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Maternal adverse childhood experiences R

(ACEs) and DNA methylation of newborns
in cord blood

Phillip Collender'’, Anne K. Bozack?", Stephanie Veazie®, Jamaji C. Nwanaji-Enwerem®°, Lars Van Der Laan®,
Katherine Kogut®/, Corinne Riddell*®, Brenda Eskenazi’?, Nina Holland'”, Julianna Deardorff"*" and
Andres Cardenas®'%"

Abstract

Background Adverse childhood experiences (ACEs) increase the risk of poor health outcomes later in life. Psycho-
social stressors may also have intergenerational health effects by which parental ACEs are associated with mental
and physical health of children. Epigenetic programming may be one mechanism linking parental ACEs to child
health. This study aimed to investigate epigenome-wide associations of maternal preconception ACEs with DNA
methylation patterns of children. In the Center for the Health Assessment of Mothers and Children of Salinas studly,
cord blood DNA methylation was measured using the lllumina HumanMethylation450 BeadChip. Preconception
ACEs, which occurred during the mothers’childhoods, were collected using a standard ACE questionnaire includ-
ing 10 ACE indicators. Maternal ACE exposures were defined in this study as (1) the total number of ACEs; (2) the total
number of ACEs categorized as 0, 1-3, and >4; and (3) individual ACEs. Associations of ACE exposures with differential
methylated positions, regions, and CpG modules determined using weighted gene co-expression network analysis
were evaluated adjusting for covariates.

Results Data on maternal ACEs and cord blood DNA methylation were available for 196 mother/newborn pairs. One
differential methylated position was associated with maternal experience of emotional abuse (cg05486260/FAM 1358
gene; g value <0.05). Five differential methylated regions were significantly associated with the total number of ACEs,
and 36 unique differential methylated regions were associated with individual ACEs (Sidék p value < 0.05). Fifteen CpG
modules were significantly correlated with the total number of ACEs or individual ACEs, of which 8 remained signifi-
cant in fully adjusted models (p value <0.05). Significant modules were enriched for pathways related to neurological
and immune development and function.

Conclusions Maternal ACEs prior to conception were associated with cord blood DNA methylation of offspring
at birth. Although there was limited overlap between differential methylated regions and CpGs in modules associ-
ated with ACE exposures, statistically significant regions and networks were related to genes involved in neurological
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and immune function. Findings may provide insights to pathways linking psychosocial stressors to health. Further
research is needed to understand the relationship between changes in DNA methylation and child health.

Keywords ACEs, DNA methylation, Adversity, Epigenetic programming

Introduction

Adverse childhood experiences (ACEs) encompass a set
of potentially traumatic events that occur during child-
hood, before age 18 years, and are associated with poor
health outcomes during adolescence and adulthood
[1]. Examples of ACEs include physical and emotional
neglect, substance abuse, parental divorce, incarcera-
tion of family members, mental illness in the family, and
physical, emotional, and sexual abuse. ACEs are a perva-
sive issue with around 60% of adults in the USA reporting
experiencing at least one ACE before age 18, and around
22% reporting experiencing 3 or more ACEs [1, 2]. Of
note, ACEs are more prevalent among children in racially
and ethnically marginalized populations as well as those
residing in low- and middle-income countries [2—4].

ACEs are a significant public health issue because they
have negative impacts on mental and physical health,
education, and job opportunities. During child devel-
opment, they, along with other social determinants of
health, contribute to toxic stress, which can cause neu-
rodevelopmental disruption, epigenetic changes, and
reprogramming of stress and immune regulatory sys-
tems that affect a child’s developmental trajectory and life
course [5, 6]. Through these mechanisms, they have been
associated with increased risk of many negative physical,
psychological, and social outcomes during childhood,
including asthma, headaches, obesity, attention-deficit/
hyperactivity disorder, and earlier use of alcohol [7]. Dur-
ing adulthood, ACEs have been linked to an increased
risk of cardiovascular disease, chronic obstructive pul-
monary disease, dementia, suicide attempts, and injec-
tion drug use [6, 8, 9]. These associations can contribute
to billions of dollars of economic and social costs each
year; a 10% reduction in ACE prevalence in North Amer-
ica is estimated to result in an annual savings of 1 million
disability-adjusted life years or $56 billion [10].

There is growing interest in how adverse events
experienced by parents affect health outcomes in their
offspring. Maternal preconception ACEs have been
associated with increased risk of hypertensive disor-
ders of pregnancy, preterm birth, and prenatal depres-
sive symptoms. Maternal psychological challenges have
also been shown to increase child behavioral dysregu-
lation [11]. This evidence demonstrates that psychoso-
cial stressors experienced early in the life of pregnant
individuals can have downstream effects on the pre-
natal and postnatal time periods [12, 13]. The effect of

maternal preconception ACEs on infant developmental
outcomes can occur through biophysical and behav-
ioral mechanisms related to increased prenatal health
risks, pregnancy psychosocial risks, and postpartum
psychosocial risks [14]. Children of mothers with a high
number of ACEs were found to have increased risk for
depressive symptoms, anxiety, aggression, hyperactiv-
ity, and temperament issues [15, 16]. The development
of negative psychosocial outcomes among children
of mothers with ACEs may be attributable to prenatal
substance use, exacerbated stress and depression, emo-
tional maladaptive behaviors, and biological program-
ming, such as through epigenetic changes, during the
prenatal and postnatal periods [5, 16, 17]. For example,
a greater number of maternal ACEs has been associ-
ated with increased epigenetic age acceleration among
offspring in the current cohort [18], as well as shorter
telomere length throughout infancy in other stud-
ies, which contributed to higher risk for maladaptive
externalizing behaviors at 18 months of age [19]. Stud-
ies in animal models have also supported inter- and
transgenerational inheritance of trauma through non-
genetic inheritance involving the germline [20]. Nota-
bly, in mouse models, behavioral alterations have been
observed in the F2 generation following chronic stress
exposure [21]. In a mechanistic study, trauma experi-
enced by male mice-modified microRNAs of sperm,
and injection of sperm microRNAs into fertilized
wild-type oocytes conferred trauma-related behavioral
changes to offspring [22], providing evidence that inter-
generational effects of trauma are due in part to molec-
ular mechanisms independent of parenting behaviors.
Changes in DNA methylation (DNAm) that occur
during fetal development and throughout life and off-
spring inheritance of maternal epigenetic patterns may
also confer vulnerability to many pathologic condi-
tions [23]. Associations of cumulative lifetime maternal
stress and maternal stress experienced during preg-
nancy with DNAm of offspring have been studied in
epigenome-wide association studies (EWAS) [24, 25],
including in a large meta-analysis of 12 cohorts [26].
EWAS of ACEs and DNAm in adulthood [27], as well
as EWAS [28, 29] and candidate-gene approaches [30,
31] of maternal preconception ACE exposures and off-
spring DNAm support the hypothesis that ACEs affect
differential DNAm of specific genes. However, these
studies have focused on the number of ACEs rather
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than ACE categories and findings have been inconsist-
ent across studies.

In the Center for the Health Assessment of Mothers
and Children of Salinas (CHAMACOS) study, a lon-
gitudinal birth cohort from a predominantly Mexican
immigrant farmworker population in California [32], we
previously reported associations between maternal ACEs
and children’s epigenetic age acceleration [18]. In the cur-
rent study, we expand upon this research by performing
an EWAS among CHAMACOS participants to assess
the relationship between maternal preconception ACEs,
analyzed as total number of ACEs and individual ACEs
reported, and newborn cord blood DNAm patterns.

Results

Participant characteristics

From an initial cohort of 601 mother/newborn pairs,
372 had high-quality DNAm data. Mothers” ACEs were
collected using an adaptation of the ACE questionnaire
[33] including 10 indicators, which was administrated
approximately 18 years after the birth of the index child.
A total of 203 mother/newborn pairs had data on DNAm
and any ACE indicator; missingness was primarily due
to loss to follow-up. Our analyses included 196 mother/
newborn pairs with full data on maternal ACEs, cord
blood DNAm, and other covariates (Additional file 1:
Fig. S1). Characteristics of maternal/newborn pairs were
similar for those included in analyses (Table 1) and the
full sample with available DNAm data (Additional file 1:
Table S1).

The mean*standard deviation (SD) maternal age at
delivery was 25.7 + 4.8 years (Table 1). On average, moth-
ers had a parity of 1.2+ 1.1 births and had pre-pregnancy
body mass index (BMI) of 27.2+5.1. Forty percent of
mothers (n=80; 40.8%) had 6th grade or lower educa-
tion, while 40.3% (n=79) attained 7th—12th grade educa-
tion and 18.9% (n =37) graduated from high school. Eight
mothers (4.1%) reported ever smoking while pregnant.
Forty-three percent of mothers were married (n=285;
43.4%) and 38.8% were living as married (n=76) at the
time of delivery, while 5.1% were separated or divorced
(n=10), and 12.8% were single and had never mar-
ried (n=25). The majority of mothers reported Mexico
as their country of origin (n=172; 87.8%), and having
spent<1 (n=34; 17.3%), 2-5 (n=53; 27.0%), or 6-10
(n=57; 29.1%) years in the USA. Slightly fewer than half
of newborns were male (n=94; 48.0%), and the mean
gestational age was 39.1 £ 1.5 weeks.

Maternal adverse childhood experiences (ACEs)
Approximately half of mothers (n=101; 51.5%) reported
no ACEs, while 26.5% (n=52) reported 1-3 ACEs, and

Table 1 Participant characteristics
experiences (ACEs) of mother/newborn
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and adverse childhood
pairs included in

analyses

Characteristic (N=196) Mean +SD or N (%)
Maternal age at delivery (years) 257+438
Maternal parity (births) 12+1.1
Maternal pre-pregnancy BMI 272+5.1
Highest level of education attained by mother

6th grade or lower 80 (40.8%)
7-12th grade 79 (40.3%)
High school graduate 37 (18.9%)
Mother ever smoked during pregnancy

Yes 8 (4.1%)

No 188 (95.9%)
Mother's marital status at time of birth

Married 85 (43.4%)
Living as married 76 (38.8%)
Separated 7 (3.6%)
Divorced 3(1.5%)

Single, never married

Mother’s country of origin

USA

Mexico

Other

Years mother spentin USA

<1 years

2-5 years

6-10 years

11 +years

Maternal ACEs

Emotional abuse

Physical abuse

Sexual abuse

Emotional neglect

Physical neglect

Domestic violence in household
Substance abuse in household
Mental illness in household
Household member incarcerated
Parents divorced

Total number of ACEs reported
0 ACEs

1-3 ACEs

4-10 ACEs

Newborn sex

Male

Female

Gestational age (weeks)

25 (12.8%)

22 (11.2%)
172 (87.8%)
2 (1.0%)

4 (17.3%
53 (27.0%
57 (29.1%

(

)
)
)
2(26.5%)

101 (51.5%)
52 (26.5%)
43 (21.9%)

94 (48.0%)
102 (52.0%)
39.1£15
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21.9% (n=43) reported 4—-10 ACEs (Table 1). The ACEs
most frequently reported by mothers were physical abuse
(n=47; 24.0%), emotional neglect (n=44; 22.4%), emo-
tional abuse (n=43; 21.9%), parental divorce (n=42;
21.4%), and substance abuse in the household (n=40;
20.4%). The report of any ACE increased the odds of
every other ACE, with pairwise odds ratios ranging from
3.4 for domestic violence and physical neglect (95% con-
fidence interval (CI): 1.1, 9.9) to 51.4 for emotional and
physical abuse (95% CI: 19.5, 135.4) (Additional file 1:
Fig. S2). The maximum variance inflation factor for the
mutually adjusted model matrix including all ACEs was
3.30, indicating no major issues with collinearity (data
not shown).

CpG-by-CpG epigenome-wide association study (EWAS)
analyses

Associations with individual cytosine-phosphate-guanine
(CpQ) dinucleotides in cord blood were analyzed using
three complementary approaches to defining maternal
ACE exposures: (1) total number of ACEs modeled lin-
early; (2) total number of ACEs categorized as 0, 1-3,
or 4-10, allowing for nonlinear effects; and (3) each of
the 10 ACEs in a mutually adjusted model. Models were
adjusted for a priori selected confounders or precision
variables of newborn sex, gestational age, and cord blood
estimated cell type proportions, and maternal parity, pre-
pregnancy BMI, age at delivery, educational attainment,
smoking during pregnancy, and marital status. Within
each model, we adjusted for multiple comparisons (i.e.,
number of CpGs x number of exposure variables) by cal-
culating g values using the false discovery rate (FDR) con-
trol approach of Storey and Tibshirani [34]. Differentially
methylated positions (DMPs) were defined as CpGs with
q values <0.05. CpG-by-CpG results from the EWAS are
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available at the study’s Open Science Framework (OSF)
repository at https://osf.io/ync5t/.

We did not identify any DMPs associated with the total
number of ACEs modeled linearly (Manhattan plot pre-
sented in Additional file 1: Fig. S3) or modeled categori-
cally (Manhattan plots in Additional file 1: Fig. S4). When
individual ACEs were included in a mutually adjusted
model (Manhattan plots in Additional file 1: Fig. S5), we
observed one DMP positively associated with emotional
abuse (cg05486260; FAM135B) (g value <0.05) (Table 2).

Genomic inflation was evaluated using Q—-Q plots and
the genomic inflation factor (\) (Additional file 1: Figs.
S$6-S8). In the mutually adjusted model of individual
ACEs, some degree of genomic inflation, i.e., observed
p values systematically lower or more significant than
the expected under the null hypothesis distribution,
was observed for emotional neglect (A =1.65), substance
abuse (1=1.54), and mental illness (A=1.40) (Additional
file 1: Fig. S8). Deflation, perhaps corresponding to a
lack of statistical power, was evident for emotional abuse
(A=0.86), physical abuse (1=0.89), and parental divorce
(1=0.67). Deflation was also present for 1-3 versus 0
ACE:s in the categorical model of total ACEs (1=0.75),
although deflation was less evident for 4—-10 versus O
ACEs (1=0.97) or 4-10 versus 1-3 ACEs (1=1.13)
(Additional file 1: Fig. S7).

We looked up the DMP ¢g05486260 in the EWAS
Catalog database [35]. This CpG has previously been
associated with gestational age in fetal brain tissue [36]
and with age in a longitudinal analysis of cord blood and
blood collected in childhood and adolescence [37].

We also evaluated if results from two previous stud-
ies replicated in our analyses. Moore et al. investigated
associations between the number of maternal ACEs and
DNAm measured in blood collected from infants at age

Table 2 Differentially methylated position (DMP; g value < 0.05) associated with maternal adverse childhood experiences (ACEs)

ACE CpG Methyl. OR gvalue Baseline Maximum Chr Position (bp) ¢ Gene Feature
maximum likelihood annotation category
likelihood (95% Cl) %

(95% Cl) % methylation
methylated®  change®

Emotional abuse cg05486260 1.44 0.01 71.03 (65.74, 6.92 (4.82,9.00) 8 139,206,451 FAM1358 Body
75.80)

2 Baseline measures were obtained from fitted models by plugging in mean values for continuous variables or most-frequently observed values for categorical
variables. Thus the baseline prediction is for a female child with gestational age of 273.36 days, whose mother had 1.19 previous births with gestational age >
24 weeks, did not smoke during pregnancy, was married at time of birth, had educational attainment at or below 6th grade, was 25.73 years old at time of birth,
and whose cord blood cell type composition was 18.94% CD4+T cells, 9.12% CD8+T cells, 0.73% natural killer cells, 18.33% B Cells, 10.92% monocytes, 40.63%

granulocytes, 1.33% nucleated red blood cells

b Exposed measures were obtained by plugging in the same values used to represent the mean/most frequently observed individual for baseline and setting
exposure variables to 1. The Differences between exposed and baseline methylation were Monte Carlo simulated using 3000 draws from a multivariate normal

distribution, followed by inverse logit transformation and subtraction

c.hg19 assembly
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3 months (N=92) [29]. The top CpG located in each of
142 correlated methylated regions (p<0.005) as well as
189 individual CpGs (p < 0.0005) were reported, of which
314 were included in our study. Among these CpGs, 129
were nominally significant (p value<0.05) in at least one
of our models (total number of ACEs: 14 CpGs; total
number of ACEs categorical, 1-3 vs. 0: 8 CpGs; 4—10 vs.
0: 12 CpGs; 4-10 vs. 1-3: 15 CpGs; mutually adjusted,
emotional abuse: 13 CpGs; physical abuse: 11 CpGs; sex-
ual abuse: 11 CpGs; emotional neglect: 19 CpGs; physical
neglect: 10 CpGs; domestic violence: 15 CpGs; substance
abuse: 20 CpGs; mental illness: 23 CpGs; incarceration:
13 CpGs; divorce: 9 CpGs), although none remained sig-
nificant after adjusting for multiple comparisons in our
EWAS (Additional file 2: Table S1).

Kotsakis Ruehlmann et al. conducted a meta-anal-
ysis of maternal prenatal stressors in the Pregnancy
and Childhood Epigenetics (PACE) consortium (p
value <2.4x1077) [26]. Of the five DMPs associated with
prenatal cumulative stress or individual stress domains
in PACE, four were analyzed in our study. Only one
DMP achieved nominal significance (p value<0.05) in
any of our EWAS (Additional file 2: Table S2). The site,
cg14228885, annotated to APTX, had higher methylation
among mothers who reported experiencing conflict with
family and friends during pregnancy in eight cohorts
included in the PACE meta-analysis, and had higher
methylation among mothers who reported substance
abuse in the household in our study (p =0.005).

Regional epigenome-wide association analyses
Differentially methylated regions (DMRs) in cord blood
were identified using comb-p with a Siddk multiple test-
ing correction [38], and significant DMRs were defined
as regions with a Sidék p value <0.05. DMRs were associ-
ated with the total number of ACEs modeled linearly (4
DMRs), the total number of ACEs modeled categorically
(1 DMR for 4-10 ACEs vs. 0 ACEs), and individual ACEs
in a mutually adjusted model (3 DMRs for emotional
abuse, 6 DMRs for sexual abuse, 2 DMRs for emotional
neglect, 9 DMRs for physical neglect, 4 DMRs for domes-
tic violence, 3 DMRs for substance abuse, 5 DMRs for
mental illness, 3 DMRs for incarceration, and 3 DMRs for
parental divorce) (Sidak p value <0.05) (Table 3).

There was minimal overlap between DMRs. The total
number of ACEs modeled linearly and emotional neglect
in the mutually adjusted model were associated with
lower methylation of overlapping DMRs on chromosome
6 (VWA?7), sexual abuse and domestic violence were
associated with overlapping DMRs on chromosome 4
(STX18-AS1) with opposite directions of association, and
physical neglect and mental illness were associated with a
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DMR on chromosome 11 (intergenic; chrll: 67,383,425—
67,383,863) with opposite directions of association.

Weighted correlation network analysis

Weighted correlation network analysis, or weighted gene
co-expression network analysis (WGCNA) [39], per-
formed on M-values identified 29 modules, ranging in
size from 30 CpGs (the minimum module size set in the
call to the blockwiseModules function) to 109,576 CpGs.
One module, which was composed primarily of probes
located on the sex chromosomes, was excluded from
further analyses. Information required to reconstruct
identified WGCNA modules is available at the OSF
repository at https://osf.io/ync5t/. Module eigengenes of
the 28 remaining modules exhibited strong representa-
tiveness, accounting for 41.0-74.0% of the total varia-
tion among probes belonging to each module (Additional
file 1: Table S2). Median absolute Pearson correlations
between included probes and module eigengenes raged
from 0.63—-0.91. Bivariate associations between module
eigengenes (MEs) and the total number of ACEs, indi-
vidual ACEs, and covariates were evaluated using Pear-
son correlations (Fig. 1 and Additional file 1: Table S3
and Fig. S9). Modules significantly correlated with ACE
exposures (p <0.05) were further analyzed using adjusted
models (Figs. 2 and 3 and Additional file 1: Table S3).
Pathway enrichment analysis was performed for signifi-
cant modules using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) [40] and Gene Ontology (GO) [41, 42]
databases (Table 4 and Additional file 3: Tables S1 and
S2).

Fifteen MEs exhibited significant correlations (p <0.05)
with the total number of ACEs or individual ACEs (Fig. 1
and Additional file 1: Table S3). Examining relationships
between covariates and ACE-associated MEs, we found
the greatest correlations between newborn sex and the
Blue, Pink, SaddleBrown, and RoyalBlue modules (|p|
range: 0.18-0.22; p<0.05) (Fig. 1). At least one ACE-
associated ME was also significantly but weakly cor-
related with gestational age, maternal age at delivery, %
granulocytes, and % nucleated red blood cells (|p| range:
0.15-0.17; p<0.05). MEs not associated with ACEs were
significantly correlated with newborn sex, maternal
smoking and age at delivery, and % CD4+T cells (|p|
range: 0.14—0.22; p <0.05) (Additional file 1: Fig. S9). This
suggests that modules represent biologically meaningful
DNAm networks, but also that maternal ACE exposures
are associated with DNAm networks unique from other
biological or sociodemographic factors.

The total number of ACEs modeled linearly was sig-
nificantly correlated with the MidnightBlue (enriched
for cell-mediated immune response; p=0.15; p=0.039),
Sienna4d (p=-0.20; p=0.006), and Yellow3 (p=-0.22;


https://osf.io/ync5t/

Page 6 of 22

162

(2023) 15

Collender et al. Clinical Epigenetics

Apog aroTyld (90'S '£6'1) ¥T'€ (Tv'76'88°7L) 0818 uriyrsel -0l X vbl S 0 SE6'lLETY  SE9lLETy  SL
- (L0E1'91°€) 958 (9588 '1€'9€) 0£'SS @oLorort  z1-0L X €CS S 86/ ¥66'lSL0T  LST'ISL0T €l
Apog MO (LE0T'S0S) LTLL (695 '€9'6€) €7'SS eeT'L8) Tl o-OL X ELS S [ET  097T8L'89  ¥T0'T8L'89 Ll
- (€T0L'1E9 ¥6'L (€T€9'9960) 95T 09Lven eyt -0l x90¢ L 6Ey  €98'€8E/9  STH'E8E/9 Ll
Apog 49400 ©L0L'TLY) £29 (8698 '¥£'7/) 9%'T8 ©0T'Tr) 191 01-0L X608 / 888 7157679 579679 LL
Apog GXNL (€891 '€0°€) 8%'8 (€6'8L'S€TL) 1SSy 661711151 -0l X 0L > 74 178 LO€%907€  /8K'€90TE 9
Apog €2910DNIT (857 's¥0-)6L'L (66'96'L9'L€) OV €8 851'860) LTl -0l X909 6l 09  689%6¢8'8T  0€C6T8'8T 9
Apog €45€075 (656169 T8 (9208 '65°65) ¥ 0/ roL'os)9sL 0L X¥8Y 4 997 /8S'/9€'VET  TTE'L9E'VET L
1231bau [D21sAYd
0051551002551 VZLYY 68dSH (6£0-"€€'1-) 980~ (€6'96 ‘06°€6) 8£'56 (60'180)980 -0l X 8EL S 65 LW/viTOv  €0LvITOV  LL
Apog LYMA (€S'1—"t6%-) S6T— (6076 '59'95) 908 (580°220)t80 0L X L0V 8 205 SylveLlE  LvBEELlE 9
122/b3u [puojowy
002551005 1SSL HLN,S dvo19 @Y1 -'085-) Ly~ (SL'SL'8¥ 1Y) €£'85 (#60'6£0) 180 ¢ -0L X 0L > ve 756 9S¥evl'oE  S0S'8YL9E 0T
Apog DIYNDVD (EV'€="619-) 0Ly~ (L0'LS'00°0Y) 8611 (80'1r0) €80 -0l X L1'C € 744 €99'6€€'C 6Ev'6EET Tl
- - (69€~"¥6'5-) €87~ (STLL'eg6) TS €EL (§90'850) 190 0L X LUl 4 seT SSLILGE'8E L76'05€'8¢ /
005 1SSLYIN,S SVXOH (S€0-"v0'L-) 590~ (T€86 ‘0'26) 8T'S6 (060'¢80)980 0L X 1O€ S 8vz  €8TSSL/T 9E0'SSLLT L
0051551002551 LSV-8IXLS (190'520) 8€0 BYS'8l'l) ST Srirory st =01 X969 8 1T 90y 8ErSy v
- - (06— "sv¥L—-) T0TL— (66'L€ L0 1) £09T (#S0'0£0) ¥0 Ol X ZLL v vlT  €ES'ESY'8TL  09T'ESY'sTL ¢
asnqp [pnxas
1SY-1TXOT
uox31s| ‘41N,S 002SS1 ‘1IX07 (£89'SLE) TS (96'19 €7 7€) €99% Lot ert -0l x99 6 vee  0/6'8lTY/.  [/S8LTYL  SL
0051551 LdNIESAL (S¥LL'9E /) 8v'6 (£16590°LE) €E€7Y osL'ee) iyl o-0L X 9€L 9 18E  TIS'T96's6  CEL'T96'S6 8
- 9y —"6v'8-) v0L— (96'£€ '07°CT) 688C (€80'190)690 (-0l X 9C¢ 4 v $95/009CL  STEL00'9TL 3
asnqp |puoowy
530 paisnipp Ajipninyy
4ns LQYIZ4LO (9£9200) Ty 00y 'L0'5T) L8€EE GrLirnort ¢ -0l X589 S 8vE  6/TS68'€L  TE6VE8EL L
S3DV [DI01 0 SNSIdA O [~
BwN.:OWEBw 3DV JOJlequinu [DIO|
Apog LDG4M (¥S0 ‘¥+°0) 050 (€££9'88'19) €6°€9 (€oL'zol)col  o-0L X 86°€ 4 0lZ  6L6'9VE'Y8  OLL'9VEW8 9L
- - (990—"L¥'L-) SOL— (16'19°15£1) 696 (160'€60) 560 o1-0L X LS 4 8Ly S0S'9LE 88091E Ll
Apog z49n0d (€z0-"s5'1-) 180~ (6T6'1ETL) V618 ©960'¢60)v60 g0l X (8% S LTS LL01L16E SPSOLLSE L
Apog LYMA (0v0—"2£0-) 950~ (1515 '65°€0) Tv'6€ 860',60)860  ¢-0L X ¥L'L S 98l OSW'vELlE  S9TVELLE 9
$3DV/J0 Joquinu [p30]
, 9bueyd q Pa1elAY1aWw
uonejfyraw o (sbuey o (9buey %Se) pooyl (U 526 'S°T)
K10Bayed aanjeay uonejouUUE BUID  956) POOYI[RNI| WNWIXEW wnwixew auljaseg goueay  anjeadyepis  sodd#  yipim pu3 MRS Ay

(S3DV) s2dualiadxa POOYP|IYD SSIDAPE [BUISIRW YIM PRIRIDOSSE (SYINQ) SUOIDaI paiejAyiawl A|jelnuaiopld € ajqeL



Page 7 of 22

162

(2023) 15

Collender et al. Clinical Epigenetics

uoIdRIIgNS pUe UoIIeWIOSURIY HBO| 3SI9AUL AQ PAMO||04 ‘UOIINGISIP [BULIOU S1BLIBAIINW B W04 SMRIP 000E BuIsn paje|nuwiis ojied) 31UOI 319M uofejAyiaw aulaseq
pue pasodxa U39MIaq SIDUIRYIQ YL | 03 S3|qerieA insodxad Buillas pue auljaseq 1oy [enplAIpUl PaAISSGO AjJuanbaiy 1sow/ueaw Y3 Juasaidal 03 pasn sanjea swes 3y} ul buibbn|d Aq paule1qo a1am sainseaw pasodxy ,

5|92 POO| P31 PILINU %%EE |

's91A50|NURIB 94£9°0f ‘SIKI0UOW %ZE'0L ‘S|[BD g %EE'SL ‘S|[DD 43|13} [eINIRU %E L0 ‘S|19D L +8AD %TL'6 ‘SII3D L+ +AD %681 sem uonisodwod adA} ||95 poo|q piod 350YMm pue ‘yiig JO il Je plo sIedk £/°G7 sem ‘apeid
419 MO[3q O 1 JUSWUIR)IE [BUOIIEINPS PeY ‘Yl JO dwi) Je paLliew sem ‘Aoueubaid Buunp ayows 10U pIp ‘seam z < abe euoneisab yiim syuiq snoinaid 61| pey Jayiow asoym ‘skep 9g°c/z Jo abe [euoneisab yym
PIIY> 3Jewd) e 40y st uondipaid dulaseq 3y sy s3|qelieA [ed10633ed 104 saNn|eA PaAIasqo AJuanbaiy-1sow 0 s3|gelieA SNONUIRUOD 104 sanjeA ueaw ul buibbnd Aq s|ppow pa1y WOl PaUIRIGO 3I13M SBINSE3W dUl|95eg o

Alquasse 1By,

|opow paisnipe Ajjeninwi e ul Pa)ewilsa 319M S3DY [BNPIAIPUL JO S1D313 ‘STDY 0L+ 10 ‘€-| ‘0 Se A||ed110631ed 40 AjJeaul| Pa|apow 49M SFDY [UISIeW JO S1094]

Apog 6YL1015 (16'£2'50'97) 86'9C 99y '6€ %) TS 7 @oe'1r906T  o-0L X 0L6 € 697 [90'165'19  66L065'l9 0T
- - (bl'7L—"89°€T-) £561— (9678 '8£'€9) 08'7L (€507¥0) 40 o-OL X 8L6 € vzl 106'E60'l0L  8LL'€60'10L Sl
- - (LET—"89€-)6lE~ (L¥'€L'09%1) 670V (¥80'780)€80 o0l X €9°¢ v €€ TIS'LES'BSL  081'L€S'8S1 S
PI2IOAIP S1UIDH
Apog 1d9z4o1 (0601 '287%) ST'8 (8€'5L'80°'65) 0029 6sL9z) eyl o-0L X 6L¢ S 8¢ €/CT60'Ly  9T0T60'Ly /L
0051551 PYXOH (6L7—'061-) 8L~ (009 '60'S1) 96T @80'190) 720  o9-0L X 86C 4l 9SS SSl'l/l'zz o090LliT L
Apog 194a-VTH (082 '79°0) 58°€ (8L16'1L'89) ¥€'98 (rzsrost g 0L X /L€ 44 €88 896'8V0'SE  980'8K0'EE 9
pa1biadipdul JaquiaW pjOYasNOH
Y1N.€ Apog 005 1SSL LINYd ‘941061 (€£9°06°0) 61 (89°€6 '/'05) 67°89 Serstnyrl -0l X 08¢ S sve  TEL161'0S  06€'161'0S 61
007SSL HLN,S YLN,E UoXF 151 9UHIA ‘EEHO61D (L8T—"Ly9-) 6L 7~ €75 791 1) £59T 080'c90)v20 -0l X L¥/ S 09  ¥68'v6/'8E  SE9V6L'8E 6l
0075510051551 7750€1001007 (€75—'186-) (81— (9T9v '(TTT) 6V°€E (8£0'650) 290 -0l X 0L'6 3 Oly  008'S06'/.  16€'S06'4L 8L
41N,S 'Uox3 151 ‘002SSL 191d¥4D (€8L'LLILL) LSEL (STer '69°£7) 81°9¢ 8159151 -0l X 68 9 orl 0/99T¥'18  STS9T¥l8 Sl
- (909—"¥0'LL-) 1T6~ (TT€9'9967) 95Ty (€£0'550)590 0L X 06'L L 6y €98'€8€'/9  STY'E8E/9 LI
ployasnoy ul ssaujjl [pIU3Y
YINE ¥197 (98 'v0'L) T6'L (€601 '€£77) 65°S vy e =0l X0l € %l 6£9'S19'SE  PY'SIOSE 6l
41N, Apog ‘uoxq i1 OdNd (€80 9°0) £90 (1ze'ss ) rlT @iveneel g0l X 9€Y 9 €97 S8l'6lO9y  €76'8LOOY /L
uoxgIsi v1TY95g (99°€'70°L) LET (9492 °0597) €S Grivonort g0l X0€y oL 9L 08LShT'EE  6lOSHTEE 9
DJoyasnoy Ul asnqp aoupisqns
uoxg It ‘41n,s OYNDY (r£0-"60T-) TEL - (€99'097) £8°¢ (1£0%50) €90 -0l X ¥E'S 14 w6t 6516167 sve'sley Tl
0051551 PINTYOPS @599 1L (vO'LL'1801) TO'LE weLstnveL  o-0L X vl 4! LY 192'89¢ 16€'89€ 11
00S1SSL ‘4LN.S ZSAYONS TEOHNS o9'LLL) 6L (9£°€9 D) 81'9C (siocyort o0l XSl L €85 ToV'v08'lE  088'€08'LE 9

Hns .
“uox3 151 Apog ‘005 1SSL ‘00ZSSL 1SV-81X1S ‘9IXLS (L1'0-"6v'0-) €€0— 0TS'6LL) ¥7'T (160'c80)980 (-0l X I8¢ Ll €55 920'7KS'y vIVErSY b
Ployasnoy uj a2Uaj0IA D3SaWod
007551 ‘41,5 9€990L ‘TIYNLYY (1£0'590) 890 (1£'86'80°£6) 6926 (o1ze syl 0L X 8LV 9 L LEL'T9S%Y  /90'T9SWy 8l

,9bueyd q PaelAyiaw
uonejAyiaw 9, (dbuey 9 (36urY %S6) POOY IR (3)13ua4ad 5°£6 'S°T)

K106331ed 3INYed4 uoleIOUUER BUSD  95G6) POOYIDI| WNWIXe wnwixew aujdseg doueay  anjeadyepls sodd#  Ypim pu3 <MEeIS  JyYyd

(Panunuod) € 3jqey



Collender et al. Clinical Epigenetics (2023) 15:162

oo oz

g
oo [loal] oo T oo =2l R e e
e oz IR s o R ) |
R i o (o K S L
wecosss | o oo Mo oun eem o on oo W
e0.37). 9=0.66) q=0.81) G=0.65) 9=0.58) Q=0.51) 1=0.66) 970.66) ro0tz)
— o E N oo [
wwees|RIE O o | ot o o | o oom
| am | Tow  em Gaa  Samm ol Sew
T IR BN o | ows PR o
o - | T T oo R o
@=0.37). 9=0.32) 9=0.79) 9=0.78) 9=031). 9=0.51) q=0.94) 9=0.66) Lol
— T — el
s | A el I
| I =E ] =i R
wm oo NG oo TR e
J— OO me IS
et = - I =L -
B ou oo DR oo G
e | EFERCT . e
| as | Tow) o |y ey e
o o R WG o G oo [N
G [ A A won Nossel ooz oS em
el s s o e an |
B o [z A e
PO ([ A O
KR e o B
— rREE o0 |1 u | B IR
s | R o o e = o NS
9=0.35) 4=0.66) =0.85) =06) 4=059) 4=051) 9=0.66) 4=0.66) G5
T e rm T ™
o | R o~ DS oo ol oom | eew 0
=061) 4=067) =081) 4=065) 4=0.76) 4=051) 4=0.66) 4=0.66) o=t
e T R oo | T
e | S | SR e s I
=0.75) 4=0.65) 4=0.73) @=071) 4=062). 4=06) 4=066) 4=0.66) o=t
T = ] ra .
nnnnn | [ B i o A
q=0.5) Qu0.51) qu0.66) qu0.56) qe0. qu061). >
e BT = Em —
o] o MERE R oo Bl e PN oo
qu0.62) Q=0.76) Q=0.77) Q=0.76) Qu0.73). q=051) Qu0.77) qe0.66) v
- e o [
oo 0| [ 0z Moo e = oms
4=063) '4=0.48) Q=057). 9=0.8) q=061). o=
N ¢ R
Ry & LA
& s & & i

o won o om0 EEISEN wm | oo | ow | ome | wm | wws  aon
ot o pom  Gos  om | G| Gom  Gos)  pom  Gos  God  Gas  pam  par
s omm  wom  ooe oo oww a0 oos  ows [WGEN s WSEN o o
o Bl | n | o | o | S | oo Doae IREEEEEE N -
L.
Gl cor QBN s oo oo e 5 wow  oms | o [
ol ey [N G55 S oin o oowm femmall ooh oo eee | oes [EEE
e e oms o S ouse oms  oow I oo
om  aT Gash | G0B  om  Gum | Gl pom  Gom  Garn  Gos)  om | Gom posn
oo oo om ooz om [N oo o o oon  aom  ooe | o -ome
SO ea el el oo | BRI s ot | Gem pesm  oew  oun | eam | ousm | [|or
Sl oo ooe  oom  -oom ome o oma | or
o) oo Gas s G G Ged o Gom  Gas  oon o | Gam | aaats)
Bl o om o e oo | ams WG ome om  wse  ooe o o 5
@0018) | @03 o) ot @02 (07 (RO (R0M) (w049 (049 (05 (w085 G046 | (e0089) =
g
oo ORI ox  oom | oom oo oos Pomd oow  ows o oo oo oo ||, §
om | GO Goan s | Ge8  Gas s | G0 pee Gl gom o Gam s 8
8
ome MG oo om'| oms | owr  oow  om  oms | om ooy oms | aesr | oo 2
on | Gman | pom  Gh  Gom  pom  Game G om0 Gon  Gas) s (e pam 8
ooro NG oovs  oms oy oo omo  ome el oo ovs MG oo ss
P A - N S U N )
8e-03 o1 0.08 0.0054 0055 -0.0039 -0.041 o1 o011 0067 € 003 0.0046 0026 ot
oo |G| om o o pom g (GBI com G | Gam Gam  pasy G
s oo o DT o2 wew cor oo oo (G s s
o Gum  Gom  om | GO | GO son oo pon ol con | G Geh  Gam
Sl om  oms oo aom | oo eom aom | aon oov | oow | oms  ms o
GO s wem e | Gom o Gom G Gom  cem  Gae) G oam  Gasn
L.
o oors | om oo oow NSO oo oo | oo o1 o
GO phm e o oom | GRID | Gom  on | Gom  Gom  Gan | Gain oo Gas
ooms | —ooms o o o ome SN ovs  [EENNGE o5
00m) o Ges  gom  0oe  Gae  Gosn  Gom | Goms oo | Gooe | omm | oo 0os
. ’ N 5 « ¢ .
N SO s s S & & F E &
¢ & 2 & & &
& & &

Fig. 1 Correlations of module eigengenes (MEs) with maternal adverse childhood experience (ACEs). Pearson correlations with weighted
correlation analysis (WGCNA) MEs were calculated for individual maternal ACEs, total maternal ACEs, and covariates. Pearson correlations (p values; g
values) are shown in cells. Only MEs significantly correlated with the total number of ACEs or individual ACEs (p <0.05) are shown

p=0.002) MEs (Fig. 1 and Additional file 1: Table S3).
After adjustment for covariates, associations with the
total number of ACEs remained similar (Fig. 2 and Addi-
tional file 1: Table S3). In bivariate and covariate adjusted
analyses of the total number of ACEs modeled categori-
cally, 4-10 ACEs versus 0 ACEs was significantly associ-
ated with the MidnightBlue, Sienna4, and Yellow3 MEs
(p<0.05), consistent with modeling the total number of
ACE:s linearly. However, estimates of FDRs of linear and
categorical associations of total number of ACEs and
MEs (g values) were>0.05 (Fig. 1 and Additional file 1:
Table S3 and Fig. S9).

In bivariate analyses, mental illness was significantly
associated with the most MEs (p<0.05) (8 MEs: Pink,
enriched for cellular metabolic and biosynthetic pro-
cesses; RoyalBlue; Magenta, enriched for immune and
inflammatory response; MidnightBlue, enriched for cell-
mediated immune response; Turquoise, enriched for ion
transport and cell signaling; Sienna4; DarkOliveGreen;
and Yellow3) (Fig. 1 and Additional file 1: Table S3). Sig-
nificant bivariate associations were also observed for
emotional abuse (4 MEs: Blue, enriched for neurode-
generative disease/cellular anatomy and metabolism;
SkyBlue4; MidnightBlue; and Brown, enriched for ErbB
and oxytocin signaling/cell projection), sexual abuse (3
MEs: LightCyan, Sienna4, and Yellow3), divorce (3 MEs:
SkyBlue4; Salmon, enriched for immune and inflamma-
tory response/cell death and cancer; and MidnightBlue),
physical neglect (3 MEs: Sienna4, DarkOliveGreen, and
Yellow3), physical abuse (2 MEs: SkyBlue4 and Midnight-
Blue), emotional neglect (2 MEs: SaddleBrown, enriched
for embryonic development; and Yellow3), domestic vio-
lence (2 MEs: Ivory, enriched for cell adhesion and ion

binding; and Yellow3), and substance abuse (1 ME: Yel-
low3). Overall, associations were robust after adjustment
for covariates (Fig. 3 and Additional file 1: Table S3).
In mutually adjusted models including all ACEs and
covariates, the direction of associations was consistent
with bivariate analyses, but most associations were nul-
lified. Only associations of mental illness with the Roy-
alBlue and MidnightBlue MEs, sexual abuse with the
LightCyanl and Sienna4 MEs, divorce with the Salmon
ME, and emotional neglect with the SaddleBrown ME
remained significant (p<0.05). As with analyses of total
number of ACEs, estimated g values of bivariate asso-
ciations between individual ACEs and MEs were >0.05
(Fig. 1 and Additional file 1: Table S3 and Fig. S9), sug-
gesting caution in interpreting findings.

There was minimal overlap between DMPs, DMRs, and
CpGs included in modules associated with ACE expo-
sures. The Blue module (enriched for neurodegenerative
disease/cellular anatomy and metabolism) was associ-
ated with maternal experiences of emotional abuse and
included CpGs in DMRs associated with maternal expe-
riences of sexual abuse, physical neglect, and domes-
tic violence. The Brown module (enriched for ErbB and
oxytocin signaling/cell projection) was associated with
maternal experience of emotional abuse and included
CpGs in DMRs associated with sexual abuse, emotional
neglect, and physical neglect. In addition, the Turquoise
module (enriched for ion transport and cell signaling),
associated with maternal experience of mental illness in
the household, included the DMP associated with emo-
tional-abuse (cg0548620, FAM135B), as well as CpGs
in DMRs associated with physical neglect and domestic
violence.
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Fig. 2 Associations of module eigengenes (MEs) with the number of maternal adverse childhood experiences (ACEs). MEs were derived

from weighted correlation analysis (WGCNA). The total number of ACEs was modeled linearly or as a categorical variable of 0, 1-3, or 4-10. Bivariate
associations were evaluated using Pearson correlations. Adjusted associations were evaluated using models including newborn sex, gestational
age, and cord blood estimated cell type proportions, and maternal parity, pre-pregnancy BM|I, age at delivery, educational attainment, smoking
during pregnancy, and marital status. Where applicable, summaries of associated biological pathways derived from enrichment analyses are
displayed parenthetically next to module names

Discussion

The aim of this study was to examine associations
between maternal ACEs and offspring DNAm profiles at
birth, including differentially methylated CpGs (DMPs),
regions (DMRs), and CpG networks, among mother/

(See figure on next page.)
Fig. 3 Associations of module eigengenes (MEs) with individual maternal adverse childhood experiences (ACEs). MEs were derived from weighted
correlation analysis (WGCNA). Bivariate associations were evaluated using Pearson correlations. Adjusted associations were evaluated using models
including newborn sex, gestational age, and cord blood estimated cell type proportions, and maternal parity, pre-pregnancy BMI, age at delivery,
educational attainment, smoking during pregnancy, and marital status. Mutually adjusted associations were evaluated using adjusted models
including all covariates and ACEs. Where applicable, summaries of associated biological pathways derived from enrichment analyses are displayed
parenthetically next to module names

newborn pairs who were primarily of Mexican origin and
low socioeconomic status [32]. While previous studies
have found that maternal adverse experiences are asso-
ciated with differential methylation of candidate genes
among children [30, 31] and accelerated epigenetic aging
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Fig. 3 (Seelegend on previous page.)
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Table 4 Pathways enriched for ACE-associated modules
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Module KEGG GO
(# CpGs)
FDR Pathway Description FDR Pathway Description
LightCyan1 (48) - - - _ B B
Blue (109,576) 7.28x107'% hsa05014 Amyotrophic lateral sclerosis 9.79%x1071°®  GO:0043231 (CC) Intracellular membrane-bounded
organelle
9.98%x 10 hsa05016 Huntington disease 450%107"°° G0O:0043229 (CC) Intracellular organelle
998x10°% hsa05022 Pathways of neurodegenera- 235%x107*%  GO:0005622 (CC) Intracellular anatomical structure
tion—multiple diseases
12010 hsa03040 Spliceosome 9.12x107'%%  G0:0005654 (CC) Nucleoplasm
120x10™ hsa04144 Endocytosis 2.50%107""®  G0:0043227 (CC) Membrane-bounded organelle
120x10% hsa04390 Hippo signaling pathway 508x 107" GO:0043226 (CC) Organelle
146x10° hsa03010 Ribosome 7.24x107'%?  GO:0005634 (CC)  Nucleus
296%x107% hsa05165 Human papillomavirus infection 3.06%107'%  GO:0044260 (BP) Cellular macromolecule metabolic
process
562x10% hsa05168 Herpes simplex virus 1infection ~ 4.11x10™°  G0:0044237 (BP)  Cellular metabolic process
165%x10°% hsa04110 Cell cycle 283x10%  G0:0005515 (MF)  Protein binding
Pink (12,955) 0.028 hsa05020 Prion disease 495x107%%  GO:0005654 (CC) Nucleoplasm
0.040 hsa03010 Ribosome 396x107"°  GO:0003676 (MF) Nucleic acid binding
0.040 hsa03050 Proteasome 567x107'%  GO:0034641 (BP) Cellular nitrogen compound meta-
bolic process
152%x107'®  GO:0006139 (BP) Nucleobase-containing com-
pound metabolic process
152x107"®  G0:0044271 (BP)  Cellular nitrogen compound
biosynthetic process
230x107"®  GO:0070013 (CO) Intracellular organelle lumen
271x107'®  GO:0031981 (CC)  Nuclear lumen
271x107'®  GO:0034645 (BP)  Cellular macromolecule biosyn-
thetic process
537x107'®  GO:0009059 (BP) Macromolecule biosynthetic
process
537%x107'®  GO:0031974 (CC) Membrane-enclosed lumen
SkyBlue4 (63) - - - - - -
Salmon (2531) 1.03x107  hsa04659 Th17 cell differentiation 3.75%107%?  GO:0001775 (BP)  Lymphocyte activation
2.14x1077  hsa04060 Cytokine—cytokine receptor 3.75%107%%  GO:0046649 (BP) T cell activation
interaction
1.01x10°  hsa04660 T cell receptor signaling pathway  5.89x 107> GO:0042110 (BP)  Leukocyte activation
221x10°  hsa04658 Th1andTh2 cell differentiation  7.57x 10722  GO:0045321 (BP) Immune system process
519%10° hsa04640 Hematopoietic cell lineage 886x1072"  GO:0002376 (BP) Immune response
14%x10*  hsa05166 Human T-cell leukemia virus 1 806x107"°  GO:0006955 (BP) adaptive immune response
infection
14x10%  hsa05235 PD-L1 expression and PD-1 233%107"°  GO:0002250 (BP) T cell differentiation
checkpoint pathway in cancer
0.001 hsa04061 Viral protein interaction 263x107"°  GO:0030217 (BP) Immune effector process
with cytokine and cytokine
receptor
0.003 hsa04064 NF-kappa B signaling pathway 364x107"%  GO:0002252 (BP) Regulation of immune system
process
0.003 hsa05170 Human immunodeficiency virus ~ 1.49x 1072 GO:0002682 (BP)  Lymphocyte differentiation

1 infection
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Module KEGG GO
(# CpGs)
FDR Pathway Description FDR Pathway Description
SaddleBrown (94) - - - 0.003 GO:0048704 (BP)  Embryonic skeletal system mor-
phogenesis
0.003 GO:0048706 (BP)  Embryonic skeletal system devel-
opment
0.007 GO:0009952 (BP)  Anterior/posterior pattern speci-
fication
0.011 GO:0048705 (BP)  Skeletal system morphogenesis
0.020 GO:0048652 (BP)  Embryonic organ morphogenesis
0.024 GO:0003002 (BP)  Regionalization
0.047 GO:0007389 (BP)  Pattern specification process
0.047 G0O:0048568 (BP)  Embryonic organ development
RoyalBlue (296) - - - - - -
Magenta (3363) - - - 745%x10°  GO:0002376 (BP) Immune system process
476x10™  GO:0006955 (BP) Immune response
0.004 GO:0006954 (BP)  Inflammatory response
0.006 GO:0001775 (BP) Cell activation
0.03 GO:0002366 (BP)  Leukocyte activation involved
in immune response
0.03 GO:0006887 (BP)  Exocytosis
0.03 GO:0030097 (BP) Hemopoiesis
0.03 GO:0045055 (BP)  Regulated exocytosis
0.03 GO:0048534 (BP)  Hematopoietic or lymphoid organ
development
0.032 GO:0045321 (BP)  Leukocyte activation
MidnightBlue (822)  1.69x 107 hsa04650 Natural killer cell-mediated 0.008 G0O:0002682 (BP)  Regulation of immune system
cytotoxicity process
0.016 hsa04660 T cell receptor signaling pathway 0.013 GO:0035556 (BP)  Intracellular signal transduction
0.016 hsa05135  Yersinia infection 0.019 GO:0006955 (BP)  Immune response
0.040 hsa05332 Graft-versus-host disease 0.022 GO:0002228 (BP)  Natural killer cell-mediated
immunity
0.033 G0:0050776 (BP)  Regulation of immune response
0.038 GO:0001906 (BP)  Cell killing
0.038 GO:0006952 (BP)  Defense response
0.038 GO:0007159 (BP)  Leukocyte cell-cell adhesion
0.039 GO:0006909 (BP)  Phagocytosis
0.039 GO:0046649 (BP)  Lymphocyte activation
Brown (91,675) 0.032 hsa04012 ErbB signaling pathway 0.002 GO:0042995 (CC)  Cell projection
0.032 hsa04921 Oxytocin signaling pathway 0.002 GO:0043167 (MF) lon binding
0.009 GO:0120025 (CC) Plasma membrane-bounded cell
projection
0.030 GO:0046873 (MF) Metal ion transmembrane trans-

porter activity
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Module KEGG GO
(# CpGs)
FDR Pathway Description FDR Pathway Description
Turquoise (84,323)  0.001 hsa04020 Calcium signaling pathway 994x10™?  GO:0071944 (CC) Cell periphery
0.001 hsa04072 Phospholipase D signaling 2.58x107?  GO:0005886 (CC) Plasma membrane
pathway
0.001 hsa05150 Staphylococcus aureus infection  341x 107" GO:0031224 (CC)  Intrinsic component of membrane
0.001 hsa05414 Dilated cardiomyopathy 1.06x107"°  GO:0016021 (CC)  Integral component of membrane
0.003 hsa05410 Hypertrophic cardiomyopathy 6.08x 107" GO:0005261 (MF) Cation channel activity
0.007 hsa04060 Cytokine—cytokine receptor 170107 GO:0046873 (MF) Metal ion transmembrane trans-
interaction porter activity
0.007 hsa04080 Neuroactive ligand-receptor 207x107"%  GO:0015267 (MF) Channel activity
interaction
0.007 hsa04261 Adrenergic signaling in cardio- 339%x 1077 GO:0022803 (MF) Passive transmembrane trans-
myocytes porter activity
0.007 hsa04512 ECM-receptor interaction 509%107"%  GO:0031226 (CC) Intrinsic component of plasma
membrane
0.007 hsa04975 Fat digestion and absorption 3.09%107'?  GO:0005216 (MF) lon channel activity
Ivory (85) - - - 591%x10%%  GO:0007156 (BP) Homophilic cell adhesion
via plasma membrane adhesion
molecules
200x 107 GO:0098742 (BP)  Cell-cell adhesion via plasma-
membrane adhesion molecules
150%x 1077 GO:0005509 (MF) Calcium ion binding
537x107'°  GO:0098609 (BP) Cell-cell adhesion
227x107%  GO:0007155 (BP)  Cell adhesion
227x107"?  GO:0022610 (BP) Biological adhesion
1.13x107"" GO:0005887 (CC)  Integral component of plasma
membrane
2.18x 107" GO:0031226 (CC)  Intrinsic component of plasma
membrane
351x107%  GO:0046872 (MF) Metal ion binding
425%x107%  GO:0043169 (MF) Cation binding
Sienna4 (33) - - - - - -
DarkOliveGreen (72) - - - - - -
Yellow3 (59) - - - - - -

The top Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) pathways enriched for modules associated with ACE exposures are listed
(FDR < 0.05; up to 10 listed). Pathway analysis performed for modules with eigengenes statistically with significant bivariate correlations (p < 0.05) with the total

number of ACEs or individual ACE indicators

in children from the current cohort [18], research on
the relationship between maternal ACEs and differen-
tial methylation on an epigenome-wide level in offspring
is nascent. This research may help to elucidate potential
biological pathways through which a mother’s adverse
physical and psychological experiences impact their
child’s health, which can assist in the development of
more targeted prevention and therapies. To our knowl-
edge, this is one of the first studies to use cord blood sam-
ples to examine the impact of maternal ACEs, including
both the number of ACEs reported and individual ACEs,

on offspring’s epigenome at large. Using cord blood sam-
ples allows us to better understand the impact of mater-
nal adversity on DNAm during fetal development, a time
of epigenetic reprogramming with potential downstream
consequences for health later in life [43].

We found that emotional abuse experienced by moth-
ers was significantly associated with one DMP in cord
blood, cg05486260, annotated to the FAM135B gene. In
agreement with a study of maternal ACEs and DNAm
measured in infant blood and buccal epithelial cells [29]
and a study of cord blood [28], we did not find significant
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associations between the number of maternal ACEs and
DMPs after adjustment for multiple comparisons. A
recent EWAS of total paternal ACEs and blood collected
from infants also found few DMPs, with 8 DMPs in meet-
ing the criteria of FDR<0.2 and a biological threshold
|AB<0.03|, of which one was significant at FDR<0.05
[44]. A PACE consortium meta-analysis found 5 DMPs
associated with maternal stressors during pregnancy
(p<2.4x107) [26], although in our study only one of
these CpGs was associated with substance abused in
the household at a nominal p value <0.05. Although our
findings contribute to a growing body of research link-
ing parental stressful or adverse experiences to epige-
netic modifications in children, replication of findings
across multiple cohorts is necessary to fully establish and
understand this relationship. In our look-up approach,
we found limited consistency with results from previous
studies [26, 29], which might be due to differences in the
populations studied and the specificity, intensity, chro-
nicity, and timing of the exposure.

We found a greater number of associations with DMRs,
including significant associations with the total number
of ACEs and with emotional abuse, sexual abuse, emo-
tional neglect, physical neglect, domestic violence, sub-
stance abuse, mental illness, incarceration, and parent
divorce, although there was minimal overlap between the
DMRs identified through different analytic models. Pre-
vious research has also shown weak associations between
total maternal ACEs and correlated methylated regions
of infant blood and buccal cells [29]. We also evaluated
associations between modules of CpGs, defined using
WGCNA, and maternal ACE exposures. WGCNA
defines modules of co-methylated CpGs that may have
related biological function and therefore, may be advan-
tageous to understanding relationships between DNAm
and complex exposures or phenotypes. We found sig-
nificant associations between the total number of mater-
nal ACEs or individual ACEs and 15 module eigengenes
(MEs), which were largely robust after adjusting for
covariates (p<0.05). However, g values, i.e., estimates
of FDRs of accepting any bivariate associations of ACE
exposures and MEs, exceeded 0.05, suggesting caution in
interpreting findings.

Downstream effects of adversity experienced by par-
ents in early life include depression, anxiety, post-trau-
matic stress disorder (PTSD), developmental delay, and
behavioral problems in their offspring [6, 45]. Moreover,
mouse models have demonstrated that maternal trauma
during pregnancy is associated with differential expres-
sion in offspring brains of genes associated with depres-
sion in humans [46]. In the current analysis, we found
that maternal report of substance abuse in her household
during childhood was associated with offspring regional

Page 14 of 22

DNAm of PNPO, a protein coding gene involved in the
biosynthesis of vitamin B¢, which is a co-factor for neuro-
transmitter synthesis. PNPO deficiency has been linked
to neurodevelopmental impairment and epilepsy [47].
We also found that maternal childhood experience of
sexual abuse was associated with offspring regional meth-
ylation of CACNA1C. The CACNA1C gene encodes for a
transmembrane calcium channel subunit. Genetic varia-
tion of CACNAIC has been associated with neurodevel-
opmental delays and disorders including schizophrenia,
autism, and bipolar disorder [48—51], and DNAm meth-
ylation of CACNAIC has been associated with bipolar
disorder [52], suggesting that maternal ACEs may put
children at greater risk for these disorders. Moreover, a
cross-sectional study of young adults found a gene X envi-
ronment interaction in the association of CACNAIC pol-
ymorphisms with bipolar disorder, with variant carriers
exposed to childhood trauma at greater risk [53]. In addi-
tion, we found that maternal report of mental illness in
the household was significantly associated with the Tur-
quoise co-methylation module, enriched for the neuro-
active ligand-receptor interaction and calcium signaling
pathways, and that domestic violence in the household
was associated with the Ivory co-methylation module,
enriched for calcium ion binding. These associations
suggest a relationship between preconception maternal
ACEs and neurodevelopment and neuronal function in
children [54].

Dysregulation of the immune system may be another
pathway through which adverse experiences impact
health [5, 55, 56]. Stress and adversity in early life has
been associated with increased inflammatory markers
and susceptibility to infectious diseases. We identified
a DMR annotated to the HLA-DPBI gene, a member of
the major histocompatibility complex (MHC). DNAm of
HLA-DPBI has previously been associated with PTSD
[57, 58]. In our analyses of co-methylation modules, we
found several MEs associated with maternal ACE expo-
sures to be enriched for pathways related to immune
function. In particular, the Salmon module, associated
with parental divorce, and the Magenta module, associ-
ated with mental illness in the household, were enriched
for immune and inflammatory response pathways. Future
studies on ACEs should consider testing co-methylation
modules in addition to epigenome-wide CpG testing,
which might allow for potential replication of biological
pathways affected.

Strengths of this study include use of a validated,
standardized measures of maternal ACEs, application
of an epigenome-wide approach, and multiple mod-
eling strategies. Our study was also strengthened by the
use of cord blood samples which allows us to rule out
the possibility that associations are due to similar social
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and environmental exposures between mothers and
children after birth, although we cannot rule out possi-
bility of shared exposures while children were in utero.
We also employed multiple analytical techniques which
allowed us to investigate associations between ACEs and
individual methylation loci, differentially methylated
regions, and networks of co-methylated CpGs, in addi-
tion to analyzing the total number of ACEs linearly, cat-
egorized number of ACEs for nonlinearity, and analyzing
associations with individual ACEs mutually adjusting for
all other ACEs. Although use of multiple models may
increase the risk of type-one errors, we adjusted for mul-
tiple comparisons within each model and evaluated sta-
tistical significance using a false discovery rate approach
(i.e., g value<0.05). However, we chose not to correct
for multiple comparisons between models as hypotheses
were related.

A limitation of this study is that 176 of the 372 mother/
newborn pairs with cord blood DNAm from the origi-
nal cohort were excluded due to missing data on mater-
nal ACEs. Maternal ACEs were collected at the child’s
18-year follow-up visit, and, therefore, loss to follow-up
was a major factor in the missingness of these data. How-
ever, characteristics of mother/newborn pairs included
in analyses were similar to all pairs with DNAm data,
and we do not expect bias due to loss to follow-up. Low
response rates to questions about ACEs are also com-
mon [59] and may reflect participant hesitation to dis-
close traumatic or stigmatizing events to researchers.
However, in CHAMACOS, mothers were encouraged to
respond to ACE questions privately and independently
if possible. Five percent of women from the original
cohort declined to answer any ACEs questions, and an
additional 4% declined to answer between 1 and 9 spe-
cific ACEs. Another limitation of this study is there may
have been some recall inaccuracy and bias of ACEs expo-
sure, given mothers completed this questionnaire at the
18-year follow-up visit, although retrospective report by
adults of serious adverse experiences during childhood is
expected to be valid [60].

Our small sample size decreased our power to detect
associations with small effect sizes, particularly in CpG-
by-CpG analyses, although our sample size was larger
than that in previous studies of maternal ACEs and oft-
spring DNAm of candidate genes [30, 31]. It should be
noted, however, that a previous EWAS of maternal ACEs
and cord blood DNAm in ARIES had a larger sample size
(N=2896) [28] while a study of maternal ACEs and cor-
related methylated regions and infant DNAm in APrON
had a smaller sample size (N=92 and N=124 for blood
and buccal epithelial cells, respectively) [29]. We chose
to test for DMRs using comb-p, which has greater power
to detect DMRs with small effect sizes compared to
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alternate regional approaches [61]. However, it should be
noted that comb-p may also have a greater Type I error
rate [62], and therefore, our findings should be inter-
preted as candidate regions that may be investigated
in larger studies. Due to the small sample size, we were
also unable to test for effect modification, such as differ-
ential effects by newborn sex, which may influence pre-
natal programming in response to maternal stress and
adverse experiences [28, 63, 64]. In addition, we adjusted
models for potential confounders and precision variables
selected a priori, including newborn sex and gestational
age, cord blood estimated cell type proportions, and
maternal pre-pregnancy BMI, age at delivery, parity, edu-
cational attainment, marital status, and smoking during
pregnancy. These covariates have well-established asso-
ciations with cord blood DNAm [65-74]. Although these
some of these variables follow the experience of precon-
ception ACEs and may be involved in mediating associa-
tions between maternal ACEs and offspring DNAm, our
findings represent the direct effects of ACEs not acting
through those pathways.

Future research should examine the impact of mater-
nal ACEs on children’s DNAm profiles at different points
throughout the life course (e.g., adolescence) to evaluate
persistence and their role in the sequelae of health out-
comes related to ACEs. While our study demonstrates
that changes in children’s DNAm possibly reflect mater-
nal adverse experiences prior to conception and birth,
prospective, longitudinal cohort studies with repeated
measurements may provide opportunities to study how
DNAm changes in response to parental ACEs through-
out an individual’s life into adulthood. Studies of the
impact of maternal ACEs on offspring health or biomark-
ers in childhood and adolescence must also consider
the contribution of the postnatal environment, which
may play an important role as a mechanistic pathway
or mediator beyond prenatal biological factors. Specifi-
cally, maternal anxiety, depression and parenting behav-
iors have been identified as mediators linking maternal
ACEs with children’s internalizing and externalizing
symptoms [75-78]. In addition, children’s own direct
experience of ACEs must be considered. Future stud-
ies should also explore the effects of maternal ACEs on
maternal DNAm during pregnancy and at delivery, and
to what extent DMPs and DMRs serve as mediators
between maternal ACEs and risk of diseases in offspring.
These types of studies can help distinguish between envi-
ronmental and biological pathways between maternal
ACEs and childhood health, a key step in developing
effective interventions. A recent systematic review [79]
also highlighted the potential to investigate the impact
of psychosocial interventions on changes in offspring
DNAm, which may persist into adulthood [80]. This is a
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promising strategy for establishing DNAm as a mecha-
nism or biomarker involved in pediatric health, as well
as in important method for evaluating the effectiveness
of preventive interventions. Finally, because replication
of results across cohorts and studies remains a challenge
due to small sample sizes and the need to adjust for mul-
tiple comparisons [27, 79], including questions on paren-
tal and child ACEs in large epigenomic databases may
help researchers to conduct larger studies.

Conclusions

In summary, this study provides further evidence that
mothers’ preconception adverse experiences may impact
their child’s epigenome at birth. Both gene annotations
of DMRs and enrichment analysis of ACE-associated co-
methylated modules suggest changes in DNAm related
to neurological and immune development and function,
pathways previously implicated in response to stressful
and adverse experiences. However, larger studies with
more diverse populations are needed to fully understand
the impact of maternal ACEs on epigenetic markers in
children. In addition, further research is needed to inves-
tigate how changes in offspring DNAm at birth related to
maternal ACEs may affect health later in life.

Methods

Study population

From October 1999 through October 2000, 601 pregnant
women with <20 weeks gestation were recruited into the
CHAMACOS study from a predominantly farmworker
population of Mexican origin in California’s Salinas Val-
ley [32]. Of these, 527 enrollees had a liveborn singleton
delivery in 2000-2001. Enrollees were required to be
either English- or Spanish-speaking, eligible for MediCal,
planning to deliver at the county hospital, and attending
prenatal care visits at one of six local clinics, primarily
serving farmworker families. Cord blood samples were
collected from 403 newborns for epigenomic analysis.
Maternal and child characteristics were retrieved from
medical records abstracted by a registered nurse and
from interviews conducted by bilingual bicultural well-
trained interviewers during the 1st and 2nd trimesters of
pregnancy, shortly after delivery, and in regular follow-
up interviews conducted most recently when the child
was 18 years old. Mothers provided written consent for
all study activities. Child written consent was obtained
at the 18-year visit. Study activities were approved by the
University of California, Berkeley Committee for the Pro-
tection of Human Subjects.

Maternal characteristics
Maternal characteristics included maternal age at deliv-
ery, pre-pregnancy BMI, whether the mother smoked at

Page 16 of 22

any time during pregnancy, marital status at first inter-
view (married, living as married, separated, divorced,
single), educational attainment (<6th grade, 7-12th
grade, > 12th grade), and maternal parity.

Maternal adverse childhood experiences (ACEs)

Data collection of mothers’ ACEs has previously been
described [18]. Of the 527 mothers followed to delivery,
N=319 (61%) participated in the 18-year follow-up inter-
views during which data on ACEs were collected using
an adaptation of the ACEs questionnaire [33] adminis-
tered in English or translated to Spanish. The interview
was administered primarily aloud due to limited literacy
among participants, with a study interviewer reading
questions and response options from a computerized
questionnaire and keying in the participant’s responses.
Participants were encouraged to respond to the ACEs
questions privately and independently if possible, though
most chose to answer aloud. The questionnaire included
10 self-reported indicators of emotional, physical, or
sexual abuse; emotional or physical neglect; substance
abuse; incarceration; mental illness or domestic violence
in the home; or parental divorce. Participants could
decline to respond to one or more ACEs. Partial data on
ACEs, i.e., response to one at least one individual ACE,
were available for 303 mothers, and complete data used
in the current analyses, i.e., responses to all 10 ACEs,
were available for 289 mothers. ACEs were categorized as
reported (1) or not reported (0).

Child characteristics at birth

Where possible, gestational age from medical records
was calculated based on the self-reported last menstrual
period of mothers. In cases where this information was
missing or resulted in implausible estimates, ultrasound
records were used to estimate gestational age at a weekly
resolution. Data on the sex of the children were obtained
from physical exams.

Child DNA methylation data

Cord blood specimens were collected at the time of deliv-
ery. DNA was extracted from banked non-heparinized
umbilical cord using QIAamp DNA Blood Maxi Kits
(Qiagen, Valencia, CA) following a previously described
modified version of the manufacturer’s protocol [81]. Ali-
quots of 1 ug DNA extract were bisulfite converted using
Zymo Bisulfite Conversion Kits (Zymo Research, Orange,
CA), followed by whole-genome amplification, enzymatic
fragmentation, and purification. DNAm was measured
using Illumina Infinjum HumanMethylation450 Bead-
Chips (Illumina, San Diego, CA) according to the manu-
facturer’s protocol [82].
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During DNAm data collection, repeats and randomi-
zation of samples across chips and plates were used to
reduce the chance for artifactual confounding [74]. Qual-
ity control of DNAm data excluded samples with poor
data quality, i.e., poor median methylated and unmethyl-
ated signal levels and with 1% of probes fluorescing below
the limit of detection (7 =0); mismatch between recorded
sex and sex estimated from DNAm data (n=8), and rep-
licate samples (n=1). Functional normalization [83] was
performed using the R package minfi (v1.36.0) [84] and
normalizing of signal levels of type I and type II probes
performed using the package ENmix (v1.26.10) [85].
The ComBat [86] method provided in the sva package
(v3.38.0) [87] was used to remove batch effects associated
with the bisulfite conversion step. Proportions of seven
cell types (CD8+T cells, CD4+T cells, natural killer
cells, B cells, monocytes, granulocytes, and nucleated red
blood cells) were estimated from cord blood methylation
profiles, using the method of Teschendorff et al. as pro-
vided in the package EpiDISH (v2.6.1) [88].

Statistical analysis

Epigenome-wide association analysis (EWAS), differen-
tially methylated positions (DMPs). A total of 372 sam-
ples were retained with high-quality DNAm data, of
which 196 with complete paired data on maternal ACEs
and covariates were used for EWAS analyses. We per-
formed three complementary EWAS that differed in the
definition of maternal ACE exposures: (1) we applied
the simplifying assumption that exposure to additional
types of adverse experience has homogeneous effects
on DNAm, treating the total number of ACEs as a con-
tinuous variable modeled linearly; (2) we regarded each
additional type of adverse experience as homogenous
and categorized the total number of ACEs as 0, 1-3, or
4-10 ACEs, allowing for nonlinear effects; and (3) we
regarded each of the 10 indicators for different ACEs as
distinct exposures, fitting coefficients for each in a mutu-
ally adjusted model. For each exposure definition, we fit
linear models on the logit scale (M-values) with empiri-
cal Bayes adjustment of standard error terms using the
package limma (v3.46.0) [89]. In addition to the exposure
terms, models included the following covariates selected
a priori based on previously reported associations with
cord blood DNAm [65-74]: newborn sex, gestational
age, and estimated nucleated cell-type composition, and
maternal parity, pre-pregnancy BMI, age at delivery, edu-
cational attainment (6th grade or lower, 7—-12th grade, or
high school graduate), smoking during pregnancy (ever
or never), and marital status at time of birth (married,
living as married, separated, divorced, or single having
never married). For each CpG, we extracted p values,
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coefficients, and standard errors associated with ACE
exposure terms.

While regressing on the logit scale has appealing sta-
tistical properties for proportional outcomes [90], the
fitted coefficients of a model on this scale describe
methylation odds ratios, whereas it is often of interest
to know the expected difference in percent methylation
associated with an exposure. To this end, we retrieved
plug-in estimates of predicted baseline methylation lev-
els by defining a ‘reference individual’ as a child having
the mean value of all numeric covariates and the modal
value of categorical covariates (sex: female; gestational
age: 273.36 days; cell type composition: 18.94% CD4+T
cells, 9.12% CD8+T cells, 0.73% natural killer cells,
18.33% B Cells, 10.92% monocytes, 40.63% granulocytes,
1.33% nucleated red blood cells; maternal parity: 1.19
births; maternal pre-pregnancy BMI: 27.20; maternal age
at delivery: 25.73 years; maternal educational attainment:
6th grade or lower; maternal smoking during pregnancy:
no; maternal marital status: married), then contrasted
predicted methylation levels for reference individuals
with and without the exposure of interest. Confidence
intervals for predicted differences in methylation were
constructed by Monte Carlo simulating differences in
predicted values between exposed and unexposed refer-
ence individuals 3000 times as follows:

1 1
T 1 e MOX) 14 e MOXo)

M@®6,X1) = ab + BX;

M(@O,Xo) = af + BXo

{a, B} ~ Multivariate normal ({62, B}, f)

where § denotes the difference in methylation associated
with exposure matrix X; in contrast to reference matrix
Xo, 0 is a matrix of covariates fixed to their average/
modal values, « is a vector of randomly generated coef-
ficients associated with covariates 6, f is a vector of ran-
domly generated coefficients associated with exposures
of interest, & and B are the fitted point estimates of the
coefficients, and X is their variance—covariance matrix.
We assessed the distribution of p values from each
CpG-by-CpG EWAS via quantile—quantile plots and cal-
culated genomic inflation factors (1) for each exposure
in each model. We adjusted for multiple comparisons,
calculating g values using the FDR control approach
of Storey and Tibshirani [34], as implemented in the R
package g value (v2.22.0), noting any CpGs as differen-
tially methylated for which a g value <0.05 was returned.
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Adjustment for multiple comparisons was performed
separately for each specification of ACE exposures (i.e.,
three sets of multiple comparisons adjustments): total
number of ACEs as a continuous variable, total number
of ACE:s as a categorical variable, and individual ACEs.

We conducted a look-up of the one DMP using the
EWAS Catalog [35]. We also compared our EWAS
results to findings reported by two recent studies. In the
first study, associations between the number of mater-
nal ACEs and infant DNAm measured in blood (N=92)
were analyzed using correlated methylated regions and
individual CpGs not included in the regions [29]. The top
CpG located in each 320 regions (p <0.005) and 189 indi-
vidual CpGs (p<0.0005) were reported, none of which
remained significant after an FDR correction. Although
this study also investigated associations with infant
DNAm measured in buccal epithelial cells, we limited
our look-up to results from blood for greater similarity in
tissue types. In the second study, associations of maternal
stressful life events experienced during pregnancy and
offspring DNAm were studied in a meta-analysis of 12
cohorts (N=5496) conducted by the PACE consortium
[26]. Prenatal stressors were analyzed as the cohort-spe-
cific proportion of stressors reported or five domains of
stressors harmonized across cohorts, and five DMPs were
identified (p<2.4x107), four of which were included in
our study. To assess if CpGs associated with maternal
ACEs or prenatal stress were also associated with ACEs
in our study, we conducted a look-up of reported CpGs
in our EWAS results. Replication of was determined by a
nominal p value <0.05.

Differentially methylated region (DMR) analysis. We
searched for DMRs using a modified comb-p method as
provided in Enmix (v1.26.10) [91], with maximum dis-
tance between base pairs within a DMR set to 1000 and
a seed value (FDR significance threshold for initial selec-
tion of DMR regions) of 10~ [38]. We defined significant
DMRs as those with>3 CpGs and a Sidédk-adjusted p
value <0.05.

Weighted gene co-expression network analysis
(WGCNA). We utilized the R package WGCNA (v1.70.3)
[39] to perform weighted correlation network analy-
sis, or weighted gene co-expression network analy-
sis (WGCNA), of methylation M-values across the
epigenome. WGCNA provides a suite of tools for tasks
including the identification of non-contiguous network
modules of covarying signal loci, identification of cen-
tral loci in the network (e.g., clusters of covarying CpG
probes situated on different chromosomes), and extrac-
tion of summary statistics of module-wide signals such
as the eigengene [92] (a measure of distance along the
module’s principal axis of variation) which can then be
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related to exposures or traits of interest. We used the
blockwiseModules function to feasibly calculate unsigned
Topological Overlap Matrices for our high dimensional
methylation data, then identify covarying modules via
hierarchical clustering and dynamic tree cutting algo-
rithms [93] and calculated module eigengenes (MEs)
for each subject. One module was composed primar-
ily of probes located on the sex chromosomes and was
excluded from further analyses.

To identify modules associated with maternal ACEs, we
calculated Pearson correlations between MEs and total
ACEs, as well as individual ACEs separately. Analogous
to our approach for FDR control in our EWAS analysis,
we estimated g values separately for each specification of
ACE exposures: total number of ACEs as a continuous
variable, total number of ACEs as a categorical variable,
and individual ACEs. For linear and categorical specifi-
cations of total ACEs (28 and 56 tests, respectively), we
used the Benjamini-Hochberg FDR estimation, which
has higher specificity at low sample sizes but reduced
power [94, 95]. For individual ACEs (280 tests), we used
the estimation Strimmer method for estimating g values
[94, 96]. For ME-ACE relationships exhibiting a correla-
tion p value <0.05, we assessed the robustness of the asso-
ciation by constructing linear regressions with the ME as
outcome, ACE measure as main exposure, and adjusting
for newborn sex, gestational age, and estimated nucle-
ated cell-type composition, and maternal parity, pre-
pregnancy BMI, age at delivery, educational attainment,
smoking during pregnancy, and marital status. For indi-
vidual ACEs, we additionally assessed the significance of
their association with MEs in a mutually adjusted model
in which all ACEs were included simultaneously along
with the covariates listed above. FDRs were estimated
only for bivariate associations to provide an indication of
the level of confidence of the probability that associations
in our exploratory analyses did not arise by change under
multiple testing. FDR estimates were not calculated for
adjusted modules, since these estimates had already been
subjected to a selection process informed by the same
data.

We performed KEGG [40] and GO [41, 42] pathway
enrichment analyses for modules significantly associated
with ACE exposures after adjustment for other covari-
ates using the gometh function in the missMethyl pack-
age (v1.26.1). This function accepts a vector of CpGs
included in each module and a vector of all CpGs used
in WGCNA. Enrichment p values were adjusted for prior
gene selection probabilities inherent to the Illumina array
[97, 98], and pathways with intra-module FDR<0.05
were considered to be enriched.
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Abbreviations

ACES Adverse childhood experiences

DNAmM DNA methylation

EWAS Epigenome-wide association study

CHAMACOS  Center for the Health Assessment of Mothers and Children of
Salinas

SD Standard deviation

BMI Body mass index

@] Confidence interval

CpG Cytosine-phosphate-guanine dinucleotide

FDR False discovery rate

DMP Differentially methylated position

OSF Open science framework

PACE Pregnancy and Childhood Epigenetics Consortium

DMR Differentially methylated region

WGCNA Weighted gene co-expression network analysis

ME Module eigengene

KEGG Kyoto Encyclopedia of Genes and Genomes

GO Gene ontology

PTSD Post-traumatic stress disorder

MHC Major histocompatibility complex
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