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Aim: We investigated associations of prenatal socioeconomic status (SES) with DNA methylation at birth,
and to explore persistence of associations into early (~3 years) and mid-childhood (~7 years) among 609
mother—child pairs in a Boston-area prebirth cohort. Materials & methods: First, we created a prenatal SES
index comprising individual- and neighborhood-level metrics and examined associations of low (lowest
10%) versus high (upper 90%) SES with genome-wide DNA methylation in cord blood via the Infinium Hu-
manMethylation450 BeadChip. Next, we evaluated persistence of associations detected in cord blood with
DNA methylation of the same CpG sites measured in peripheral leukocytes in early- and mid-childhood.
Results & conclusion: Low prenatal SES was associated with methylation at CpG sites near ACSF3, TNRC6C-
AS1, MTMR4 and LRRN4. The relationship with LRRN4 persisted into early childhood.
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In hierarchical societies of both humans and animals, social status is a pervasive determinant of health and fitness [1].
A longstanding and extensively-reviewed social sciences literature [2-5], in conjunction with mechanistic studies in
animal models (6,7 link lower social status — for example, lower socioeconomic position in humans or lower social
rank in baboons — to a range of adverse physiological and psychological phenotypes.
Growing awareness of the Developmental Origins of Health and Disease (DOHaD) paradigm over the last
two decades has forged interest in: the relevance of timing of exposures — namely, the importance of exposures
during sensitive periods of development (typically, early in the life course), and biological mechanisms linking
social exposures to disease risks [8]. Both lines of inquiry have placed a spotlight on epigenetic processes, with
DNA methylation being the most widely studied, as a mechanism underlying DOHaD phenomena [9). The
relevance of epigenetics in DOHaD stems from the fact that sensitive windows of development coincide with
higher lability of the epigenome. For instance, shortly after fertilization, a genome-wide demethylation event
occurs, followed by systematic re-establishment of DNA methylation marks (101. The process of remethylation  Fyture ==,
is sensitive to environmental disturbances, thereby earmarking the in uzero period as a sensitive developmental Mediciné."'
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time frame during which environmental factors — including the mother’s social environment — can impact the
fetus’ long-term health. Evidence for this notion has been documented in nonhuman primates; for example, where
researchers have detected differential DNA methylation at >25,000 genomic locations in placenta of low versus
high ranking female baboons [11]. In humans, maternal education level (a proxy for socioeconomic position) has
been associated with methylation of specific genes involved in growth and stress physiology in placentae [12], cord
blood [13] and infant blood [14], as well as with global DNA methylation in cord blood [15].

However, the existing evidence base is not without shortcomings. First, the majority of published human studies
have focused on individual socioeconomic metrics (i.e., household income, maternal education level), which may
not reflect the real-life experience of social status. Second, many analyses are limited by relatively small sample
size and restricted markers of DNA methylation (e.g., candidate gene approaches and proxies of global DNA
methylation). Third, while a few small-scale (i.e., N <100 [16-18]) and one larger study in the Multi Ethnic Study of
Atherosclerosis cohort [19] compared the effect of childhood versus adulthood socioeconomic status (SES) on DNA
methylation profiles during adulthood, little is known regarding whether the effects of social exposures during the
prenatal period ‘persist’ into later life, which is central to evaluating the extent to which this developmental stage
is critical to future health outcomes. To our knowledge, we are aware of only one study that has attempted to do
this. In a recent publication, Alfano ez al. investigated persistent effects of early life SES on genome-wide DNA
methylation from birth through adolescence among 860 mother—child pairs in the Avon Longitudinal Study of
Parents and Children (ALSPAC) [201. The investigators found that while maternal education was associated with
differential methylation of four CpG sites in cord blood and 20 CpG sites in adolescent blood, there was no overlap
in the CpG sites across life stages. However, a shortfall of ALSPAC is the predominantly White ethnic composition
(4.1% non-White participants in the overall cohort), which limits generalizability of findings.

Here, we sought to address key gaps in literature using data from >600 participants in Project Viva, a large multi-
ethnic prebirth cohort in the greater Boston area. First, we created an SES status index based on individual- and
neighborhood-level characteristics during the prenatal period. Next, we carried out an epigenome-wide association
study (EWAS) to identify differentially methylated CpG sites in cord blood associated with prenatal SES. Then,
we investigated whether associations of prenatal SES with the CpG sites of interest remained apparent during
early and mid-childhood. At last, we examined associations of prenatal SES with global DNA methylation,
hydroxymethylation and the ratio of the two during all three life stages, to complement EWAS findings.

Materials & methods

Study population

This study includes participants of Project Viva, an ongoing prebirth cohort recruited from a multispecialty group
practice in eastern Massachusetts (Atrius Harvard Vanguard Medical Associates). Details on study design and
recruitment are reported elsewhere 21]. Of 2128 enrolled Project Viva mother—child pairs, this study included 609
pairs for whom we had data on DNA methylation at birth (n = 422), during early childhood (age: 3—6 years;
n = 108), or in mid-childhood (age: 6-10 years; n = 389); 53 participants have data during all three life stages. The
Institutional Review Board of Harvard Pilgrim Health Care approved all study protocols. All mothers provided
written informed consent.

Exposure: SES during the prenatal period
The exposure of interest in this study was SES during the prenatal period. We created an SES index based on
individual- and neighborhood-level metrics that are either associated with health outcomes of the child in Project
Viva (e.g., maternal education, marital status, annual household income), or have been implicated as determinants
of health in the literature (e.g., neighborhood-level income [22], use of welfare programs [23]). Individual-level SES
metrics included maternal education level, marital status, self-reported income at enrollment and receipt of public
assistance. These data were collected through interviewer-administered questionnaires during the first trimester of
pregnancy. We extracted neighborhood-level metrics, including the median neighborhood income and percentage
of neighborhood below the poverty line, based on the census tract of the residential address at enrollment.

To create the SES index, we first weighted participant responses for each metric on a scale of 0 (lowest SES) to
3 (highest SES) as follows: mother’s education level (no college = 0; some college = 1; college degree = 2; graduate
degree = 3), mother’s marital status (not married/cohabiting = 0; married/cohabiting = 3), mother’s self-reported
household income at the initial enrollment visit during the first trimester (<$20,000 = 0; >$20,000-40,000 = 1;
>$40,000-70,000 = 2; >$70,000 = 3), receipt of public assistance (Yes = 0; No = 3), quartiles of median

1414

Epigenomics (2019) 11(12) future science group



Socioeconomic status & DNA methylation

neighborhood income based on the census tract (Q1 = 0; Q2 = 1; Q3 = 2; Q4 = 3), and quartiles of percentage
of neighborhood below the poverty line according to the census tract (Q4 = 0; Q3 = 1; Q2 = 2; Q1 = 3). Next,
we entered the six variables into an unsupervised principal components analysis and retained the first factor as the
SES index score which accounted for 68.6% of variability in the original components of the score. This factor
represents a continuous, normally distributed weighted score of the six SES components based on their natural
intercorrelations. A higher score for this index is indicative of higher SES during the prenatal period and vice versa.
For the analysis, we dichotomized prenatal SES as the lowest 10% versus the upper 90% (referent) of the index
based on initial evidence of a threshold effect with respect to the epigenome-wide association analysis and the global
measures of DNA methylation at the lower end of the distribution. This is likely related to the fact that Project
Viva participants are relatively well-educated and a mid- to upper-class population, making it so that an effect of
SES is detectable only at extreme ends of the distribution. This phenomenon has been observed in other studies
exploring associations of SES with DNA methylation in socioeconomically homogenous populations [24].

When exploring associations of individual components of the prenatal SES index, we used the same categorization
scheme for each variable as they were used in the index with two exceptions: we collapsed ‘no college’ with ‘some
college’ for maternal education level, and ‘<$20,000” with ‘$20,000-40,000" due to small cell sizes.

Outcome: DNA methylation
Blood collection

At delivery, obstetricians and midwives collected blood from the umbilical cord vein from approximately half of
births. Collection of umbilical cord blood was based on participant consent and occurred at one of two delivery
hospitals that accounted for approximately three-fourths of deliveries in Project Viva. At the early childhood and
mid-childhood visits, trained research assistants collected a blood sample from the antecubital vein. All samples
were refrigerated immediately, processed within 24 h (including extraction of DNA using Qiagen Puregene Kit,
CA, USA), and stored at -80°C until the time of analysis.

Epigenome-wide DNA methylation analysis

Methods for genome-wide DNA methylation analysis have been published [25]. In brief, we bisulfite-converted
buffy coat DNA (EZ DNA Methylation-Gold Kit, Zymo Research, CA, USA) in cord blood, and in peripheral
leukocytes from early- and mid-childhood. We shipped samples to Illumina Inc., where they are analyzed using
the Infinium HumanMethylation450 BeadChip (Illumina, CA, USA). This array is widely-used in epidemiologic
studies and has been previously validated [26]. Upon receiving the data, we removed technical replicates, samples
with low quality, genotype mismatch and sex mismatch. We also excluded low-quality probes with detection p-
values greater than 0.05, those on sex chromosomes, non-CpG probes and nonspecific and previously-identified
cross-reactive probes [27]. We further removed probes within ten base pairs of a known SNP (UCSC Human Feb.
2009 [GRCh37/hg19] Assembly), and those with a minor allele frequency >1%. After the quality control, a total
of 394,460 probes were included for subsequent analysis. We used the normal-exponential out-of-band method
for background correction and dye bias adjustment [28] and normalized our sample with Beta Mixture Quantile
Dilation [29]. To control for technical variability across sample plates we applied the R package ComBat [30]. For the
analysis, we examined the percent of methylation for each CpG site, calculated as the signal intensity of methylated
cytosines over the signal intensity of methylated plus unmethylated cytosines at the 5C position.

Global DNA methylation & hydroxymethylation

Using DNA extracted from cord blood, and from blood collected at the early and mid-childhood visits, we carried
out the following procedure. First, we isolated 1 pg of DNA from the buffy coat. Next, we spiked extracted
DNA with an internal standard mixture, dried it and then hydrolyzed it at 37°C for at least 8 h with 10 pl of
digest mixture containing phosphodiesterase I, ALP and Benzonase® Nuclease to Tris-HCI buffer (Sigma-Aldrich,
Diegem, Belgium). We then prepared stock solution of 5mC, ShmC and cytosine (C) by dissolving Sigma-Aldrich
commercial standards in 22 liquid chromatography mass spectrometry-grade water to prepare the calibration
standards. At last, we measured global genomic DNA methylation and hydroxymethylation of cytosine nucleotides
simultaneously for each sample using ultra-performance liquid chromatography tandem mass spectrometry, as
previously described [31]. We have previously published more details on analytical conditions, calibration curves
and validation parameters [32].
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We calculated percent global DNA methylation (%5mC) as SmC over the sum of 5mC, 5hmC and C
(%5mC = 5mC/[5hmC+5mC+C]). Likewise, percent global DNA hydroxymethylation (%5hmC) was derived
as ShmC/(5hmC+5mC+C). We also calculated the ratio of global DNA methylation to hydroxymethylation
(%5mC:%5hmC) and log,-transformed %5mC:%5hmC for the analysis due to non-normal distributions.

Covariates

At enrollment, we collected information on the mother’s race/ethnicity and age. At enrollment, during mid-
pregnancy, and at delivery, we asked the women about pregnancy smoking habits via an interviewer-administered
questionnaire. We extracted child sex and date of delivery from the medical record. We used date of delivery to
calculate gestational age at delivery by subtracting from this value the date of the last menstrual period as reported by
the woman, or the estimated last menstrual period based on second trimester ultrasound if gestational age between
the two sources differed by more than 10 days. Based on these calculations, we included continuous gestational age
at delivery as a covariate in the EWAS analysis, and also evaluated this variable dichotomously as preterm versus
term (<37 vs >37 gestational weeks). Prenatal medical records provided information on perinatal characteristics
including mother’s prenatal glucose tolerance status, including diagnoses of gestational diabetes mellitus. To
identify women with hypertensive disorders of pregnancy, we reviewed outpatient charts for blood pressure and
urine protein results, and created a four-level variable with the categories normotensive, chronic hypertension,
gestational hypertension and preeclampsia [33]. The child’s age at the early and mid-childhood visits were calculated
as the difference between the date of the visit and date of birth. Cell type composition at each research visit was
estimated from genome-wide DNA methylation arrays (HumanMethylation450 BeadChip; Illumina) using the
minfi package in R (version 3.3.0, R Core Team) [34]. We used an adult reference DNA methylation panel to
estimate leukocyte composition in early and mid-childhood and a cord blood DNA methylation reference panel,
which includes nucleated red blood cells, to estimate nucleated cell types at birth [35].

Data analysis

Prior to formal analysis, we assessed univariate distributions of continuous variables and frequency distributions of
categorical or ordinal variables to assess for deviations from normality and missing data, and transformed variables as
needed. At this stage, we also assessed background and SES-related characteristics of the three subsamples of Project
Viva participants with 450 K methylation data at birth (n = 422), during early childhood (n = 108) and during
mid-childhood (n = 389) to qualitatively assess for notable discrepancies that would compromise comparability
across the three overlapping subsamples (n = 53 children have DNA methylation data available at all three time
points). Then, we carried out the main analysis in three steps, conforming to the study objectives.

Step 1: Identify differentially-methylated CpGs in cord blood associated with prenatal SES

We dichotomized the prenatal SES index as the lowest 10% versus upper 90% (referent) based on exploratory
analyses indicating a threshold effect of prenatal SES on DNA methylation outcomes at the lowest end of the
distribution. For the EWAS, we used robust linear regression to examine associations and assess statistical significance
of the relationship between prenatal SES and DNA methylation of individual CpG sites in cord blood on the
M-value scale. However, to facilitate interpretability, we re-ran the top hits on the B-scale and report estimates of
association in terms of B-values (% difference in DNA methylation) and standard errors (SEs) in the results and
tables.

In the models, we also accounted for maternal age at enrollment, race/ethnicity and smoking habits during
pregnancy; gestational age at delivery; infant sex; and cell type composition. Of note, while smoking during
pregnancy could be part of the low SES effect, we were interested in the effect of SES independent of maternal
smoking. Thus, we included this variable in the EWAS to maintain consistency with previous studies in this
cohort [25,32], and based on expert consensus (36]. We considered a CpG site to be of interest in our analysis of
persistence of associations (Step 2) if its effect estimate reached statistical significance (p < 0.05) after false discover
rate (FDR)-correction based on Benjamini and Hochbergs method (37. However, in our discussion of findings
regarding associations in cord blood, we focus on CpG sites that were statistically significant (p < 0.05) after the
more conservative Bonferroni correction. In our results, we logit-transformed the B-values on the M-value scale
such that results are interpreted as a percentage difference in DNA methylation.
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Step 2: Examine persistence of associations during early childhood & mid-childhood

In a second step, we examined associations of prenatal SES with CpG sites that were statistically significant after
FDR correction in Step 1, measured in leukocytes during early and mid-childhood using ComBat to account for
technical variability. We accounted for the same set of covariates as in Step 1, except rather than adjusting for
gestational age at birth, we adjusted for current child age and estimated leukocytes composition from the same time
point. We considered an association to be persistent if the p-value was significant after a Bonferroni correction for
the number of CpG sites tested at 3 and 7 years.

Step 3: Examine associations of prenatal SES with global DNA methylation, hydroxymethylation &
global:hydroxymethylation ratio

At last, we examined associations of prenatal SES with global DNA methylation (%5mC), hydroxymethylation
(%5hmC) and log,-transformed %5mC:%5hmC during all three life stages. In the multivariable linear regression
models, we accounted for the same set of covariates as in Steps 1 and 2. In addition to assessing the prenatal
SES index, we also examined individual components of the index in relation to the global measures of DNA
methylation. In sensitivity analyses, we assessed the impact of further adjustment for preterm delivery status (<37
vs >37 gestational weeks at birth), maternal gestational diabetes and hypertensive disorders of pregnancy.

All analyses were performed using SAS 9.4 (SAS Institute Inc., NC, USA), except for analyses in Steps 1 and 2,
which were carried out in R.

Results

Atenrollment, median age of the mothers was 32.9 years (range: 17.8-44.9 years). The majority (74.2%) of women
were White, with 10.7% Black and 6.9% Hispanic participants. Approximately half (49.4%) of the children were
female. Mean =+ standard deviation (SD) gestational age at delivery was 39.7 £ 1.6 weeks. Mean &= SD age
of the children at the early and mid-childhood research visits was 3.4 £ 0.5 and 7.9 £ 0.8 years, respectively.
Mean = SD of the SES index was 0.00 = 0.94 (median: 0.11; range: -1.65-1.53). Table 1 shows additional
background characteristics of the study sample, as well as bivariate associations of the characteristics with the
prenatal SES index. Supplementary Table 1 shows background characteristics of participants based on availability
of DNA methylation data at birth (n = 422), during early childhood (n = 108) and during mid-childhood (n = 389),
and the exposure of interest (prenatal SES index). The relative distribution of characteristics are similar across the
three subsamples, with the exception that there is a higher proportion of women who reported an annual household
income <$20,000 in the mid-childhood sample (5.1%) as compared with the birth (1.9%) and early childhood
samples (0%).

In EWAS of low versus high prenatal SES and CpG-by-CpG DNA methylation (see Figure 1 for Q-Q plot
and volcano plot; Lamda = 1.317), we identified 29 differentially methylated CpGs (FDR < 0.05), three of
which were also significant after Bonferroni correction: ACSF3 (B &= SE = —0.40 = 0.07 %5mC), TNRC6C-AS1
(B £ SE =0.98 &+ 0.18 %5mC), and MTMR4 (B & SE = —0.27 £ 0.06 %5mC; Table 2). At this step, we noted
that many of the CpG sites had percentage methylation values close to 0 or 100, thus reflecting an overall pattern
of low variability in DNA methylation (Table 2).

When we examined associations of prenatal SES with DNA methylation of the FDR significant CpG sites in
peripheral leukocyte DNA collected during early childhood, only one association (cg12453539) remained apparent:
p = SE for low versus high prenatal SES in relation to LRRN4 methylation at birth was 2.34 £ 0.49 %5mC, and
during early childhood was 5.3 &= 1.1 %5mC. None of the associations between prenatal SES and the 29 CpG
sites were detected during mid-childhood.

We did not find any associations of prenatal SES with %5mC, %5hmC or log,-transformed %5mC:%5hmC at
any life stage (Table 3).

Supplementary Tables 2—4 show relations of the prenatal SES index components with %5mC, %5hmC and
log,-transformed %5mC:%5hmC. At birth, women who were married/cohabiting had infants with lower cord
blood %5mC and %5hmC. We also observed an inverse association between maternal education and %5mC in
early and mid-childhood, but we did not note any other consistent associations of the individual SES indicators
with the DNA methylation outcomes across the three life stages.

In all conventional regression models (i.e., Table 3, Supplementary Tables 2—4) further adjustment for maternal
pre- and perinatal conditions (preterm delivery, gestational glucose tolerance during pregnancy, hypertensive
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Table 1. Sociodemographic characteristics of 609 Project Viva mother—child pairs.

% (N) Mean =+ SD prenatal SES index score
Maternal and perinatal characteristics
Mother's age at enrollment:
- <25 years 8.1% (49) -0.78 +£ 0.74
—25-<35 years 59.4% (362) 0.03 £0.92
—>35years 32.5% (198) 0.14 £ 0.92
- p-trend <0.0001
Mother's prepregnancy weight status:
- Underweight (<18.5 kg/m?) 2.8% (17) -0.82 £0.72
- Normal weight (18.5-24.9 kg/m?) 61.7% (375) 0.10 £ 0.91
- Overweight (25.0-29.9 kg/m?) 21.9% (133) -0.08 + 0.94
- Obese (>30 kg/m?) 13.7% (83) -0.19 £ 0.98
- p-trend 0.1
Pregnancy smoking status:
— Never 68.3% (416) -0.05 + 0.94
— Former 21.0% (128) 0.28 £+ 0.87
— Smoked during pregnancy 10.7% (65) -0.24 + 0.91
- p-trend 0.0002
Race/ethnicity:
- Black 10.7% (65) -0.77 £ 0.87
- Hispanic 6.9% (42) -0.46 + 0.99
- White 74.2% (452) 4.19 £ 0.86
— Other 8.2% (50) -0.37 £ 0.94
- p-difference <0.0001
Child sex:
- Female 49.4% (301) 0.03 £ 0.92
- Male 50.6% (308) 0.03 £+ 0.96
- p-difference 0.48
Socioeconomic characteristics during the prenatal period
Mother was married or cohabitating:
- No 7.1% (43) -0.47 £ 0.76
- Yes 92.9% (566) 0.04 +0.94
- p-difference 0.0006
Mother’s education level:
- No college 7.4% (45) -0.29 £+ 0.91
- Some college 21.5% (131) -0.25 + 0.94
— College degree 37.9% (231) 0.25 £+ 0.91
— Graduate degree 33.2% (202) -0.06 & 0.91
- p-trend 0.03
Mother-reported annual household income:
- <$20,000 3.8% (23) -0.53 +0.89
- >$20,000-40,000 11.7% (71) -0.67 £ 0.84
- >$40,000-70,000 22.0% (134) -0.16 £+ 0.89
- >8$70,000 62.6% (381) 0.21 £ 0.89
- p-trend <0.0001
Receipt of public assistance:
- Yes 11.3% (69) -0.12 £ 0.96
- No 88.7% (540) 0.02 +£0.93
- p-trend 0.25

TBased on a weighted index comprising maternal self-reported household income, receipt of public assistance, education level, marital status, median household income (census tract),
% of neighborhood below poverty line (census tract).
SD: Standard deviation; SES: Socioeconomic status.
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Table 1. Sociodemographic characteristics of 609 Project Viva mother—child pairs (cont.).

% (N) Mean = SD prenatal SES index score
Median neighborhood income (census tract):
—-Q1($15,374-41,716) 20.7% (126) -1.32+0.24
- Q2 ($41,771-53,855) 24.6% (150) -0.48 + 0.32
- Q3 ($54,013-68,438) 26.1% (159) 0.37 £0.43
- Q4 ($68,564-121,899) 28.6% (174) 1.04 £ 0.31
— p-trend <0.0001
% of neighborhood below poverty line (census tract):
— Q1 (highest poverty, >14-48%) 19.5% (119) -1.33£0.25
- Q2 (>7-14%) 26.4% (161) -0.53 +£0.33
- Q3 (>3.6-7%) 24.8% (151) 0.35+0.33
— Q4 (lowest poverty, <3.6%) 29.2% (178) 1.08 +£0.23
— p-trend <0.0001
Prenatal SES index:
— Lowest 10% 9.5% (58) -1.53 £ 0.08
— Upper 90% 90.5% (551) 0.16 £ 0.83

TBased on a weighted index comprising maternal self-reported household income, receipt of public assistance, education level, marital status, median household income (census tract),
% of neighborhood below poverty line (census tract).
SD: Standard deviation; SES: Socioeconomic status.
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Figure 1. QQ plot, p-value histogram and volcano plot for associations of prenatal socioeconomic status (lowest 10% vs upper 90% of
the socioeconomic status index) with cord blood EWAS. The yellow dashed line and the red line in the volcano plot represent FDR and
Bonferroni correction cutoffs, respectively.

EWAS: Epigenome-wide association study; FDR: False discover rate.

disorders) did not change the direction, magnitude or precision of the associations (data not shown; available upon
request).
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Table 2. Associations of prenatal socioeconomic status (lowest 10% vs upper 90% of socioeconomic status index)

with cord blood DNA methylation (n = 422).

CpG

916746620
902283662
902961795
cg12453539
€g20057398
cg01346596
cg04312358
cg10430625
927467787
908492625
cg12503835
923495031
923928910
cg19113686
924313932
cg04127903
cg00747160
922281207
cg14543995
921502786
cg18437144
927523842
cg19674232
€g26524547
921444639
923371877
916532399
¢cg06506007
901479122

CHR MAPINFO Gene Genomic Gene region CpG position BT SET p-value* % methylated
location (from TSS)
Mean sD
16 89178589 ACSF38 Open Sea Inside 18372 -0.40% 0.07 6.39E-08 0.98 0.01
17 76106981 TNRC6C-AS11 Open Sea Inside 899 0.98% 0.18 1.07E-07 0.94 0.02
17 56588344 MTMR4S N. Shelf Downstream 173781 -0.27% 0.06 1.22E-07 0.99 0.01
20 6033866 LRRN4S S. Shore Downstream 45968 2.34% 0.49 2.69E-07 0.14 0.03
11 114493710 NXPE2T Open Sea Upstream 55490 0.81% 0.16 2.72E-07 0.96 0.01
10 11868146 C100rf47% S. Shelf Inside 2749 -0.47% 0.10 4.65E-07 0.96 0.01
19 41197166 NUMBLS S. Shore Downstream 25624 -0.26% 0.05 7.12E-07 0.02 0.01
1 59320924 JUNT Open Sea Upstream 71139 -1.12% 0.23 7.46E-07 0.92 0.02
20 36160512 NNATT S. Shelf Downstream 10905 -0.35% 0.08 7.70E-07 0.98 0.01
22 29978158 NIPSNAPTS S. Shore Promoter 832 -1.09% 0.20 9.12E-07 0.96 0.02
8 143324660 TSNARE § Open Sea Downstream 44943 -0.47% 0.12 1.03E-06 0.98 0.01
7 151372668 PRKAG2S Open Sea Inside 201648 -0.66% 0.15 1.03E-06 0.97 0.01
5 89705806 CETN3S Island Upstream 64875 0.25% 0.05 1.07E-06 0.03 0.00
3 101406347 RPL24S S. Shore Downstream 11073 -0.29% 0.06 1.19E-06 0.98 0.01
15 35591670 DPH6T Open Sea Downstream 246734 -0.71% 0.14 1.24E-06 0.94 0.01
3 186335125 AHSGS Open Sea Upstream 46793 0.09% 0.02 1.31E-06 0.01 0.00
16 57286437 ARL2BPS Open Sea Inside 7399 -0.36% 0.09 1.59E-06 0.98 0.01
2 85765696 MAT2AE Island Inside 313 0.29% 0.06 2.08E-06 0.03 0.00
17 30036582 MIR36581 Open Sea Downstream 134152 0.33% 0.06 2.31E-06 0.99 0.01
17 56234476 MSX2P18§ Island Inside 156 0.12% 0.03 2.33E-06 0.02 0.00
1 10788928 CASZ18 Open Sea Inside 67805 1.05% 0.23 2.62E-06 0.94 0.02
17 3911067 ZZEF13 S. Shelf Inside 135186 -0.26% 0.07 2.76E-06 0.99 0.00
2 242662301 ING5S N. Shore Upstream 35918 -0.18% 0.04 2.93E-06 0.98 0.00
1 201820022 IPO9S Open Sea Inside 21734 -0.39% 0.09 3.06E-06 0.98 0.01
1 171711847 VAMP4S S. Shore Promoter 468 0.16% 0.04 3.37E-06 0.02 0.00
7 152067904 MLL3S S. Shelf Inside 65186 -0.40% 0.10 3.45E-06 0.99 0.01
1 38031726 DNALITS Open Sea Inside 9206 -0.36% 0.09 3.97E-06 0.98 0.01
13 36699873 DCLK1E Open Sea Inside 5641 4.30% 0.93 4.00E-06 0.63 0.06
15 32163262 OTUD7AY Open Sea Promoter 270 0.25% 0.06 4.07E-06 0.02 0.00

TEstimates are on the B-value scale and are adjusted for maternal race/ethnicity, age at enrollment and smoking habits during pregnancy; infant sex and gestational age at
birth; and cell type distribution.

£The p-values are from EWAS run on the M-value scale. All CpG sites in this table are FDR significant; those in bolded font are statistically significant after Bonferroni correction.
§Gene names referenced from lllumina annotation

1Gene names referenced from University of California Santa Cruz Genome Browser

CHR: Chromosome; CpG: Cytosine-phosphate-guanine site; EWAS: Epigenome-wide association study; FDR: False discover rate; SD: Standard deviation; SE: Standard error.

Discussion

In this study of 609 mother—child pairs in Project Viva, we examined associations of maternal SES during pregnancy
(‘prenatal SES’, dichotomized as lowest 10% vs upper 90% of an SES index) with epigenome-wide DNA methyla-
tion, as well as liquid chromatography-based assessments of global DNA methylation, global hydroxymethylation
and the ratio of the two at birth (in cord blood), and during early and mid-childhood (in peripheral leukocytes
collected at median age 3 and 7 years, respectively). We identified associations of prenatal SES with DNA methy-
lation at 29 CpG sites after FDR correction. However, only three of these sites, which are associated with the genes
ACSF3, TNRC6C-ASI and MTMR4, were significant after Bonferroni correction. When we explored relations of
prenatal SES with the 29 CpG sites that were FDR-significant during early (~age 3 years) and mid-childhood
(~age 7 years), only one estimate — higher LRRN4 methylation for low versus high prenatal SES — persisted into
early childhood. No associations were detected during mid-childhood.

1420

Epigenomics (2019) 11(12) future science group



Socioeconomic status & DNA methylation  Research Article

Table 3. Associations of prenatal socioceonomic status with global DNA methylation (%5mC), hydroxymethylation

(%5hmC) and the ratio of global DNA methlyation to hydroxymethylation (%5mC:%5hmC) among Project Viva
participants at birth, during early childhood (median age 3 years) and mid-childhood (median age 7 years).

Prenatal SES$ N B (95% CN)T in cord blood DNA methylation (birth)
% 5mC % 5hmC % 5mC: % 5hmC ratio*
Mean (SD) = 5.67 (2.07) Mean (SD) = 0.25 (0.15) Mean (SD) = 4.67 (0.70)
Lowest 10% 45 —0.44 (-1.08, 0.20) 0.00 (-0.05, 0.04) -0.05 (-0.26, 0.17)
Upper 90% 368 0.00 (Reference) 0.00 (Reference) 0.00 (Reference)
p-value 0.18 0.86 0.66
N B (95% CI)f in peripheral leukocyte DNA methylation during early childhood (~3 years)
% 5mC % ShmC % 5mC: % 5hmC ratio®
Mean (SD) = 5.11 (1.77) Mean (SD) = 0.17 (0.11) Mean (SD) = 5.10 (0.75)
Lowest 10% 9 -0.28 (-1.46, 0.91) 0.02 (-0.06, 0.10) -0.32 (-0.86, 0.22)
Upper 90% 94 0.00 (Reference) 0.00 (Reference) 0.00 (Reference)
p-value 0.64 0.57 0.25
N B (95% CN)T in peripheral leukocyte DNA methylation during mid-childhood (~7 years)
% 5mC % 5hmC % 5mC: % 5hmC ratio*
Mean (SD) = 5.19 (1.94) Mean (SD) = 0.19 (0.11) Mean (SD) = 4.95 (0.64)
Lowest 10% 35 0.21 (-0.50, 0.91) -0.01 (-0.05, 0.03) 0.10 (-0.13, 0.33)
Upper 90% 332 0.00 (Reference) 0.00 (Reference) 0.00 (Reference)
P-value 0.56 0.75 0.39

TModels include SES indicator of interest, maternal age at enroliment, race/ethnicity and smoking habits during pregnancy; child’s sex and age at the time of DNA methylation assessment
(at birth, this variable was gestational age at delivery); and cell type distribution.

£9%5mC:%5hmC is Log; transformed to meet normality assumptions.

S$Based on a weighted index comprising maternal self-reported household income, receipt of public assistance, education level, marital status, median household income (census tract),
% of neighborhood below poverty line (census tract).

SD: Standard deviation; SES: Socioeconomic status.

Associations of prenatal SES with CpG sites in cord blood (EWAS)

After FDR adjustment, prenatal SES was associated with methylation at 29 sites in cord blood. Of them, only three
were statistically significant after Bonferroni correction. We describe the direction of associations below, as well as
potential ways in which dysregulation of genes at these sites may link SES to development of noncommunicable
diseases.

ACSF3

As compared with participants with high prenatal SES, those categorized as having low SES during the prenatal
period had lower DNA methylation of a CpG on chromosome 16 located in the body of the ACSF3 gene [38-40].
ACSF3 encodes a synthetase protein that is essential for fatty acid production in mammalian mitochondria (41-43].
Deficiencies in ACSF3 enzymes are associated with combined malonic and methylmalonic aciduria, a pathology
related to delayed growth and dysmetabolism in children and psychiatric disease in adults (44]. If SES-related
disparities in DNA methylation are associated with transcription and translation of ACSF3, it might be possible
that this epigenetic modification may provide a molecular biomarker between the documented associations of SES
and development of metabolic and psychiatric disease [4,5,45,46].

TNRC6C-AS1

Low prenatal SES was associated with higher methylation of a CpG on chromosome 17 in the body of TNRC6C-
AS1 gene [38-40]. The TNRC6C-AS1 gene is expressed as an antisense noncoding RNA predominately in the spleen
and lymph nodes [47,48], and regulates expression of TNRCG6C protein which is itself an important regulator of
proliferation, apoptosis and migration of certain cancer cells (49]. Dysregulation of 7NRC6C-ASI and TNRC6C

have been implicated in some cancers [50,51].

MTMR4
We also found that low prenatal SES was related to lower methylation on chromosome 17 in the body of
the MTMR4 (52. MTMR4 is ubiquitously expressed in many tissues and modulates cellular signalling through
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dephosphorylation of proteins involved in cell differentiation, growth and death [52-55]. Inadequate MTMR4
expression can disrupt metabolic homeostasis and autophagy in cells (5¢], which are basic physiological precursors
of noncommunicable pathologies, like cancer, metabolic syndrome and neurodegenerative disease [57-59] that
disproportionately afflict persons of low socioeconomic position [60,61]. Thus, the effects of prenatal SES on early
life epigenetic modifications that are related to basic cellular processes, like autophagy, may contribute to the
development later life disease and mortality.

Step 2: Persistence of associations into early & mid-childhood

The three genes described above did not remain differentially methylated during early or mid-childhood. However,
of the 29 CpG sites that passed FDR correction, the association of low prenatal SES with higher methylation
of a CpG site on chromosome 20 in the 5" untranslated region of LRRN4 [38-40] remained apparent in early
childhood. An early mouse study that characterized LRRN4 found that expression of this gene is critical for
long-term memory formation in the hippocampus [621. LRRN4, which also is highly expressed in the striatum
of the brain beginning around late childhood, shows a pattern of hypomethylation in cell lines derived from
patients with schizophrenia [63]. Furthermore, researchers have also linked expression of LRRN4 in cardiac tissue
with heart disease [64]. The relationship between prenatal SES, DNA methylation and expression of the LRRN4
gene, and the development of cardiac pathology and schizophrenia is intriguing as these diseases unduly afflict
socially-disadvantaged persons [5,45,65-67). So, while the positive association between prenatal SES and LRRN4 DNA
methylation was significant only after FDR correction (but not Bonferroni correction), the potential biological
relevance of this CpG site is interesting given the persistence of the SES ‘effect’ from birth through early childhood,
as well as the functional role LRRN4 in SES-related pathologies.

Our findings do not stand alone. A recent EWAS found that components of SES — specifically, family income
and parental education — during early childhood (~35 years of age) was associated with differential methylation of
genes involved in immune function and growth at age 9 years [68]. Additionally, three other EWAS analyses revealed
that childhood SES, more than adult SES, is associated with DNA methylation of genes involved in inflammation
and cell signaling during adulthood [16,17,19]. At last, a large longitudinal cohort study in the UK (the ALSPAC
Study) recently reported that prenatal maternal education corresponded with differential methylation in cord blood
and adolescence, albeit the authors found no evidence of persistence effects from birth through adolescence [201.
These studies, in conjunction with our results, suggest an influence of eatly social factors on DNA methylation of
CpG sites involved in inflammation, cell signaling and immune function.

While the magnitude of effects that we detected in the EWAS are small, they are comparable to the effect
of prenatal smoking [69], which is recognized as an important determinant of cord blood and offspring DNA
methylation. Additionally, a recent study of studies conducted within Children’s Environmental Health and Disease
Prevention Research Centers across the USA support the relevance of small effect sizes in environmental epigenetic
studies given that they are replicable over time and across populations [70]. Thus, while the functionality of small
differences in DNA methylation remain yet to be elucidated, such findings should not be disregarded, but rather,
explored in other settings.

Step 3: Associations of prenatal SES with global DNA methylation & hydroxymethylation

The prenatal SES index was not associated with global measures of DNA methylation at any time points. However,
we noted that specific individual components of the SES index were both positively and inversely associated with
global measures of DNA methylation, but these associations were not consistent across the three life stages with the
exception of the inverse relation of maternal education and %5mC during early and mid-childhood. This finding
was unexpected as we anticipated that children born to more highly educated mothers would have higher global
DNA methylation. While a number of explanations could explain the relationships between components of the SES
index and global DNA methylation (i.e., residual confounding by life style characteristics such as micronutrient
intake [24] and/or exposure to environmental toxicants [71]), we are cautious to not over interpret the biological
importance of any specific association within this realm given the overall null results of the prenatal SES index with
the global measures of DNA methylation, the number of tests carried out and the lack of consistency of associations
across the individual SES components. Moreover, the literature surrounding associations of SES and global DNA
methylation is mixed: some studies reported null associations (721, although others have reported positive [24] and
inverse associations [15]. These discrepancies may be attributable to the timing and type of SES assessment (73], the
type of metric used to evaluate global DNA methylation (i.e., liquid chromatography-based techniques vs repetitive

1422

Epigenomics (2019) 11(12) future science group



Socioeconomic status & DNA methylation

elements like LINE-1 and Alu) (74], as well as the complexity that is embedded both in social environments and the
epigenome.

Strengths & limitations

A key strength of our study is our ability to prospectively investigate associations of SES with genome-wide DNA
methylation via the Infinium HumanMethylation450 BeadChip in 609 individuals at birth, and to explore persis-
tence of epigenetic marks into early and mid-childhood, thereby covering three sensitive periods of development
for chronic diseases. We were also able to examine associations of early life SES with liquid chromatography-based
measures of global DNA methylation and hydroxymethylation, which may capture minute alterations to DNA
methylation processes that are impactful at the genome-wide level. In addition, we were able to control for a
number of important perinatal, sociodemographic and lifestyle covariates based on the detailed cohort follow-up
information.

However, this study is not without its limitations. First, with respect to the EWAS, the majority of our associations
had low variabililty in DNA methylation and within CpG sites/regions were close to 0 or 100% DNA methylation.
This may lead to higher risk of false positive findings that are found statistically significant, but with no true
biological effects. Second, Project Viva participants are relatively well-educated and all had health insurance.
Thus, our findings may not be generalizable to more disadvantaged segments of the population that are most
vulnerable to SES-related chronic conditions. Third, related to the previous point, we dichotomized the SES index
as the lowest 10% versus upper 90% to achieve maximum discriminatory capacity between low versus high SES
while also considering statistical power. As such, our findings may not be relevant to other populations with a
different distribution of socioeconomic characteristics. Future studies with a broader range of SES are warranted.
Fourth, we did not adjust for paternal education due to a large number of missing values for this variable. While
paternal characteristics such as education level may be key contributors to prenatal SES, we surmise that their
effect is captured, to some extent, by mother-reported annual household income and the census-tract variables of
neighborhood income and poverty. Fifth, while it would be ideal to explore our research questions in a subsample
of Project Viva with information on prenatal SES and DNA methylation across all three life stages, this only applies
to 53 participants (of whom n = 3 had low prenatal SES), which are too few to conduct longitudinal analyses of
DNA methylation. Thus, we acknowledge that the associations explored are not in the same sample of participants,
which may limit generalizability of EWAS findings to the later life stages. However, an assessment of background
and sociodemographic characteristics of the three subsamples did not indicate any marked discrepancies across the
subsamples. At last, our findings have not been validated in an external population, which is an important next
step for any high-dimensional ‘omics anlayses.

Conclusion

In this contemporary pre-birth cohort, prenatal SES was associated with cord blood DNA methylation of genes
involved in basic physiological processes, like mitochondrial fatty acid oxidation (ACSF3), cell differentiation and
apoptosis (TINRC6C-AS1) and cellular signaling (MTMR4). We also noted a positive association between prenatal
SES and DNA methylation of the LRRN4 gene from birth through early childhood. This finding is noteworthy
given that LZRRN4 has been implicated in risk of chronic diseases that disparately afflict low-SES populations,
including cardiovascular disease and psychiatric conditions. We did not find any associations of prenatal SES with
global DNA methylation or hydroxymethylation.

Future perspective

Additional research is warranted to explore long-term health outcomes of altered DNA methylation of the above-
mentioned genes; to explore the opposing nature of the associations of individual prenatal SES metrics with the
global measures of DNA methylation at two different life stages; and to evaluate the extent to which the effect sizes
detected in this study contribute to SES-patterned health disparities.
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Summary points

The early life social environment can impart lasting effects on phenotype and health, and DNA methylation may
serve as a mechanistic link.

Few studies have examined associations of the prenatal social environment with DNA methylation patterns
during multiple life stages.

First, we examined associations of maternal socioeconomic status during the prenatal period (‘prenatal
socioeconomic status’) with DNA methylation in cord blood via an epigenome-wide association study among
participants of Project Viva, a Boston-area prebirth cohort.

Next, we evaluated whether significant hits in cord blood persisted into early childhood (age 3-6 years) and
mid-childhood (age 6-10 years).

We identified four CpG sites/regions of interest: ACSF3, TNRC6C-AS1, MTMR4 and LRRN4.

Of these genes, only the association of lower socioeconomic status with higher LRRN4 methylation persisted into
early childhood.

The role of these genes in regulation of basic cellular processes implicated in chronic diseases sheds light on
potential mechanistic processes that underlie development of chronic diseases that disproportionately afflict
low-socioeconomic status populations.

Future studies are necessary to validate our findings and ascertain associations of these CpG regions with health
outcomes.
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