripheral blood was found.

Conclusion: Our results show that mothers’ ACE exposure is associated with DNAm in male offspring, supporting the notion that DNAm could be a
marker of intergenerational biological embedding of mothers’ childhood adversity.

Study registration information: Epigenetic Intergenerational Transmission: Mothers’ Adverse Childhood Experiences and DNA Methylation;
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ndividual differences in risk for mental disorders  sustained effects of environmental conditions on gene

over the lifespan are shaped by forces acting

before the individual is born—in utero, and
likely even earlier, during the mother’s own childhood.
Understanding the biological mechanisms by which the
environment programs future generations for mental health
risk would expand the possibilities for designing and eval-
uating interventions to prevent and ameliorate the negative
impact of adversities on future generations’ mental health.
The environmental epigenetics hypothesis proposes that
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expression are influenced by epigenetic mechanisms, which
can be transmitted across generations. Epigenetic mecha-
nisms can include small non-coding RNA and other histone
modifications such as acetylation; however, the most well-
studied epigenetic mechanism is DNA methylation, which
will be the focus of this article. Abundant animal data
support intergenerational epigenetic transmission through
DNAm,'® yet human studies rigorously addressing this
question are rare.”
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EPIGENETIC INTERGENERATIONAL TRANSMISSION OF ACES

Human studies provide evidence that within 1 gener-
ation, adverse childhood experiences (ACEs) are correlated
with DNA methylation in saliva and peripheral blood later
in childhood. A study of 96 maltreated children removed
from their parents because of abuse or neglect and 96
demographically matched control children found that the 2
groups had significantly different methylation at 2868 CpG
sites, many in genes relevant to neurodevelopmental pro-
cesses.® Using a sample from the Bucharest Early Inter-
vention Study, institutionalization in the first 3 years of life
in Romanian orphanages was associated with DNA
methylation in 2 stress-related genes (FKBP5 and SLC6A4)
based on buccal swab samples at age 12 years.” Similarly, in
another study, a methylome-wide analysis of 50 adoptees
from Russia and Eastern Europe and 33 nonadopted youth,
30 CpG sites in 19 genes were found to be more highly
methylated in the adopted group at age 15 years; functional
analysis revealed that these differentially methylated sites
were clustered in 223 genes related to neurodevelopmental
processes.'® A more recent study analyzed DNAm from
blood (n = 92) and buccal cells (n = 124) from a socio-
economically diverse sample of 3-month-old infants from
the Alberta Pregnancy Outcomes and Nutrition study, and
found preliminary associations suggesting that infant
DNAm patterns may relate to maternal ACEs."!

However, these and similar studies are limited by the
following: (1) candidate-gene approaches, which look only
at specific genes and CpG sites, precluding a broader un-
derstanding of methylation across the genome; or (2)
methylome-wide approaches with small sample sizes
(eg, <200), increasing both type I and type II errors. One
recent exception is a methylome-wide analysis in 691 chil-
dren followed longitudinally since birth in the Avon Lon-
gitudinal Study of Parents and Children (ALSPAC). In this
genome-wide study, 38 CpG sites were differentially
methylated in children at 7 years of age following exposure
to adversities from birth to age 7 years, as reported pro-
spectively by their parents.'> Most of these differentially
methylated sites were specific to the timing of adversity,
predominantly associated with exposure before 3 years of
age, indicating a potential early period of higher suscepti-
bility. Genes annotated to differentially methylated CpG
sites in this study relate to axon development and neuron
apoptotic  processes, suggesting
development and future neuropsychiatric disorders.

To date, most studies have examined ACEs and DNA
methylation within 1 generation and during a relatively
brief time span, often during childhood . #'%1%17 However,
studies that examine associations between ACEs exposure
and DNA methylation decades later in adulthood provide
evidence that these effects endure, with associations

relevance to neuro-
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detected years after childhood adversities occur. Notably, a
study in postmortem brain tissues of patients who died by
suicide found that those with a history of early life adversity
(n = 25) had 248 hypermethylated and 114 hypomethy-
lated regions compared with individuals without a history of
early life adversity (n = 16) and brains of patients who died
not by suicide (n = 20)."® As described in 2 recent sys-
tematic reviews, studies examining DNA methylation in
peripheral blood in adults after exposure to childhood
trauma also detect differential methylation.w’20 However,
many of these studies are limited by candidate gene ap-
proaches and/or small sample sizes, and findings have been
difficult to replicate because of methodological differences,
as the systematic reviews note, precluding robust conclu-
sions about DNA methylation arising from childhood
trauma and persisting into adulthood.

If ACEs contribute to DNA methylation in genes
relevant to neurodevelopment and future neuropsychiatric
disorders, and if methylation persists throughout the life
course, the next question is whether methylation changes
are passed on across generations. In adult offspring of Ho-
locaust survivors, trauma before conception is related to
methylation of FKBP5 in parents and in their adult
offspring.”" Tt remains unclear whether DNAm associated
with parents’ early life adversity is present at birth or
whether it is acquired in offspring through adversity-related
parenting and other factors over the life course. As the
embryo develops, its DNA methylation marks are largely
erased, making transmission seem unlikely.22 However, it
recently has been demonstrated that there is incomplete
erasure in the oocyte and placenta, making across-
generation ACE-associated DNAm transmission a possi-
bility.?>** Another way that DNAm could be transmitted
across generations is through alterations in the in utero
environment. Evidence suggests that the in utero environ-
ment in women who have experienced adversities in
childhood could produce DNAm changes that could pro-
gram their offspring to have neurodevelopmental alter-
Despite  the  theoretical  possibility — of
intergenerational transmission of DNAm, no human
methylome—wide studies to date have tested whether
maternal ACE:s are correlated with DNAm in their newborn
offspring.

In the current study, we tested whether adverse expe-
riences in mothers’ childhoods are correlated with DNAm
in the following: (1) mothers’ peripheral blood during
pregnancy, and (2) cord blood samples from their newborn
infants. We use data from ALSPAC, in which 27% of
participants reported experiencing at least 1 type of child-
hood adverse experiences such as physical or emotional
abuse or parental death, and 17% reported more than 2.%°

ations.
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We also used a subset of ALSPAC, the Accessible Resource
for Integrated Epigenetic Studies (ARIES).”” This unique
dataset includes genome-wide methylation data based on
[llumina 450K bead chips using DNA from peripheral
blood samples from more than 1,000 pregnant women and
from umbilical cord blood from their infants collected at
birth, as well as linked reports of mothers” childhood ACEs
from ALSPAC.

We expected to find differentially methylated CpG sites
in pregnant women and in their newborn infants associated
with mothers’ ACEs. We also hypothesized that the differ-
entially methylated regions would at least partially overlap
between mothers and infants, indicating enduring and
transmitted impacts of mothers’ ACEs above and beyond the
accumulation of environmental influences that could change
the mothers’ methylomes across the life course.

As a secondary analysis, we tested prenatal depression
and anxiety symptoms as a possible mediator of the asso-
ciation between mothers’ ACE exposure and prenatal/
neonatal DNA methylation. We specifically tested this
mediation pathway for the following reasons: (1) ACEs have
consistently been shown to be associated with perinatal
mood and anxiety disorders,”®* and (2) depression and
anxiety have been correlated with DNAm in adults,”® and
prenatal anxiety and depression have been associated with
DNAm in infant offspring.®"?*

We expected the associations between pregnant
women’s ACEs and pregnant women’s and newborns’
DNAm to be partially but not fully mediated by mothers’
prenatal depression and anxiety symptoms, demonstrating a
pathway from ACEs to DNAm above and beyond ACESs’
impact on prenatal mood symptoms.

This analysis tested an extended timeframe for the
impact of childhood adversity, namely, mothers’ childhood
affecting DNAm in her newborn offspring, and could
provide evidence for a novel biological pathway for the
enduring impact of childhood adversity across generations.

METHOD

We used an intergenerational longitudinal study design to
test the association between ACEs and DNAm in pregnant
women and their newborn offspring, and we examined
prenatal maternal depression and anxiety symptoms as a
possible mediator.

Sample

Data are from the ALSPAC ARIES substudy.”” Pregnant
women resident in Avon, UK, with expected dates of delivery
between April 1, 1991, and December 31, 1992, were invited
to take part in the study. A total of 20,248 pregnancies have
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been identified as being eligible, and the initial number of
pregnancies enrolled was 14,541. Of the initial pregnancies,
there was a total of 14,676 fetuses, resulting in 14,062 live
births. An estimated 85% to 90% of the eligible population
participated, and participating families resemble those in the
United Kingdom, although ethnic minority representation is
lower (3% vs 7.6%) (D. Baker, S. Morris, and H. Taylor,
unpublished data, 1997). Women answered 4 questionnaires
during pregnancy, at approximately 8 weeks™ gestation, 12
weeks’ gestation, 18 weeks gestation,” and 32 weeks’ gesta-
tion, as well as at additional timepoints after birth. Details on
the methodology of the ALSPAC study have been published
previously.”>” We used data from the subset of 1,018
mother—offspring pairs included in the ARIES subsample,
which was based on availability of DNA samples. Mothers in
ARIES were slightly older, more likely to have a non-manual
occupation, and less likely to have smoked throughout
pregnancy compared to the overall ALSPAC sample.””
Approval for data access from ALSPAC was provided by
the ALSPAC Executive Committee. Please note that the
study website contains details of all the data that are available
through a fully searchable data dictionary and variable search
tool and reference the following webpage: http://www.
bristol.ac.uk/alspac/researchers/our-data/.

Ethical approval for the study was obtained from the
ALSPAC Ethics and Law Committee and the Local
Research Ethics Committees. Consent for biological sam-
ples has been collected in accordance with the Human
Tissue Act (2004). Informed consent for the use of data
collected via questionnaires and clinics was obtained from
participants following the recommendations of the ALSPAC
Ethics and Law Committee at the time.

Measures

Maternal Adverse Childhood Experiences. For consis-
tency with the literature, we chose to analyze a cumulative
count of the 10 ACE: studied in the flagship CDC—Kaiser
ACE study36: emotional abuse, physical abuse, sexual abuse,
emotional neglect, physical neglect, loss of a parent, do-
mestic violence, family member with addiction, family
member with depression or another mental illness, and
family member incarcerated. Rather than being asked as 1
“Adverse Childhood Adversities” questionnaire, ACE items
were included separately in different questionnaires at
different time points. Some ACEs were asked during
pregnancy at approximately 18 weeks’ gestation, others were
asked at 32 weeks’ gestation, and others were asked when
the participant’s child was approximately 3 years old. If the
ACE item was ever endorsed when asked, that ACE was
counted as present. Table 1 displays the 10 questions in
ALSPAC that we used to create binary variables of each type
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TABLE 1 Avon Longitudinal Study of Parents and Children Questions Used to Measure Adverse Childhood Experiences

Adverse childhood
experiences domain

Emotional abuse

Physical abuse

Sexual abuse

Emotional neglect

Physical neglect

Loss of parent

Domestic violence

Family member with addiction

Family member with mental
illness

Family member incarcerated

alot

Question in Avon Longitudinal Study of Parents and Children
Parent emotionally cruel, affected me moderately or a lot
Physically abused (eg, beaten), severely or somewhat
Sexually abused, affected me moderately or a lot
Neglected emotionally during my childhood, severely or somewhat
Physically neglected as a child (eg, not fed or clothed properly), severely or somewhat
Parent died or parents separated, affected me moderately or a lot
When parents were together, they were violent, sometimes, frequently, or always
Mother or father known to have an alcohol problem
Mother or father known to have depression OR parents mentally ill, affected me moderately or

Parent imprisoned, affected me moderately or a lot

of adversity. We then generated an ordinal variable sum-
ming the number of types of adversities reported (0-10).
Although a cumulative risk score of ACEs has limitations, it

is parsimonious and has been associated with multiple types
of adult health problems.**%®

DNA Methylation Data. DNA samples were extracted
from umbilical cord blood samples drawn upon delivery
for infants and peripheral blood samples drawn at an
antenatal clinic visit for mothers, at an average of 25.7
weeks’ gestation (SD = 9.5). Following extraction, DNA
was bisulfite converted using the Zymo EZ DNA
Methylation kit, and genome-wide methylation status of
more than 485,000 CpG sites was measured using the
[lumina Infinium HumanMethylation450K BeadChip

assay. The arrays were scanned using an Illumina iScan.

Quality Control and Data Processing Steps. Initial quality
review was assessed by the ARIES study team using Illumina
GenomeStudio (version 2011.1). Samples from all partici-
pant ages in ARIES were distributed across chips using a
semi-random approach to minimize the possibility of con-
founding by batch effects. Batch variables were also recor-
ded, as were quality control (QC) metrics from the standard
control probes on the array for each sample. Samples failing
QC were excluded from further analysis, and assays were
repeated for those samples. As an additional QC step, ge-
notype probes were compared with single nucleotide poly-
morphism (SNP)-chip data from the same individual to
identify and remove any sample mismatches. For in-
dividuals with no genome-wide SNP data, samples were
flagged if there was a sex mismatch based on X-chromosome
methylation.

Additional QC steps were also performed by the ARIES

team. Functional normalization was implemented in the R
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package meffil to normalize the data.®” Functional

normalization is a between-array normalization method for
the Illumina Infinium HumanMethylation450 platform
and an extension to quantile normalization. It removes
unwanted technical variation by regressing out variability
explained by the control probes present on the array. A dye
bias correction was applied, and a detection p value of .01
was used to exclude probes with weak signals compared to
background noise. Chip effects were regressed on the raw
betas before normalization and on the control matrix. Each
sample was normalized individually to a cell type reference
dataset using meffil.cell.count.estimates.

Covariates

The variables from ALSPAC that we included as covariates
were measured as follows. Maternal age was calculated from
maternal self-report of date of birth during the 8-week
pregnancy interview; parity (number of previous live or
still births) was self-reported by mothers at 18 weeks’
gestation. For maternal smoking during pregnancy, the
number of cigarettes smoked per day during the first
trimester of pregnancy was self-reported around 18 weeks’
gestation and was used as a continuous variable. Maternal
education was self-reported at approximately 32 weeks’
gestation and was categorized as follows: less than high
school, high school but no continuing education, some
college or technical training, or completed university.
Gestational age at birth in weeks was taken from obstetrics
records. Maternal pre-pregnancy body mass index (BMI)
was calculated using maternal self-reports from 12 weeks’
gestation of her weight and height before pregnancy. After
receiving the ARIES data, we observed a mix of sample
types in both the maternal antenatal blood and cord blood.
Antenatal samples consisted of whole blood (56%) and
white cells (44%). Cord blood samples consisted of white
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cells (82%) and blood spots (18%). White cells were buffy
coats (comprising lymphocytes, monocytes, and gran-
ulocytes) and were collected with heparin or ethyl-
enediaminetetraacetic acid (EDTA) tubes. Blood spots
were from cord blood samples taken at birth, not from heel
prick. Therefore, we included sample type as an additional
covariate in all analyses. Maternal ACE score was not
significantly correlated with sample type (Wilcoxon test

» = .35 in cord blood and p = .61 in antenatal blood).

Mediation

The Edinburgh Postnatal Depression Scale (EPDS)* was
used to measure depression and anxiety symptoms in
pregnant women at 18 and 32 weeks gestation in
ALSPAC. Although the EPDS is meant to measure
depression and does not specifically measure anxiety dis-
orders, items that do measure anxiety symptoms include
item 4 (“I have been anxious or worried for no good
reason”) and item 5 (“I have felt scared or panicky for no
very good reason”).*" Therefore, we used the summary
score of the EPDS at 18 weeks’ gestation as a single vari-
able to test maternal depression/anxiety symptoms (EPDS
score as a single variable) as a mediator in differentially

methylated CpG sites.

Data Analysis

To test our first hypothesis—namely, that mothers’ ACE
exposure is associated with methylation in DNA from
maternal peripheral blood during pregnancy—we used
generalized linear regression models with a beta distribu-
tion. For each sample, the estimated proportion of mole-
cules methylated at each CpG site was expressed as a beta
value (B), which is the ratio of the methylated probe in-
tensity and overall intensity ranging from 0 (no cytosine
methylation) to 1 (complete cytosine methylation). Beta
values for the ~450,000 probes on the Illumina bead chip
that pass QC checks were the outcome variables. The 0-10
ACE summary score was the main predictor variable. We
considered the following variables to be potential con-
founders because of their known association with the
exposure (maternal ACEs): maternal age at pregnancy,
parity, maternal smoking during pregnancy, pre-pregnancy
BMI, and maternal education. We therefore adjusted for
those variables in all models, as well as the sample type that
was used for the methylation analysis (ie, whole blood or
white cells), as this could bias the DNA methylation re-
sults. Still, the potential for unmeasured confounding ex-
ists. We calculated the lambda statistic for each set of
models*? to estimate genomic inflation, that is, the extent
of the effect of potential confounding on the observed
associations.
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To test our second hypothesis that mothers ACE
exposure is associated with methylation in DNA from
newborn cord blood samples, we again used generalized
linear regression models with a beta distribution, this time
using DNA from cord blood. The outcome, predictor, and
covariates were the same as in the previous analysis, except
for the addition of gestational age at birth as a covariate. We
conducted the analysis with newborn DNA separately in
male and female newborns, based on evidence of sex dif-
ferences in prenatal programming, including epigenetic
alterations.*>*4

For the ACE items forming the 0-10 ordinal variable, we
pro-rated missing items with the average of the non-missing
items when fewer than 3 items were missing. We treated in-
dividuals’ scores with more than 2 ACE items missing as
missing ACE scores. We planned to exclude covariates with
more than 20% missing; however, all covariates had less than

20% of missing values (0%-4.1%). We used multiple

. . . . . 45,46
imputation using all covariates via PcAux.*’

Biological Significance

We examined the potential biological significance of the
findings by the following: (1) examining the correlation in
methylation between blood and brain tissue for the differ-
entially methylated CpG sites using the online Blood Brain
DNA Methylation Comparison Tool developed by Hannon
et al.,"” which reports correlations between DNAm in blood
vs prefrontal cortex, entorhinal cortex, superior temporal
gyrus, and cerebellum; and (2) performing a functional
clustering analysis of all gene ontology terms for genes an-
notated to false discovery rate (FDR)-significant sites using
the DAVID 6.8 database.”® We report gene ontology
clustering analyses only for significance at the FDR q <
0.05 level.

Mediation Analysis

Maternal depression and anxiety symptoms score (based
on the EPDS) was tested as a mediator using linear
structural equation models. Beta values at CpG sites
found to be significant in the primary analyses were the
outcome variables. The independent variable and cova-
riates were the same as in the primary analyses. The
EPDS total score was tested as the mediator. For medi-
ation analysis, the mediation package in R statistical
software was used with bootstrapping to estimate standard
errors of the estimates.

Sensitivity Analyses

Although we expected little confounding from genetics,
SNP-associated CpG sites were removed with the DMRcate
package in R.%’
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We examined significant findings against the ARIES
methylation quantitative trait loci (mQTL) catalogue as an
additional sensitivity step to identify the possibility of
confounding via genetic associations. Cell type composition
was significantly different between sample types. We
therefore added cell type composition as a covariate and
compared in a Q-Q plot the p values of the results with and
without controlling cell type composition.

Because different ACE items were asked at 3 different
time points (18 and 32 weeks’ gestation, and approximately
2 years 9 months after birth), there exists the possibility that
questionnaire administration time may have an impact on
ACE responses. To examine this issue, we tested whether
the report of physical abuse was significantly different when
it was asked at 32 weeks’ gestation (“Hurt by parents?” Yes/
No) and at 2 years 9 months after birth (“[Mother] phys-
ically abused as a child”).

To address a recent report using the ARIES child cohort
findings in which adversities occurring before age 3 in
mothers had a particularly marked association with DNA
methylation,"* we had planned to repeat our analyses using
adversities occurring before age 3 years in the mother as
exposure. Because age of ACE occurrence was included only
for some of the adversities in ALSPAC, we planned to
include only those ACEs in the sensitivity analysis: namely,
sexual abuse, physical abuse, and parental divorce or death.
Reporting 1 or more of these adversities before age 3 years

was coded as 1, and not experiencing any was coded as 0.
We hypothesized that methylation associated with adverse
experiences occurring before the mothers were 3 years of age
would be stronger than the results from the primary analyses
using ACE score before age 18.

RESULTS

The ARIES sample with available methylation data for both
antenatal blood and cord blood was 1,006 mother—infant
pairs. Of those, 896 (89%) had non-missing ACE scores
(defined as having less than 3 missing ACE items). Thus,
n = 896 mother—infant pairs was the final sample for our
analysis. Average ACE score in the mothers was 1.27, and
10.5% of women reported having experienced 3 or more
ACE:s. The average EPDS score was 6.26 (SD = 4.55). Of
the women, 17.97% reached the cutoff of above 10, which
is recommended for detecting a probable case of major
depression in pregnant women.”’ Women with higher
EPDS scores were more likely to have higher ACE scores
and to smoke during pregnancy. Descriptive statistics are

provided in Tables 2 and 3.

Mothers’ ACEs and DNA Methylation

There were no significant associations between a summary
score of mothers’ ACEs and DNA methylation from pe-
ripheral blood in pregnancy, after controlling for covariates.

TABLE 2 Avon Longitudinal Study of Parents and Children Descriptive Statistics (n = 896)

Mean SD Min Max

ACE score 1.27 1.53 0 8
Prenatal anxiety/depression (EPDS) 6.26 4.55 0 25
Maternal age, y 29.73 4.27 16 42
Parity 0.74 0.83 0 5
Smoking during pregnancy, 1.02 3.74 0 30

cigarettes/day
Gestational age at birth, wk 39.59 1.51 30 44
Pre-pregnancy BMI, kg/m? 22.7 3.63 14.23 45.24
Smoking during pregnancy, yes, % 12.09
Maternal education, %

Less than high school 7.25

Highschool 34.15

Tech/ Some college 37.50

University 21.09
Infant sex, %

Female 51.39

Male 48.61
Note: ACE = adverse childhood experience; BMI = body mass index; EPDS = Edinburgh Postnatal Depression Scale.
Journal of the American Academy of Child & Adolescent Psychiatry www.jaacap.org 1115
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TABLE 3 Correlations Between Edinburg Postnatal

Depression Score in the Second Trimester of Pregnancy and
Other Variables

Pearson
Variable correlation p
Continuous variables
ACE score 0.1653 <.0001
Maternal age —0.0504 1399
Parity 0.0604  .0794
Smoking during pregnancy, cigarettes/d ~ 0.1560 <.0001
GA at birth —0.0613 163
Pre-pregnancy BMI 0.0207  .556
RP(GLM) p

Categorical variables
Smoking during pregnancy (yes/no) 0.0405 <.0001
Education 0.009 04964
Sex 0.002 .3645

Note: ACE = adverse childhood experience; BMI = body mass index;
GA = gestational age; GLM = generalized linear model.

In terms of DNAm in infant cord blood, there were no
significant associations between mothers’ ACE score and
DNAm in infant cord blood in the overall sample. How-
ever, when dividing analyses by infant sex, in relation to
mothers’ ACEs there were 5 CpG sites significantly differ-
entially methylated in male cord blood DNA after con-
trolling for covariates and controlling the FDR at 0.05. Of
these, 4 were hyper-methylated, and 1 was hypo-
methylated. Effect sizes were medium, with partial eta
squared values ranging from 0.06 to 0.078. The lambda
statistic to measure genomic inflation was 2.21. These re-
sults are depicted in Figures 1 and 2 and Table 4. These
sites were not differentially methylated overall by infant sex
independent of maternal ACEs (p values = .08-.68).

Biological Significance
To evaluate potential neurological implications of our
findings, we tested correlations between blood and brain
DNAm using the online Blood Brain DNA Methylation
Comparison Tool developed by Hannon et 2..*” Two of the
significantly differentially methylation CpG sites in male
cord blood (cg03425217 and cgl19447686) showed a pos-
itive, significant correlation between blood and entorhinal
cortex (r = .33, p = .005, and » = 0.28, p = .017), and 2
sites (cg19447686 and ¢g00279392) showed a positive,
significant correlation between blood and cerebellum (r =
0.26, p = .028, and » =0.23, p = .057).

The DAVID database did not return any significantly
enriched gene ontology biological process terms common to
the genes annotated to the significant hits in our analysis,
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likely because of the small number of genes represented.
Figure S1, available online, provides a functional annotation
table of genes annotated to significant CpG sites in our
analyses.

In terms of the specific genes and gene locations of the
significant  CpG  sites, YMEIL1 (cg03425217) and
TIMMI10 (cg00279392) code proteins important for
mitochondrial function. The CpG sites are also on the
promoter regions of these genes and are associated with
transcription start sites. The YMEI1L1 differentially meth-
ylated site (cg03425217) is also located on a CpG island, a
dense concentration of primarily unmethylated CpG sites
near promoter regions of genes. The protein encoded by
TENCI (cg19447686) is a focal adhesion molecule that
binds to actin filaments and participates in signaling path-
ways. This protein plays a role in regulating cell migration.
The CpG site differentially methylated on TENCI is on an
island, and it is in a promoter region of this gene. DOCK10
(cg04318855) is essential for dendritic spine morphogenesis
in hippocampal neurons and has been identified as a
biomarker for predicting depression.”’ The differentially
methylated CpG site on this gene (cg04318855) is associ-
ated with a promoter, potentially signaling important
functional implications for gene expression. It is also located
on an island shore, regions up to 2 kilobase pairs away from
a CpG island. DNAm in CpG islands and island shores is
considered more likely to affect gene expression.

Analyses

Mediation Analysis. Maternal depression and anxiety
symptoms (EPDS score) did not mediate the association
between mothers” ACEs and methylation at the 5 significant
CpG sites in male cord blood DNA. The p values for average
causal mediation effects ranged from .22 to .84. Because we
did not find significant associations between mothers” ACEs
and methylation in maternal antenatal blood, we did not carry
out the maternal ACEs—EPDS— DNAm in maternal

antenatal blood mediation analysis.

Sensitivity Analyses. Significant CpG sites were checked
against the ARIES mQTTL catalog and were not among the
mQTLs. Adding cell type composition as a covariate did
not meaningfully change the results. The Q-Q plot of p
values for cord blood is provided in Figure S2, available
online. Because not all individual ACE questions were asked
at the same time point, we tested whether maternal report of
physical abuse (1 ACE that was asked at 2 different time-
points) was consistent when it was asked at 32 weeks’
gestation (“Were your parents physically cruel?” Yes/No)
and at 2 years 9 months after birth (“Were you physically
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FIGURE 1 Manhattan Plots of Epigenome-Wide Association Study of Mothers’ Adverse Childhood Experiences in Relation to

Methylation in Male and Female Cord Blood
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Note: Horizontal line represents a false discovery rate p value of .05.

abused [eg, beaten] as a child?”). The kappa coefficient was
0.47 (95% CI = 0.32-0.62), showing moderate reliability
over time,”* even though the question was not asked in the
exact same way. We attempted to repeat our analyses using
only adversities that occurred before age 3 years in the
mother as the exposure. However, only 34 women (3.96%
of the sample) endorsed any of the 3 ACEs with age data
before age 3 years (physical abuse, sexual abuse, and loss of a
parent), and we were therefore underpowered to perform
the sensitivity analysis.

Journal of the American Academy of Child & Adolescent Psychiatry
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Exploratory Analysis. In an additional analysis, we removed
the maternal smoking covariate. ACEs are significantly
associated with smoking behavior in adulthood,”® and
smoking is strongly associated with DNAm across the
genome.54 We therefore reasoned that smoking could
mediate an association between ACEs and DNAm in
maternal blood. Excluding smoking as a covariate, maternal
ACE score was significantly correlated with DNAm in 2
CpG sites in maternal antenatal blood. The Manhattan plot
for these 2 CpG sites is shown in Figure 3. The gene
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FIGURE 2 Q-Q Plot Showing Lambda Statistic to Measure

Genomic Inflation (2.21)

Observed -log;o(P)

Expected -log,o(P) under NULL hypothesis

annotated to 1 of these sites, AHRR (cg05575921), is
highly associated with smoking status.”> The other
(cg21566642) is on a H3K27Ac mark, a histone modifi-
cation tied to transcription.

DISCUSSION

To our knowledge, this is the first study to report the as-
sociation between mothers’ ACE exposure and genome-
wide DNAm in newborn offspring. Our results show that
mothers’ ACE exposure is associated with differential
methylation, primarily hyper-methylation, in 5 CpG sites in
male umbilical cord blood. These CpG sites are in gene
areas likely to affect gene expression—promoters, CpG
islands, and CpG island shores. They are in genes related to

mitochondrial function and a gene, DOCKI0, that has
been proposed as a biomarker for depression. These results
support the notion that DNAm may be a biological sub-
strate of intergenerational effects of mothers’ childhood
adversity. However, although the functions of the genes
with differentially methylated CpG sites may suggest bio-
logical pathways of intergenerational transmission, these
results show 5 significant CpG sites on disparate genes
across the genome and therefore do not in themselves
provide strong evidence of specific biological processes. Still,
the locations of these CpG sites could be used to suggest
hypotheses for potential mechanisms for how adversity be-
comes embedded biologically across generations. To our
knowledge, this is the first epigenome-wide association
study in humans of the association between maternal ACEs
and newborn methylation.

Findings on mothers’ childhood adversity and DNAm
in maternal antenatal blood were less clear.
covariate-adjusted analysis, we did not find any CpG sites
with methylation significantly correlated with mothers’
ACE scores. Two recent systematic reviews have described
the existing literature on childhood maltreatment and
DNAm in adulthood.'”?® Although the 2 reviews inter-
pret the evidence as overall supportive of an association,
the authors agreed that conclusions are limited by low
comparability across studies and other methodological
limitations. The majority of existing studies use maltreat-
ment, or specific types of maltreatment, as the exposure, as
opposed to an overall adversity score, limiting direct
comparison with our analysis. Furthermore, the few studies
that use a genome-wide approach, rather than a candidate-
gene approach, examine primarily a composite DNAm
measure (such as epigenetic age) or regional analyses, rather
than reporting site-specific DNAm across a methylation
array. However, 1 previous study has examined ACEs and
site-specific DNAm in women from the ALSPAC dataset.
Using a summary score of 7 ACEs (rather than the 10 in
our analysis), the study also found no significantly

In our

TABLE 4 Maternal Adverse Childhood Experiences Scores Associated With Five Differentially Methylated CpG Sites in Male

Umbilical Cord Blood

Partial eta
CpG Gene B FDR-adjusted p value squared Partial eta- squared CI
cg03425217 YME1L1 0.004 .015 0.078 0.034-0.134
cg00279392 TIMM10 —0.005 .039 0.064 0.025-0.116
cg04318855 DOCK10 0.003 .045 0.064 0.025-0.117
cg08828819 PON3 0.003 .045 0.070 0.029-0.124
cg19447686 TENC1 0.001 .045 0.060 0.023-0.112

Note: FDR = false discovery rate.
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FIGURE 3 Manhattan Plot of Epigenome-Wide Association Study of Methylation in Antenatal Blood Associated With Mothers'

Adverse Childhood Experiences
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differentially methylated CpG sites in a site-by-site anal-
ysis, which included smoking as a covariate.”® However, in
our analysis, mothers’ ACE score was significantly corre-
lated with DNAm in 2 CpG sites when smoking was not
included as a covariate. Given high correlations between
ACEs and smoking behavior,’> and smoking and DNAm
of AHRR> (1 of the genes displaying a differentially
methylated CpG site), lifestyle factors related to childhood
adversity—in this case, smoking—may be responsible for
DNAm changes in adulthood.’

We aimed to test whether childhood adversity was
related to DNAm in pregnant women and whether that
adversity-related DNAm was passed on to newborn infants.
We hypothesized that such intergenerational transmission
could occur through germline inheritance or through
changes to the in utero environment. Given that we did not
find maternal ACEs to be correlated with DNAm in
maternal antenatal blood when controlling for covariates,
and in no analyses did we find ACE-associated DNAm in
the same CpG sites or genes in mothers and infants, our
results lend more support to the hypothesis that maternal
childhood adversity has biological impacts on the next
generation through changes in the in utero environment,
rather than through germline transmission. Alternatively,
germline transmission could be at play, but may not be
detected in the present study if it is a more subtle effect. A
broad set of factors related to mothers’ childhood adversity

Journal of the American Academy of Child & Adolescent Psychiatry
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could influence the in utero environment. These could
include aspects of the external environment correlated with
adversity (eg, pollution, chemical exposure, built environ-
ment, etc). They could include psychological factors related
to long-term consequences of childhood trauma, including
stress, social support, or relationship quality as well as
lifestyle factors, including diet, exercise, smoking. In terms
of smoking, the 5 CpG sites in cord blood correlated with
maternal ACEs in our data were not among the more than
6,000 CpG sites in cord blood found to be differentially
methylated in relation to maternal smoking in pregnancy in
a meta-analysis,”” although 2 of the genes represented were
the same (DOCK 10 and PON3). However, a recent study
in a large, multi-ethnic cohort in the United States (n =
954 mother—newborn pairs) found that cord blood
DNAm significantly mediated the association between
smoking during pregnancy and lower birth weight, and 2
significant CpG sites in that analysis were on the gene
AHRR®® (1 of the genes displaying a differentially meth-
ylated CpG site in maternal antenatal blood in relation to
maternal ACEs). Interestingly, studies have shown sex-
specific infant DNAm correlated with maternal smoking
during pregnancy.”®!

Sex differences were clear in our analysis. Maternal
ACE—associated methylation in infant cord blood was
found only in male but not in female individuals. This is
consistent with findings on vulnerability of male fetuses to
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environmental insults.** Being male is a known risk factor
for neurodevelopmental disorders, and DNAm is consid-
ered to be part of the mechanism conferring this risk.®>
Animal models have shown that females have higher levels
of methylation of CpG sites throughout the genome, and
expression of genes involved in immune regulation are
strongly epigenetically suppressed.> Our results contribute
to the findings on sex differences in DNAm in humans, and
extend the timeframe to exposures that occur in the previ-
ous generation.

Several limitations should be noted. The prevalence of
ACE:s in the ALSPAC sample is relatively low, although this
is the case for much existing literature on the topic. Studies
in samples exposed to relatively low levels of adversity, even
with large sample sizes, might fail to detect correlations,
particularly those with small effect sizes, as is the case with
psychosocial exposures and DNAm. Because our analysis
was not performed in a population highly exposed to ad-
versities, our findings might not generalize to such pop-
ulations. Of note, only 3% of ALSPAC mothers self-
identified as belonging to a racial/ethnic minority group.
Unfortunately, populations highly exposed to adversity and
minoritized are those most affected by intergenerational
transmission of sequelae of childhood adversity. Marginal-
ized racial and ethnic groups, including Black and Latinx
populations, sustain a higher exposure to and experience
more ACEs than their White counterparts.®® Future
research should therefore focus on populations with very
high exposure to adversity.

Our analysis uses a summary score of ACEs because
it is parsimonious and has been associated with multiple
types of adult health problems.””?® A short-coming of
this approach is that our analyses do not include other
characteristics of adverse childhood experiences that could
differentially affect DNAm, including specific type of
adversity, chronicity, age of first occurrence, and, for
abuse, the relationship to the perpetrator. As is the case
with the majority of literature on maternal childhood
adversities, measurement of motherss ACEs was retro-
spective. A recent meta-analysis found that correlations
between retrospective and prospective reports are very low
(k = 0.19),%° although this study may underestimate the
correlation, as it relies on corroborated abuse via findings
reported to police or social services, which may under-
count significant abuse that goes under-reported. One
possibility is that that depression during pregnancy may
cause an over-reporting of childhood adversity.”” How-
ever, subjective reports of childhood maltreatment more
accurately predict the development of psychopathology
than objective reports based on court records.>®” This
suggests that it is more likely that childhood adversity
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causes higher depression symptomatology in pregnancy,
rather than that depression symptomatology in pregnancy
causes higher retrospective reports of childhood adversity.
In terms of unmeasured confounding, maternal drug use
(both psychotropic medications and illicit drugs) could
have led to unmeasured confounding; however, we did
not have access to those data. In terms of the biological
samples, it would have been ideal to have methylation
analyses performed on the same sample type for all par-
ticipants, which was not the case in the ALSPAC AIRES
methylation data. However, sample type was not signifi-
cantly related to ACE score, and we controlled for sample
type as a covariate.

Our results show that mothers’ ACE exposure is
associated with DNAm in male offspring, supporting the
notion that DNAm could be a marker of intergenerational
biological embedding of mothers’ childhood adversity.
Future work through sequencing and transcription ana-
lyses could examine whether maternal ACE:s are related to
expression of these genes, which are involved in cellular
functioning, mitochondrial  functioning,
neuronal development in the cerebellum, and cellular
signaling. Given that we did not find overlapping ACE-
associated DNAm in mothers and their offspring, our re-
sults support the idea that ACE-related factors cause
changes to the in utero environment. If this is the case,
research on perinatal and pre-conception interventions to
support at-risk future mothers should examine whether
improvements in women’s lives brought about by these
interventions can change DNAm in their offspring, and
possibly interrupt the intergenerational transmission of risk

for psychopathology.
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