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ABSTRACT

BACKGROUND: Maternal prenatal stress is associated with physiologic and adverse mental health outcomes in the offspring, but the
underlying biologic mechanisms are unknown. We examined the associations of maternal perceived stress, including preconception expo-
sure, with DNA methylation (DNAm) alterations in the cord blood buffy coats of 358 singleton infants.

METHODS: Maternal perceived stress was measured prior to and throughout pregnancy in a cohort of women enrolled in Effects of Aspirin
in Gestation and Reproduction Trial (EAGeR) trial. Perceived stress assessments based on a standardized Likert-scale were obtained in
periconception (~2months preconception and 2-8weeks of gestation) and pregnancy (8-36weeks of gestation). Cumulative perceived
stress was estimated by calculating the predicted area under the curve of stress reported prior to and during pregnancy. DNAm was meas-
ured by the Infinium MethylationEPIC BeadChip. Multivariable robust linear regression was used to assess associations of perceived stress
with individual CpG probes.

RESULTS: Based on a 0 to 3 scale, average reported preconception and early pregnancy stress were 0.76 (0.60) and 0.67 (0.50), respec-
tively. Average mid- to late-pregnancy stress, based on a 0 to 10 scale, was 4.9 (1.6). Neither periconception nor pregnancy perceived stress
were associated with individual CpG sites in neonatal cord blood (all false discovery rate [FDR] >5%).

CONCLUSION: No effects of maternal perceived stress exposure on array-wide cord blood neonatal methylation differences were found.
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Background

The developmental origins of health and disease (DOHaD)
hypothesis links early life exposures (periconception, prenatal,
postnatal) to long term health outcomes in children and adults.
Early life exposure to psychosocial stressors have been impli-
cated in various postnatal or early childhood outcomes, includ-
ing cognitive abilities or behavioral issues,?> as well as overall
adult morbidity and mortality.® The mechanisms underlying
the associations between early life stress exposure and health
outcomes remain unclear. One potential mechanism is epige-
netic modifications, such as DNA methylation (DNAm),
which are made in response to early life exposures.”® Such
modifications can influence gene expression that may lead to
psychopathologic changes or potentially be utilized as bio-
markers of future disease risk.”!9 For example in rodents,
chronic restraint stress from 14 to 20 days gestation (a measure
of prenatal stress) was associated with increased placental

DNAm at CpG probes within the 11p-hydroxysteroid dehy-
drogenase type 2 (HSDI11B2) gene promotor that regulates
cortisol but decreased expression in HSD71B2.11

Human studies assessing associations between measures of
perceived stress and offspring DNAm alterations in cord blood
initially focused on candidate genes rather than an epigenome-
wide association study (EWAS) approach.’>1¢ These ecarly
studies found differential methylation in cord blood of NR3C1,1*
a gene involved in hypothalamic-pituitary-adrenal axis (HPA-
axis) functioning, but methylation of other HPA-axis genes in
cord blood (SLC64A4, HSD11B2, or CRHR2) have not been
implicated in perceived stress exposure specifically.!? Further,
differential methylation of imprinting control regions has also
been identified in cord blood.?>1® More recently, EWAS studies
have been conducted to examine prenatal depressive symptoms
or stressful life events; however, these studies have not replicated
the findings of candidate gene studies.!’20
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Previous candidate gene and EWAS studies on prenatal
stress have focused on the impacts of exposure during gesta-
tion. The timing of exposure is important in the developing
epigenome, including exposure in the weeks immediately sur-
rounding conception.?! However, prior studies examining per-
ceived stress have mostly recruited women in the third trimester
and not prior to conception.'315 Therefore, we aimed to iden-
tify novel newborn DNAm markers of periconception and
pregnancy perceived stress exposure captured at multiple time-
points using an array-wide approach. Such markers detected at
birth may inform a risk of adverse outcomes in early childhood
and provide insights into potentially dysregulated mechanisms
during early development.

Methods
Study design

The Effects of Aspirin in Gestation and Reproduction (EAGeR)
trial (2007-2011; NCT00467363) was a multicenter, double-
blind clinical trial that randomized women with a history of
pregnancy loss to low-dose aspirin + folic acid (400pg) versus
folic acid prior to conception to investigate effects on reproduc-
tive outcomes (n=1228).223 The current analysis is based on
participants from the Salt Lake City, Utah study site, which
recruited >80% of study participants. Cord blood was collected
at Utah beginning in 2009 (2years after enrollment began) and
was successful for over 90% of deliveries thereafter (n=428).
Samples that had insufficient DNA or failed quality control
checks were removed (n=37). We also excluded 33 participants
who were not of non-Hispanic white race/ethnicity. These
included race (Black (n=4), American Indian (n=1), Asian
(n=6), and unidentified (n=1)) and 21 participants that identi-
fied as Hispanic ethnicity since there are race/ethnic differences
in self-reported maternal stress and genetic ancestry plays a role
in establishment of DNA methylation.?* Previous analysis of
these data found that randomization to low-dose aspirin had no
impact on DNA methylation in cord blood.?”> The study was
approved by the institutional review board (IRB) at the University
of Utah (Salt Lake City, Utah IRB #1002521), and all partici-

pants provided written informed consent prior to enrolling.

Perceived stress assessment

At enrollment (preconception), study participants were pro-
vided a daily diary to complete during their first 2 menstrual
cycles while attempting pregnancy (on average 2 months before
pregnancy). Participants were instructed to record their average
daily stress on Likert-scale of O=no stress, 1=little stress,
2 =moderate stress, and 3 =a lot of stress. Similarly, participants
were instructed to complete a daily diary in early pregnancy (up
to 8weeks gestation) which also captured average daily stress
based on the same scale as the preconception dairy. Beginning
at 12weeks gestation, participants completed questionnaires
every 4weeks until 36 weeks gestation which asked “During

the last month, how would you describe your stress level on a
scale of 0 to 10? (0=no stress, 10 =maximum stress).” For this
analysis, we estimated cumulative periconception perceived
stress (based on 0-3 scales captured in preconception and early
pregnancy) and pregnancy perceived stress (based on 0-10
scales from 12 to 36weeks gestation) based on a regression
curve of the stress measurements.?%?” We approximated cumu-
lative perceived stress in these 2 periods using linear mixed
models with random effects for the intercept and the centered
week of stress measurements in each period. For each partici-
pant, parameters from the model were then used to define the
predicted area under the perceived stress curves.?’

DNAm measurement and processing

The measurement of DNA from cord blood samples has been
previously described for this cohort.? Briefly, prepared cord
blood buffy coat was shipped and processed for DNA extrac-
tion at the University of Minnesota. DNA underwent bisulfate
conversion (EZ DNA Methylation™ kit, Zymo Research,
Irvine, CA, USA). Samples were randomized and sample plate
and positions were tracked as DNAm was profiled using the
Infinium MethylationEPIC BeadChip microarray.?$2° DNAm
microarray data were processed using the minifi package in R,
including the quantile normalization and background signal
and dye-bias adjustments of probes.3? Probes on the sex chro-
mosomes were removed. DNAm levels for each CpG probe
were reported as B-values ranging from 0 (unmethylated) to 1
(methylated). B-values were determined by calculating the ratio
of methylated probe fluorescence intensity to the sum of the
methylated and unmethylated probe intensities.

Statistical analysis

For descriptive purposes, cumulative periconception perceived
stress and pregnancy perceived stress were categorized by ter-
tile. Chi-square or ANOVA tests were conducted to compare
study participant characteristics by perceived stress tertile. To
examine the association of maternal perceived stress with
methylation PB-values as the outcome we used multivariable
robust linear regression. Separate models for periconception
and pregnancy stress exposures were constructed to evaluate
whether timing of stress influences methylation. In a secondary
analysis, we examined preconception and early gestation (up to
8weeks) perceived stress separately using the same approach to
estimate cumulative stress exposure as described above.
Cumulative stress was operationalized on a continuous scale in
all linear models. A false discovery rate (FDR) correction using
the method by Benjamini-Hochberg was applied to account
for multiple comparisons.3® All models were parsimoniously
adjusted for infant sex, plate number, and cell count estimation.
Plate number was used to adjust for batch effects from the
measurement of DNAm microarray. Cell count estimation of 6
leukocyte subtypes and nucleated red blood cells was based on
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Table 1. Study population characteristics by tertile of periconception or mid-to-late pregnancy perceived stress, n=358.

CHARACTERISTIC

TERTILE
1 <3.10,
N=120

TERTILE 2
3.10-7.06,
N=120

TERTILE
3 >706,
N=118

Maternal age, years, 28.4 (4.6) 27.9 (41) 28.6 (4.4)
mean (SD)

Prepregnancy BMI, 25.4 (5.9) 25.0 (5.3) 25.1 (5.6)
kg/m2, mean (SD)

Education, >High 109 (90.8) 104 (86.7) 109 (92.4)
school

Household income, 87 (72.5) 80 (66.7) 80 (66.8)
=$40000

Marital status, 114 (95.0) 118 (98.3) 115 (97.5)
married

Smoking status, ever 9 (7.5) 13 (10.8) 4 (3.4)
Physical activity, 55 (15.4) 46 (38.3) 41 (34.7)
moderate

Parity, nulliparous 50 (41.7) 44 (36.7) 49 (41.5)

PERCEIVED STRESS TERTILE (PERICONCEPTION)

PERCEIVED STRESS TERTILE (12-36 WEEKS)

P-VALUE TERTILE TERTILE 2 TERTILE 3 P-
1 <98.40, 98.40-135.53, >135.53, VALUE
N=120 N=118 N=120
47 28.6 (4.5) 27.9 (4.1) 28.5 (4.7) 41
80 24.5 (5.3) 25.2 (6.2) 25.8 (5.2) 22
31 106 (88.3) 106 (89.8) 110 (91.7) 69
58 82 (68.3) 83 (70.3) 82 (68.3) 93
52 114 (95.0) 115 (97.5) 118 (98.3) 69
.09 10 (8.3) 10 (8.5) 6 (5.0) 50
.06 56 (46.7) 44 (37.3) 42 (35.0) 10
67 47 (60.8) 49 (41.5) 47 (39.2) 91

All values reported as n(%) unless otherwise stated. Chi-square test conducted for categorical characteristics and ANOVA for continuous characteristics.

a cord blood-specific reference.?>® Adjustment for infant’s
epigenetically derived ancestry using GLINT3* did not influ-
ence results and was thus not included in the final model (daza
not shown). Other potential covariates were not included in the
final model due to lack of statistical association with perceived
stress in this analytic sample (Table 1).

In a secondary analysis, we examined whether perceived
stress was associated with differentially methylated regions
(DMRs) using the dmrff package and summary statistics from
our array-wide analyses as inputs.>> DMRs were defined as
genomic regions that covered a set of CpG probes (nominal
EWAS P-values) with at most 1000bp between consecutive
probes and were consistently positively or negatively correlated
with the exposure. Analyses were conducted in SAS 9.4 and
R 4.0.2.

Gene annotations were identified using the Illumina data-
base and Ingenuity Knowledge Database and verified in the
University of California Santa Cruz genome browser
(GRCh37/hg19). Biologic networks and functional pathways
were generated through the use of Ingenuity Pathway Analysis
(IPA, QIAGEN Inc.).3¢

Results

Women averaged 28.0years of age (SD=4.5), the majority
were never smokers (92.1%) and did not report consuming
alcohol in their preconception diary (73.1%) (Table 1). Women
recorded on average little to no stress on the preconception dia-
ries on a scale of 0 to 3 (mean=0.76; SD =0.60; median=0.50;
IQR=0.50). Similarly, women reported little to no stress in
daily diaries in early gestation (mean=0.67; SD=0.50;

median=0.64; IQR=0.86). Throughout the second and third
trimester, women reported moderate stress on a scale of 0 to 10
(mean=4.9; SD=1.6; median=5.0,IQR =3.0).

Neither higher periconception perceived stress nor preg-
nancy perceived stress were associated with individual CpG
probes in neonatal cord blood (FDR P-values <.05).
Moreover, no FDR significant differences in methylation
were observed when perceived stress in preconception or early
gestation (up to 8weeks) periods were analyzed separately.
Tables 2 and 3 provide the top 5 P-value ranked CpG probes
from periconception and pregnancy analyses. Coefficients of
these top P-value ranked CpG probes suggest less than 1%
change with no clear pattern of associations. Of note, the top
5 P-value ranked probes from the periconception analysis
were the same as those from the early gestation analysis (ie,
not including preconception stress) and the effect sizes were
of similar magnitude and direction. Supplemental Table S1
presents the regional analysis results in which we identified 4
DMRs associated with periconception stress and 2 DMRs
with pregnancy stress.

Overlaying the top-100 ranking CpG probes (P-value
>.0001) found in the periconception and pregnancy perceived
stress array-wide analysis with the IPA Knowledge Base, we
identified networks of interconnected genes and potential bio-
logic implications. Supplemental Tables S2 and S3 present the
IPA networks identified and all associated molecules. We have
included these networks for hypothesis generation considera-
tions only; though it should be noted that pathways identified
in IPA are only potential biologic processes that could be
impacted by the methylation of these CpG probes. We cannot
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Table 2. Top-rank CpG probes of the periconception perceived stress and cord blood DNA methylation analysis, n=358.

CPG SITE B

STANDARD
ERROR

P-VALUE

CHROMOSOME

POSITION GENE RELATION

CPG ISLAND

Periconception

€g16220260 .0020 0.0004 2.36E-07 1
€g00369310 .0023 0.0005 2.34E-06 5
€g04939051 -.0017 0.0004 2.77E-06 16
cg04610187 .0021 0.0004 3.83E-06 17
€g25024993 .0026 0.0006 6.28E-06 5
Preconception
Q22204764 -.0120 0.0026 4.47E-06 15
cg02807220 .0101 0.0022 5.77E-06 20
cg12087221 -.0166 0.0037 7.08E-06 14
cg18809126 -.0078 0.0018 1.03E-05 3
cg13641815 -.0026 0.0006 1.11E-05 14
Early gestation
€g16220260* .0022 0.0004 1.43E-06 1
€g04610187* .0023 0.0005 3.59E-06 17
€g25024993* .0030 0.0007 4.10E-06 5
cg04939051*  -.0019 0.0004 4.49E-06 16
cg00369310* .0025 0.0006 5.05E-06 5

Adjusted for infant sex, plate number, and cell count estimation.
*Indicates overlapping probe from periconception perceived stress analysis.

204386605
149426819 HMGXB3
2568845 ATP6VOC North Shore
76360794 South Shelf
140248610 PCDHA7 North Shore
84948410
45986862 ZMYND8
94180918
11623526 VGLL4
105953421 CRIP1 Island
204386605
76360794 South Shelf
140248610 PCDHA7 North Shore
2568845 ATP6VOC
149426819 HMGXB3 North Shore

Table 3. Top-rank CpG probes of the 12 to 36 weeks pregnancy perceived stress and cord blood DNA methylation analysis, n=358.

CPG SITE B STANDARD P-VALUE CHROMOSOME POSITION GENE RELATION TO
ERROR CPG ISLAND

cg16856874 -.0002 3.36E-05 7.29E-07 3 30936318 GADLA1 South Shore

€g22255634 -.0002 4.46E-05 1.36E-06 3 122333034 PARP15

€g03936193 —-.0001 1.60E-05 3.63E-06 10 105727425 SLK South Shore

cg06849778 -.0002 4.17E-05 3.12E-06 1 16847214 North Shore

cg03782453 -.0002 4.11E-05 3.02E-06 4 7043935 CCDC96 TADA2B Island

Adjusted for infant sex, plate number, and cell count estimation.

rule out that the identified pathways may be due to the differ-

ing number of probes per gene that are present on the EPIC
850K.

Discussion

We did not find associations between periconception or prena-
tal perceived stress exposure and differential DNAm markers
in cord blood after FDR adjustment. Further, identified DMRs

had no clear biological ties to perceived stress exposure. These

null findings are consistent with previous EWAS investigations
examining objective prenatal stressors like stressful life events
and mood disorders with DNAm alterations in cord blood.8:37-
39 Previous candidate-gene studies of prenatal stress have
focused largely on DNAm alternations in genes related to
HPA-axis functioning, such as NR3CI or FKBPS5. The secre-
tion of systemic glucocorticoids (eg, increasing serum cortisol)
is the product of the HPA-axis’s response to stressors. During
pregnancy, the fetus is beginning to be exposed to maternal
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cortisol when the placenta forms (~12weeks) and levels natu-
rally rise during pregnancy. Although cortisol exposure is regu-
lated by the placental enzyme, HSD11B2,%0 prenatal challenges
like maternal stress can impact functioning. Epigenetic pro-
cesses are highly tissue specific. Thus, it is possible that associa-
tions of maternal perceived stress and DNAm may be more
apparent in offspring tissues other than cord blood, such as the
placenta. This is supported by generally low correlations
between cord blood and placenta DNA methylation.'241:42

A growing number of studies have begun to assess the impacts
of maternal stress on placental DNAm.!2434 For example, higher
perceived maternal stress was associated with DNAm of
HSD11B2, as well as NR3C1 and FKBPS in human placenta tis-
sues.* Further, retrospectively assessed lifetime maternal stress
exposure was associated with placental DNAm aberrations at 112
CpG probes.® In comparison to our findings, of these 112 CpG
probes 11 probes were identified in our EWAS as having nominal
P-values <.05 (cgl6717626, cgl6900746, cg24335984,
cg18941410,cg25545479,cg15365888, cg13817341,cg05218210,
02721947, ¢g23095615, and ¢g01903374). Future work should
assess the effects of perceived stress on placental methylation and
determine if alterations correlate with transcription.

Periconception is considered a critical period of early
development. Though our study did not find a significant
effect of maternal perceived stress on DNAm in the offspring
at birth, we cannot rule out the potential impacts of pericon-
ception or prenatal exposure. First, impacts of more distal
stress exposures occurring earlier in the woman’s life course
(eg, adolescence) may have influences.* Though our study is
unique in the assessment of periconception perceived stress,
future research from a life course perspective is needed to
account for stressors in earlier life. Second, in this same cohort
despite the low level of average perceived stress, we have pre-
viously shown that higher preconception stress was associated
with a longer time to pregnancy*” and it is possible that per-
ceived stress exposure in the first 8 weeks of gestation may
impact implantation and follows the line of work regarding
placental differences.

Our study is unique in our ability to prospectively assess
perceived stress in the context of both periconception and pre-
natal exposure. We had multiple measures of perceived stress
before and throughout pregnancy. However, the assessment of
perceived stress was not based on a validated instrument, such
as the Perceived Stress Scale*® or the Life Stressor Checklist*’
as used in prior studies.!141643 Further, the generalizability of
our findings may be limited as the study population consists of
non-Hispanic white women with 1 to 2 pregnancy losses who
then went on to have a live birth and who were of higher socio-
economic status. We also did not collect information on pater-
nal levels of stress that may impose epigenetic effects on
offspring>%5%; nor did we have information on epigenome-wide
associations in relevant tissues, like the placenta, both of which
should be considered in future studies. In summary, we found

no evidence of the effects of periconception or pregnancy per-
ceived stress exposure on newborn methylation in cord blood
leukocytes.

Authors’ Note
Registered as NCT00467363 at clinicaltrials.gov.

Acknowledgements

This work utilized the computational resources of the NIH
HPC Biowulf cluster (http://hpc.nih.gov).

Author Contributions

KJP, EFS, and EHY contributed to the conception or design;
WG provided essential materials; KJP and SLR contributed to
the analysis; DLP, KCS, RMS, WG, and SLM contributed to
the interpretation of data; KJP drafted the manuscript; DLP,
SLR, KCS, RMS, WG, EFS, SLM, and EHY provided essential
feedback in writing the manuscript; and all authors approved the
final manuscript and are accountable for the work.

Availability of Data
Data described in the manuscript will be made available upon
request pending application and approval.

ORCID iDs
Kristen J Polinski (2 https://orcid.org/0000-0001-9825-6095
Edwina H Yeung https://orcid.org/0000-0002-3851-2613

Supplemental Material
Supplemental material for this article is available online.

REFERENCES

1. Gluckman PD, Hanson MA, Buklijas T. A conceptual framework for the devel-
opmental origins of health and disease. | Dev Orig Health Dis. 2010;1:6-18.

2. Manzari N, Matvienko-Sikar K, Baldoni F, O’Keeffe GW, Khashan AS. Prenatal
maternal stress and risk of neurodevelopmental disorders in the offspring: a
systematic review and meta-analysis. Soc Psychiatry Psychiatr Epidemiol. 2019;54:
1299-1309.

3. Bush NR, Jones-Mason K, Coccia M, et al. Effects of pre- and postnatal maternal
stress on infant temperament and autonomic nervous system reactivity and regula-
tion in a diverse, low-income population. Dev Psychopathol. 2017;29:1553-1571.

4. Laplante DP, Brunet A, Schmitz N, Ciampi A, King S. Project Ice Storm: pre-
natal maternal stress affects cognitive and linguistic functioning in 5 1/2-year-
old children. J Am Acad Child Adolesc Psychiatry. 2008;47:1063-1072.

5. Simons SSH, Zijlmans MAC, Cillessen AHN, de Weerth C. Maternal prenatal
and early postnatal distress and child stress responses at age 6. Stress. 2019;22:
654-663.

6.  Merrick MT, Ford DC, Ports KA, etal. Vital signs: estimated proportion of
adult health problems attributable to adverse childhood experiences and implica-
tions for prevention - 25 states, 2015-2017. MMWR Morb Mortal Wkly Rep.
2019;68:999-1005.

7. Langley-Evans SC, McMullen S. Developmental origins of adult disease. Med
Princ Pract. 2010;19:87-98.

8. Wadhwa PD, Buss C, Entringer S, Swanson JM. Developmental origins of
health and disease: brief history of the approach and current focus on epigenetic
mechanisms. Semin Reprod Med. 2009;27:358-368.

9. Waterland RA, Michels KB. Epigenetic epidemiology of the developmental ori-
gins hypothesis. Annu Rev Nutr. 2007;27:363-388.

10. Neumann A, Walton E, Alemany S, et al. Association between DNA methyla-
tion and ADHD symptoms from birth to school age: a prospective meta-analy-
sis. Trans! Psychiatry. 2020;10:398-398.


http://hpc.nih.gov
https://orcid.org/0000-0001-9825-6095
https://orcid.org/0000-0002-3851-2613

Epigenetics Insights

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Jensen Pefia C, Monk C, Champagne FA. Epigenetic effects of prenatal stress on
11B-hydroxysteroid dehydrogenase-2 in the placenta and fetal brain. PLoS One.
2012;7:¢39791.

Chen J, Li Q_, Rialdi A, et al. Influences of maternal stress during pregnancy on
the epi/genome: comparison of placenta and umbilical cord blood. J Depress Anx-
iety. 2014;3:152. doi:10.4172/2167-1044.1000152

Dukal H, Frank J, Lang M, etal. New-born females show higher stress- and
genotype-independent methylation of SLC6A4 than males. Borderline Personal
Disord Emot Dysregul. 2015;2:8-8.

Mansell T, Vuillermin P, Ponsonby AL, Collier F, Saffery R, Ryan J. Maternal
mental well-being during pregnancy and glucocorticoid receptor gene promoter
methylation in the neonate. Dewv Psychopathol. 2016;28:1421-1430.

Nieratschker V, Massart R, Gilles M, et al. MORC1 exhibits cross-species dif-
ferential methylation in association with early life stress as well as genome-wide
association with MDD. Transl Psychiatry. 2014;4:¢429.

Vidal AC, Benjamin Neelon SE, Liu Y, et al. Maternal stress, preterm birth, and
DNA methylation at imprint regulatory sequences in humans. Genet Epigenet.
2014;6:37-44.

Nowak AL, Anderson CM, Mackos AR, Neiman E, Gillespie SL. Stress during
pregnancy and epigenetic modifications to offspring DNA: a systematic review of
associations and implications for preterm birth. J Perinat Neonatal Nurs. 2020;34:
134-145.

Rijlaarsdam J, Pappa I, Walton E, et al. An epigenome-wide association meta-
analysis of prenatal maternal stress in neonates: a model approach for replication.
Epigenetics. 2016;11:140-149.

Wikenius E, Myhre AM, Page CM, et al. Prenatal maternal depressive symp-
toms and infant DNA methylation: a longitudinal epigenome-wide study. Nord ]
Psychiatry. 2019;73:257-263.

Stonawski V, Roetner J, Goecke TW, et al. Genome-wide DNA methylation
patterns in children exposed to nonpharmacologically treated prenatal depressive
symptoms: results from 2 independent cohorts. Epigenet Insights. 2020;13:
2516865720932146.

Fleming TP, Watkins AJ, Velazquez MA, et al. Origins of lifetime health around
the time of conception: causes and consequences. Lancet. 2018;391:1842-1852.
Schisterman EF, Silver RM, Lesher LL, et al. Preconception low-dose aspirin
and pregnancy outcomes: results from the EAGeR randomised trial. Lancet.
2014;384:29-36.

Schisterman EF, Silver RM, Perkins NJ, et al. A randomised trial to evaluate the
effects of low-dose aspirin in gestation and reproduction: design and baseline
characteristics. Paediatr Perinat Epidemiol. 2013;27:598-609.

Borders AE, Wolfe K, Qadir S, Kim KY, Holl J, Grobman W. Racial/ethnic dif-
ferences in self-reported and biologic measures of chronic stress in pregnancy. J
Perinatol. 2015;35:580-584.

Yeung EH, Guan W, Mumford SL, et al. Measured maternal prepregnancy
anthropometry and newborn DNA methylation. Epigenomics. 2019;11:
187-198.

Ghassabian A, Albert PS, Hornig M, et al. Gestational cytokine concentra-
tions and neurocognitive development at 7 years. Trans/ Psychiatry. 2018;8:
64-64.

Yeung EH, Guan W, Zeng X, et al. Cord blood DNA methylation reflects cord
blood C-reactive protein levels but not maternal levels: a longitudinal study and
meta-analysis. Clin Epigenetics. 2020;12:60.

Michels KB, Binder AM, Dedeurwaerder S, et al. Recommendations for the
design and analysis of epigenome-wide association studies. Naz Methods.
2013;10:949-955.

Moran S, Arribas C, Esteller M. Validation of a DNA methylation microarray
for 850,000 CpG sites of the human genome enriched in enhancer sequences.
Epigenomics. 2016;8:389-399.

Aryee MJ, Jaffe AE, Corrada-Bravo H, et al. Minfi: a flexible and comprehensive
Bioconductor package for the analysis of Infinium DNA methylation microar-
rays. Bioinformatics. 2014;30:1363-1369.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Stat Soc Series B Stat Methodol.
1995;57:289-300.

Gervin K, Salas LA, Bakulski KM, et al. Systematic evaluation and validation of
reference and library selection methods for deconvolution of cord blood DNA
methylation data. Clin Epigenetics. 2019;11:125.
FlowSorted.CordBloodCombined.450k: illumina 450k/EPIC data on FACS and
MACS umbilical blood cells. Version 1.5.0. 2020. https://github.com/immunometh-
ylomics/FlowSorted.CordBloodCombined.450k (accessed 19 February 2019).
Rahmani E, Yedidim R, Shenhav L, et al. GLINT: a user-friendly toolset for the
analysis of high-throughput DNA-methylation array data. Bioinformatics.
2017;33:1870-1872.

Suderman M, Staley J, French R, Arathimos R, Simpkin A, Tilling K. dmrff:
identifying differentially methylated regions efficiently with power and control.
Preprint. Posted online December 31, 2018. bioRxiv 508556. doi:10.1101/508556
Krimer A, Green ], Pollard J, Tugendreich S. Causal analysis approaches in
ingenuity pathway analysis. Bioinformatics. 2014;30:523-530.

Viuff AC, Sharp GC, Rai D, et al. Maternal depression during pregnancy and
cord blood DNA methylation: findings from the Avon Longitudinal Study of
Parents and Children. Trans/ Psychiatry. 2018;8:244.

Cardenas A, Faleschini S, Cortes Hidalgo A, et al. Prenatal maternal antidepres-
sants, anxiety, and depression and offspring DNA methylation: epigenome-wide
associations at birth and persistence into early childhood. Clin Epigenetics.
2019;11:56.

Sammallahti S, Cortes Hidalgo AP, Tuominen S, et al. Maternal anxiety during
pregnancy and newborn epigenome-wide DNA methylation. Mol Psychiatry.
2021;26:1832-1845.

Benediktsson R, Calder AA, Edwards CR, Seckl JR. Placental 11 beta-
hydroxysteroid dehydrogenase: a key regulator of fetal glucocorticoid exposure.
Clin Endocrinol. 1997;46:161-166.

De Carli MM, Baccarelli AA, Trevisi L, et al. Epigenome-wide cross-tissue pre-
dictive modeling and comparison of cord blood and placental methylation in a
birth cohort. Epigenomics. 2017;9:231-240.

Ma B, Allard C, Bouchard L, et al. Locus-specific DNA methylation prediction
in cord blood and placenta. Epigenetics. 2019;14:405-420.

Brunst KJ, Tignor N, Just A, et al. Cumulative lifetime maternal stress and epig-
enome-wide placental DNA methylation in the PRISM cohort. Epigenetics.
2018;13:665-681.

Monk C, Feng T, Lee S, Krupska I, Champagne FA, Tycko B. Distress during
pregnancy: epigenetic regulation of placenta glucocorticoid-related genes and
fetal neurobehavior. 4m J Psychiatry. 2016;173:705-713.

Tesfaye M, Chatterjee S, Zeng X, Joseph P, Tekola-Ayele F. Impact of depression
and stress on placental DNA methylation in ethnically diverse pregnant women.
Epigenomics. 2021;13:1485-1496.

Keenan K, Hipwell AE, Class QA, Mbayiwa K. Extending the developmental
origins of disease model: impact of preconception stress exposure on offspring
neurodevelopment. Dewv Psychobiol. 2018;60:753-764.

Schliep KC, Mumford SL, Silver RM, et al. Preconception perceived stress is
associated with reproductive hormone levels and longer time to pregnancy. Epi-
demiology. 2019;30 Suppl 2:576-584.

Cohen S, Kamarck T, Mermelstein R. A global measure of perceived stress. J
Health Soc Behav. 1983;24:385-396.

Wolfe J, Kimerling R. Gender issues in the assessment of posttraumatic stress
disorder. In: Wilson JP, Keane TM, eds. Assessing Psychological Trauma and
PTSD. The Guilford Press; 1997:192-238.

Mychasiuk R, Harker A, Ilnytskyy S, Gibb R. Paternal stress prior to conception
alters DNA methylation and behaviour of developing rat offspring. Neuroscience.
2013;241:100-105.

Siklenka K, Erkek S, Godmann M, etal. Disruption of histone methylation in
developing sperm impairs offspring health transgenerationally. Science. 2015;
350:2ab2006.


https://github.com/immunomethylomics/FlowSorted.CordBloodCombined.450k
https://github.com/immunomethylomics/FlowSorted.CordBloodCombined.450k

