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Abstract

Childhood adversity is an important risk factor for adverse health across the life course. Epigenetic
modifications, such as DNA methylation (DNAm), are one hypothesized mechanism linking adversity to
disease susceptibility. Yet, few studies have determined whether adversity-related DNAm alterations are
causally related to future health outcomes or if their developmental timing plays a role in these
relationships. Here, we used two-sample Mendelian Randomization to obtain stronger causal inferences
about the association between adversity-associated DNAm loci across development (i.e., birth;
childhood; adolescence; young adulthood) and 24 mental, physical, and behavioral health outcomes. We
identified particularly strong associations between adversity-associated DNAm and ADHD, depression,
obsessive-compulsive disorder, suicide attempts, asthma, coronary artery disease, and chronic kidney
disease. A greater number of associations were identified for birth and childhood DNAm, while
adolescent and young adulthood DNAm were more closely linked to mental health. Childhood DNAm loci
also showed primarily risk suppressing relationships with health outcomes, suggesting that DNAmM might
reflect compensatory or buffering mechanisms against childhood adversity, rather than acting solely as
an indicator of disease risk. Together, our results suggest adversity-related DNAm alterations are linked
to both physical and mental health outcomes, with particularly strong impacts of DNAm differences

emerging earlier in development.
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INTRODUCTION

Childhood adversity, such as abuse, maternal psychopathology, or poverty(1), is a significant
public health concern, affecting up to two-thirds of people within the United States(2). These
experiences have been linked to several negative long-term health outcomes(3, 4). For instance, people
who experience four or more childhood adversities have at least two-fold higher risk for physical health
problems (e.g., stroke, cardiovascular disease), five-fold higher risk for mental health problems (e.g.,
anxiety, depression), and six-fold higher risk for unhealthy behaviors (e.g., substance use, smoking,
reduced exercise) compared to those without childhood adversities(3). While the underlying biological
mechanisms linking childhood adversities to health outcomes are not yet fully understood, epigenetic

modifications may be an important pathway explaining these relationships(5, 6).

Several lines of evidence suggest the association of childhood adversity with mental and physical
health problems may be partially explained by epigenetic modifications, such as DNA methylation
(DNAmM)(7-9). DNAm is a mechanism that can tag, stabilize, or regulate genomic regions via the addition
of methyl molecules to specific DNA base pairs, typically in the context of cytosine-guanine
dinucleotides(10). Differences in DNAm levels may result from a complex interplay of genetic and
environmental factors(11), including childhood adversity(12, 13), which may, in turn, influence
downstream health outcomes. Further, recent studies using Mendelian Randomization (MR), a method
that can strengthen causal inferences between exposures and outcomes by leveraging genetic variants
as instrumental variables(14-16), have identified a potential causal relationship between DNAmM
differences and adverse health outcomes(17-21). Despite the growing evidence for a possible causal role
of adversity on DNAm and subsequent health outcomes, it remains unclear whether DNAm differences
reflecting potential responses to childhood adversity might causally influence mental and physical health
outcomes. This gap limits our ability to leverage epigenetic data to predict and interpret the biological

pathways underlying the wide range of health outcomes resulting from adversity.
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The extent to which DNAm differences impact health outcomes may also depend on their timing,
as recent evidence indicates that the relationship between childhood adversity and DNAm is not fixed
but rather dynamic in nature, due to changes in the epigenome over time(22, 23). In particular, recent
studies showed that epigenetic responses to childhood adversity vary across development, with different
sets of loci identified in between childhood and adolescence within the same individuals(12, 13). The
finding that adversity-associated DNAm differences are age-specific is suggestive of varying patterns of
persistence and latency in epigenetic mechanisms, which are thought to play an important role for
programming disease risk(22). However, no studies have examined the role of age-specific DNAm in the
relationship between adversity, DNAm, and health outcomes. Thus, it is currently unclear whether
childhood or adolescent DNAm responses to adversity are linked to similar or distinct health outcomes. If
known, such insights could help determine the optimal developmental periods to leverage DNAm as a

predictor for the adverse consequences of childhood adversity.

To address these gaps, we conducted a two-sample MR study of adversity-related DNAm
alterations and 24 mental, physical, and behavioral health outcomes, using publicly available data from
large-scale genome-wide association studies (GWAS). As we were specifically interested in age-specific
DNAm profiles linked to childhood adversity, we focused on DNAm loci previously associated with
childhood adversity from birth to young adulthood (age 18)(12, 13, 24, 25), rather than investigating the
full epigenome. To our knowledge, this study is the first to examine the possible causal relationship
between age-specific, adversity-related DNAm alterations and the mental, physical, and behavioral

consequences of childhood adversity.
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METHODS

Study design

In this two-sample Mendelian Randomization (MR) study, we estimated the causal relationship
between DNAm and health outcomes using single nucleotide polymorphisms (SNPs) as instrumental
variables (1V)(14-16). The underlying premise of MR is that these SNPs are related to modifiable
environmental factors but are randomly distributed at the time of conception, which effectively mimics
the conditions of a randomized controlled trial. The MR structure allows us to filter out the influence of
unobserved confounding variables, thereby providing a less confounded estimate of the relationship

between DNAm and health outcomes. Figure S1 shows a schematic overview of the MR design.

MR analysis of DNAm-health outcome relationships is based on three key assumptions(14-16):
(1) SNPs selected as IV are strongly associated with DNAm; (2) SNPs selected as IV are not associated
with confounders of the association between DNAm and health outcomes; and (3) SNPs only affect
health outcomes through DNAm. In other words, the instrumental variable (i.e., the SNP) is associated
with the predictor variable (DNAm), but not with confounders or the outcome variable (health

outcomes). These assumptions were validated as described below.

We used a two-sample design, using one sample to retrieve summary data for SNP-exposure
associations and a second, independent, sample to retrieve summary data for the associations between
SNPs and outcome. SNPs were extracted from summary statistics of publicly available, large-scale
genome-wide association studies (GWAS). Ethical approval was obtained in all original studies. Reporting

in this paper follows the STROBE checklist for MR studies (see Table $1)(26).

GWAS of DNA methylation
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SNPs associated with DNAm loci were retrieved from The Genetics of DNA Methylation
Consortium (GoDMC) database(27), a large-scale GWAS of DNAm data. The GoDMC database includes
DNAm quantitative trait locus (mQTL) results from 32,851 European participants analyzed through SNPs
associated with blood DNAm. DNAm was measured using the Infinium HumanMethylation BeadChip
(HumanMethylation450 or EPIC arrays) as continuous values between 0 and 1, which represents the
fraction of cells with DNAm at a given locus (e.g., percent DNAm). To adjust for confounding, each DNAm
locus was corrected for age, sex, predicted cell counts, predicted smoking, genetic principal components,

and potential genetic kinship. A total of 420,509 loci were available from GoDMC.

GWAS of health outcomes

We focused on health outcomes previously associated with childhood adversity(3, 4) or their
psychiatric comorbidities. In total, 24 health outcomes were selected: (1) 13 mental disorders: attention-
deficit hyperactivity disorder (ADHD), anorexia nervosa, anxiety disorder, autism spectrum disorder,
bipolar disorder, cannabis use disorder, depression, obsessive-compulsive disorder (OCD), opioid
exposed, post-traumatic stress disorder (PTSD), schizophrenia, suicide attempts, and Tourette syndrome;
(2) 7 physical disorders: asthma, chronic kidney disease (CKD), chronic obstructive pulmonary disease
(COPD), coronary artery disease (CAD), obesity, stroke, and type 2 diabetes; and (3) 4 unhealthy
behaviors: alcohol use (consumption and problems), physical inactivity (original GWAS studied physical
activity, transformed here to reflect inactivity), and smoking initiation (ever smoked regularly yes/no). All
outcomes were coded as binary variables (lifetime presence versus absence of disorder or behavior),
except for alcohol use measures, which were coded continuously. Summary-level genetic data for all
health outcomes were obtained from the largest publicly available GWAS (Table 1), all based on
European samples. Sample sizes ranged from 4,503 cases and 4,173 controls for opioid dependence to
371,184 cases and 978,703 controls for depression. Health outcomes were corrected for study specific

covariates (e.g., age, sex, and genetic principal components).
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Primary analyses

Instrumental variable selection. We analyzed blood DNAm loci previously associated with
exposure to seven types of childhood adversity in the Avon Longitudinal Study of Parents and Children
(ALSPAC), including i) caregiver physical or emotional abuse; ii) sexual or physical abuse (by anyone); iii)
maternal psychopathology; iv) one-adult households; v) family instability; vi) financial hardship; and vii)
neighborhood disadvantage. These loci were identified from the same participants and included (1) 46
loci detected from childhood DNAm (age 7)(12) and (2) 41 different loci detected from adolescent DNAm
(age 15)(13)(Table S2). IVs for these DNAm loci were selected in three steps. First, we identified SNPs
associated with DNAm in cis (<1 Mb from loci; p<1e®) or trans (>1 Mb from loci; p<le?*) from GoDMC
and extracted SNP-DNAm associations. Second, we extracted SNP-outcome associations from health
outcome GWASs for SNPs selected in the first step. Third, we excluded SNPs with high linkage
disequilibrium (R?>0.01) or that were palindromic. Associations between IVs and DNAm are presented as
standardized effect estimates (z-scores), reflecting the difference in DNAm level for each additional SNP

allele. All IVs can be found Table S3.

Two-sample Mendelian randomization. Before conducting two-sample MR, we verified its three
main assumptions(14-16). First, we analyzed mQTLs identified from a large-scale meta-analyses using
stringent p-value thresholds, thereby ensuring that SNPs were strongly correlated with DNAm. Second,
to limit correlations between SNPs and confounders of DNAm-health outcome relationships, we focused
our analyses on individuals of European descent and adjusted each DNAm locus and health outcome for
relevant covariates, including age, sex, predicted cell type proportions, smoking status, genetic principal
components, and genetic kinship. Third, we investigated expression Quantitative Trait Loci (eQTLs) as a
potential mechanism through which SNPs might influence health outcomes independently of mQTLs.
Specifically, we employed the HELIX Web Catalogue to determine if SNPs were associated with

transcriptomic or gene expression changes in blood (https://helixomics.isglobal.org/)(28). Finally, IVs
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were cross-referenced with the GWAS catalog to identify any known associations with health outcomes

(29).

We performed two-sample MR to investigate the relationships between DNAm and health
outcomes, using the TwoSampleMR package(30) in R (version 4.2.2)(31). Two-sample MR analysis was
run separately for each DNAm locus and health outcome. DNAm-outcome associations were estimated
using the Wald method or inverse variance weighting, depending on how many SNPs were available. If
no SNPs were available, the DNAm-outcome association was not analyzed (see Table S4). If only one SNP
was available, we used Wald ratio. Wald ratio calculates the causal relationship by dividing the effect
estimate of the SNP on DNAm by its effect estimate on the exposure. If multiple SNPs were available, we
used inverse variance weighting (IVW). IVW analyzes the weighted average of the effect for each SNP,
where the weight is the inverse of the variance of the SNP's effect estimate. The IVW method assumes
all analyzed SNPs are valid IVs, and therefore provides an estimate of the overall causal effect of DNAm
on the outcome. To examine the influence of age-specificity in DNAm, all analyses were presented

separately for childhood DNAm loci and adolescent DNAm loci.

Given prior work showing that p-values may be unstable metrics for studying DNAm(12, 32, 33),
we report associations with an uncorrected p<0.01 as nominal associations. This cutoff strikes a balance
between discovery and stringency, allowing for more nuanced interpretation of top findings while
partially considering the number of tests conducted. To address potential issues of multiple testing, we
also report p-values corrected for the number of loci tested in each health outcome using the Benjamini-
Hochberg method (presented as q)(34). Associations with g<0.05 were considered significant after

applying the multiple test correction.

Risk increasing and suppressing role of adversity-associated DNAm. In general, adversity has a

negative impact on health(3, 4) and DNAm is assumed to act on this pathway by increasing risk for
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negative health outcomes (i.e., childhood adversity is linked to DNAm differences, and these DNAm
differences are in turn linked to negative health outcomes)(5-9). Recent evidence, however, indicates
that DNAm may also have adaptive relationships with health(35, 36), where DNAm suppresses the
adversity-related risk for negative health outcomes, rather than solely increasing risk. Therefore, we
assessed whether the role of adversity-related DNAm differences was to increase or suppress risk of

negative health outcomes.

To investigate the role of DNAm in linking adversity to negative health, we compared the
previously established associations between childhood adversity and DNAm with the associations
between DNAm and individual health outcomes from this study. When adversity-DNAm and DNAm-
health outcome associations were consistent (i.e., both negative or positive), the role of DNAm in linking
adversity to health was risk increasing. By contrast, if the associations exhibited discordant directions

(i.e., one positive and one negative estimate), we categorized the role of DNAm as risk suppressing.

Triangulation analyses

We triangulated results to investigate which findings applied across cohorts and which were
specific to populations or contexts(37). By triangulating findings from different discovery sets, we could
strengthen our inferences and identify more generalizable conclusions. Specifically, we investigated
whether adversity-related DNAm loci identified at birth and age 18 from other studies displayed (1)
comparable links with health outcomes, (2) similar age-dependent patterns, and (3) consistent roles of

DNAm (i.e., risk increasing or suppressing) .

For these triangulation analyses, we utilized two different sets of DNAm loci. First, we analyzed
22 DNAm loci associated with prenatal maternal stressful event and cord blood DNAm at birth as
published by a recent large-scale meta-analysis(24). Second, we investigated 39 DNAm loci previously

associated with childhood victimization and blood DNAm collected in young adulthood (age 18)(25).
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These triangulation sets were chosen because they were the largest available studies with comparable
measures of childhood adversity to the primary studies(12, 13). The triangulation sets differed from the
primary sets in three notable ways: (1) timing of DNAm measurement (birth(24) and age 18(25)); (2)
tissue from which DNAm was measured (cord blood(24) and whole blood(25)); and (2) timing of

childhood adversity (prenatal maternal stressors(24) and childhood sexual victimization(25)).

Sensitivity analyses

We performed 4 sets of sensitivity analyses to determine the robustness of our two-sample MR
findings. For DNAm loci with two or more Vs, we report: (1) associations between DNAm and health
outcomes estimated from individual SNPs using the Wald ratio; (2) directional pleiotropy calculated
using MR Egger (i.e., intercept test)(38); and (3) heterogeneity test calculated using Cochran's Q-
statistics(39). Finally, for DNAm loci with three or more Vs, we calculated leave-one-out estimates to

identify results potentially driven by outliers.

RESULTS

Validation of MR assumptions

We observed robust associations between SNP and DNA methylation DNAm (p<8.2x107),
confirming the first assumption that IVs should strongly correlate with DNAm (Table $S3). Strong effects
were also indicated by magnitude of the effect estimates, which reflect the standardized difference in
DNAm levels (z-score) for each additional copy of the minor SNP allele (average absolute
difference=0.25, SD=0.26). In addition, no SNPs were associated with our studied health outcomes
(p<9.0x10°%; Table S3). Finally, DNAm was unlikely to affect health outcomes through gene expression

changes, as only one mQTL (cg12023170) was also an eQTL (Table S2).
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Associations between adversity-related DNAm loci in childhood and health outcomes

Of 46 childhood DNAm loci, 21 had associated SNPs that could be leveraged as IVs within two-
sample MR. For 7 loci, we identified 2 or more SNPs (maximum 4 SNPs); for 14 loci, only 1 SNP was
identified (Table S4-S5). Childhood DNAm loci had 16 unique associations with mental health, physical
health, and unhealthy behaviors at a nominal p<0.01 (Table 2). More specifically, we identified 6
associations between DNAm loci and mental health outcomes (ADHD, bipolar disorder, depression, PTSD,
schizophrenia, and suicide attempts), 8 associations with physical health outcomes (asthma [3 loci], CAD
[3 loci], CKD, and COPD), and 2 associations with unhealthy behaviors (alcohol consumption, problematic
alcohol use). After multiple test correction, 10 associations passed the corrected q<0.05 (Figure S3). For
75% of these associations, DNAm had a risk suppressing role (i.e., adversity-associated DNAm differences
were linked to health outcomes in a way that decreased risk). This role was evident across mental
outcomes (5/6 associations), physical outcomes (5/8 associations,) and unhealthy behaviors (2/2

associations; Figure 1).

Associations between adversity-related DNAm in adolescence and health outcomes

Of 41 adolescent DNAm loci, 15 had associated SNPs that could be analyzed within two-sample
MR. For 6 loci, we identified 2 or more SNPs (maximum 7 SNPs) as IVs; for 9 loci, only 1 SNP was
identified (Table S4). Overall, we identified fewer associations with adolescent DNAm loci than with
childhood DNAm loci, as we identified 8 unique associations between adolescent DNAm loci and health
outcomes at nominal p<0.01 (Table 3). Relatively more associations emerged for mental than for
physical health outcomes, with 5 associations to mental health outcomes (anorexia nervosa, bipolar
disorder, OCD, Tourette syndrome, schizophrenia) and 3 to physical health outcomes (i.e., CKD, COPD,
and stroke). Two associations met the corrected g<0.05 (Figure S2). In contrast to childhood DNAm, only

25% of adolescent associations were risk suppressing (i.e., anorexia nervosa, CKD). For full results, see
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Table S5.

Triangulation in an independent set of adversity-related loci

We next triangulated findings using adversity-related DNAm loci identified from independent
studies and datasets earlier and later in development. Because different sets of loci were identified
across studies, we focused on broader patterns of replication (i.e., sets of outcomes emerging, timing of
associations; risk increasing versus suppressing role of DNAm), rather than specific associations with

health outcomes.

For birth DNAm loci related to maternal stressful events, 8 out of 22 loci could be analyzed using
MR (4 loci with 2 or more SNPs associated, 4 loci had 1 SNP associated). Relative to the number of loci
studied, most associations were identified for this set of DNAm loci, with 9 unique associations at
nominal p<0.01, including schizophrenia [2 loci], CAD, COPD, obesity, type 2 diabetes [2 loci], physical
inactivity, and smoking (Table 4). All these associations survived multiple test correction. Similar to
childhood DNAm loci, we identified more associations with physical disorders than mental outcomes.

Further, 44% of birth DNAm loci had risk suppressing role.

For young adulthood DNAm loci related to childhood victimization, 19 of 39 loci could be
analyzed using MR (11 loci had 2 or more SNPs associated, 8 loci had 1 SNP associated). Relative to the
number of DNAm loci investigated, we identified the fewest associations at this developmental period.
Only 11 unique associations at nominal p<0.01 emerged, showing links between DNAm and anxiety
disorders, bipolar disorder, OCD, PTSD, suicide attempt, asthma, CAD, CKD, COPD, alcohol consumption,
and alcohol problems (Table 4). Five associations survived multiple test correction. Similar to our primary
set of adolescent loci, more associations were detected with mental disorders and only 36% of adversity-

related DNAm differences were risk suppressing. For full results, see Figure S3 and Table S6.

14



DNA METHYLATION AND HEALTH OUTCOMES

When contrasting all four studies, we observed that early DNAm differences were more closely
linked to physical disorders, while later differences showed stronger associations with mental outcomes.
We also identified a greater relative number of associations between DNAm and health outcomes when
DNAm was measured earlier (i.e., birth and childhood), rather than later in development. In addition,

earlier DNAm differences more often had a risk suppressing role than DNAm later in life (Figure 1).

Sensitivity analyses

For both primary and triangulation loci, findings were comparable when results were obtained
using multiple or individual IVs (Table S7). None of the associations showed indications of pleiotropy (MR
Egger p-value<0.05) (Table S8). Further, no associations showed indications of heterogeneity, except for
cg14855874 (adolescent locus) and schizophrenia (p=0.022; Table S9), suggesting the instruments used
to test this relationship were incompatible and may be a spurious result. Finally, leave-one-out analyses
showed that some associations were potentially driven by one SNP, including cg12023170 (childhood,;
potentially confounded by an eQTL) and CKD, cg11811897 (adolescent) and COPD, and cg25745600

(birth) on COPD and schizophrenia (Figure S4).

DISCUSSION

The overarching goal of this study was to obtain a stronger causal association between age-
specific DNAm linked to childhood adversity and health outcomes. We highlight three key findings. First,
we identified a potentially causal relationship between adversity-related DNAm differences and various
health outcomes. Second, associations were age-specific, where DNAm alterations that emerged early in
development (i.e., birth and childhood) had more links to health outcomes than those present in
adolescence. Third, to our surprise, we found that adversity-related DNAm differences may potentially
suppress the negative relationship between adversity and health, rather than increasing risk of disease.

15
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We found that adversity-related DNAm differences were linked to various health outcomes,
encompassing mental health, physical health, and unhealthy behaviors; with particularly strong findings
for ADHD, depression, OCD, suicide attempts, asthma, CAD, and CKD. Interestingly, physical health
outcomes were observed more often in association to birth and childhood DNAm differences, while
mental health outcomes were observed more often in association to adolescent and young adulthood
DNAm differences. This increased burden for mental health later in development coincides with the peak
onset of many psychiatric disorder, which are centered around adolescence(40). These results suggest
DNAm may play a causal role in linking childhood adversity to future health, which is in line with the
previously hypothesized role for DNAm (7-9). While there are likely multiple other biological mechanisms
at play beyond DNAm (e.g., autonomic, neuroendocrine, and immune responses(41)), our findings
suggest DNAm may be one of the key players in the pathways underlying the deleterious consequences

of childhood adversity.

Our study further revealed a time-sensitive role for DNAm in linking adversity to health.
Specifically, DNAm differences emerging earlier in development were particularly important in
associations to health outcomes, as we had relatively more findings for childhood DNAm (15 associations
for 21 loci investigated) than for adolescent DNAm (8 associations for 15 loci). Importantly, we replicated
this finding using two independent sets of DNAm loci, where we identified relatively more associations
for birth DNAm (8 associations for 8 loci) than for young adulthood DNAm (9 associations for 19 loci).
Previous research has already indicated that the developmental timing of DNAm differences may play a
crucial role in health, particularly for neurodevelopmental disorders(42). For example, a prior study
showed that DNAm at birth associates more strongly with ADHD-symptoms than DNAm measured during
childhood(43). We extend this finding by showing that the role of DNAm continues to fade into
adolescence, further pointing to early life as a sensitive period for DNAm in the development of adverse

health problems(44). As numerous physiological systems are programmed early in life, they may be more
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prone to environmental influences that shift in their developmental trajectories during this period (e.g.,
early programming of adiposity is linked to an increased risk of type 2 diabetes later in life(45)).
Alternatively, associations between DNAm and health outcomes may not have persisted into
adolescence due to the considerable shift in DNAm patterns across development(22, 23), or become
biologically embedded into alternate pathways (e.g., brain structure)(46). Nonetheless, the findings
suggest childhood is a relevant and targeted developmental window for future studies investigating the

role of DNAm in the manifestation of health problems across the life course.

Of particular interest, we found that adversity-associated DNAm differences often had risk-
suppressing role in linking childhood adversity to health. Historically, DNAm differences have been
branded as a mechanism that increases risk of adverse health outcomes (9). Yet, our findings suggest
DNAm differences may reflect a mixture of mechanisms that both increase and suppress risk. DNAmM
alterations may reflect the balance between homeostasis and allostasis, with DNAm potentially acting as
a mechanism that modulates these adaptive systems(47). A compensatory role for DNAm has been
noted in recent literature. For instance, a mediation analysis showed that DNAm of the NR3C1 gene
could buffer the association of maternal anxiety with children’s behavioral measures, though this
association was not significant after controlling for covariates(35). Evidence from a mouse model also
showed DNAm alterations protected against cisplatin-induced acute kidney injury(36). Of note, in our
study, the risk suppressing role of DNAm was more evident in childhood (75%) than in adolescence
(25%), suggestive of a more adaptive role early in life that primes and protects an individual for their
future environment. The predominantly risk suppressing role of DNAm differences in childhood may also
explain the recent finding that childhood maltreatment may have a smaller association with mental
problems than initially thought(48). Despite this evidence, additional research in experimental and
model systems is needed to replicate these findings and determine how DNAm might promote resilience

against negative health outcomes.
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Top DNAm sites were implicated in pathways related to health outcomes, including the intake of
low-density lipoprotein (LDL) [SORT1](49), cell-adhesion molecules and dendrite growth [SDK1](50),
inflammatory responses in the brain [SBNO2](51), and adaptive immune responses [BANK1](52). Other
genes were functionally related to transcriptional regulation [TCEA3, ZNF713](53, 54), cancer
[FBX043](55), cardiac myocyte hypertrophy [AKAP13](56), or functions that are not fully understood
[RABOP1]. Thus, alterations to DNAm in these genes could potentially have direct links to health. For
example, cg22346081, annotated to SORT1, had a risk-suppressing association related to CAD. As SORT1
plays a key role in lipid metabolism and LDL uptake(49), DNAm differences resulting in altered SORT1
profiles could potentially serve as a protective mechanism against atherosclerosis and related

cardiovascular conditions.

Our study had several strengths. First, we utilized summary statistics from publicly available
GWAS with large sample sizes, allowing for greater statistical power and detection of small effect sizes.
Second, our study explored multiple sets of exposures and outcomes, providing a broad picture of the
relationship between adversity-associated DNAm and health outcomes across development. Third, we
triangulated findings using additional discovery sets of adversity-related DNAm loci, enhancing
robustness and generalizability of our findings(37). Our study also had the following limitations. First, we
restricted our analyses to individuals of European descent to minimize potential bias due to confounding
by genetic ancestry. Given the importance of studying the negative outcomes of adversity across broader
contexts, future studies should focus on strategies or approaches to apply MR in more ancestrally
diverse cohorts. Second, we had potentially overlapping samples in SNP-exposure and SNP-outcome
associations for anxiety disorders, CAD, CKD, COPD, and physical inactivity (at most, 27% in SNP-
exposure and 1% in SNP-outcome associations). Although these overlaps could have led to an
overestimation of the observed associations(57), recent evidence suggests the actual bias resulting from

overlapping samples is rather limited when sample sizes are large, as in our analyses(58). Third, as noted
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in the sensitivity analyses, some estimates may represent spurious findings driven by instrument
heterogeneity, single SNPs, or eQTLs, and should thus be interpreted with caution. Fourth, reverse
causation is a potential concern, as we investigated early-onset disorders (i.e., autism spectrum disorder,
ADHD, and asthma) that may emerge at the same time as adversity-related DNAm differences. As we
could not investigate whether these health outcomes influenced adversity-related DNAm due to the
unavailability of full GWAS data from GoDMC(27), we recommend researchers explore these
bidirectional associations when the data become available. Finally, we tested several exposure-outcome
associations, which could increase multiple test burden. However, direct p-value cutoffs may be less
robust in epigenetic research(12, 32, 33), and thus we report findings using both nominal and multiple-

test corrected p-values to aid in the reproducibility of our results.

Conclusions

Overall, our study provides evidence for a potential causal relationship between adversity-
related DNAm differences and health outcomes. We identified more associations between health
outcomes and DNAm loci emerging earlier in development, while those from adolescence and young
adulthood showed fewer associations, but greater impacts on mental health outcomes. Perhaps most
importantly, our findings show that, in some cases, DNAm may promote resilience to negative health
outcomes, rather than increasing risk. These findings suggest that age-specific DNAm could act as a

potential biomarker for the mental and physical health outcomes associated with childhood adversity.
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Table 1. Genome-wide association studies used to derive summary-level SNP-outcome association data
for each health outcome.

Health outcomes

Sample size

Reference

Mental health outcomes
ADHD

Anorexia nervosa

Anxiety disorders

Autism spectrum disorder
Bipolar disorder

Cannabis use disorder
Depression
Obsessive-compulsive disorder
Opioid dependence

PTSD

Schizophrenia

Suicide attempt

Tourette syndrome

Physical health outcomes
Asthma

Chronic kidney disease
COPD

Coronary artery disease
Obesity

Stroke

Type 2 diabetes

Unhealthy behaviors
Alcohol use!

Physical inactivity
Smoking

38,691 cases and 186,843 controls
16,992 cases and 55,525 controls
18,186 cases and 17,310 controls
18,382 cases and 27,969 controls
41,917 cases and 371,549 controls
14,080 cases and 369,952 controls
371,184 cases and 978,703 controls
2,688 cases and 7,037 controls
4,503 cases and 4,173 controls
23,212 cases and 151,447 controls
53,386 cases and 77,258 controls
26,590 cases and 492,022 controls
4,819 cases and 9,488 controls

90,771 cases and 1,254,131 controls
41,395 cases and 439,303 controls
58,559 cases and 937,358 controls
22,233 cases and 64,762 controls
4,688 cases and 458,322 controls
34,503 cases and 1,004,879 controls
62,892 cases and 596,424 controls

121,604 total sample (continuous)?
608,595 total sample
311,629 cases and 321,173 controls

Demontis, Walters (59)
Watson, Yilmaz (60)
Otowa, Hek (61)

Grove, Ripke (62)
Mullins, Forstner (63)
Johnson, Demontis (64)
Als, Kurki (65)

Arnold, Askland (66)
Polimanti, Walters (67)
Nievergelt, Maihofer (68)
Trubetskoy, Pardifias (69)
Mullins, Kang (70)

Yu, Sul (71)

Tsuo, Zhou (72)

Wuttke and Kottgen (73)
Wain, Shrine (74)
Aragam, Jiang (75)
Elsworth (76)

Surakka, Wu (77)

Xue, Wu (78)

Sanchez-Roige, Palmer (79)
Wang, Emmerich (80)
Liu, Jiang (81)

ADHD = attention-deficit/hyperactivity disorder; PTSD = Post-traumatic stress disorder; COPD = chronic obstructive
pulmonary disease. Summary-level genetic data for these health outcomes were obtained from the largest publicly
available GWAS, all of which were based on European samples

! Alcohol use consists of two different outcomes, 1) alcohol consumption and 2) alcohol problems.

2 A continuous variable was used to determine genome wide associations.
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Table 2. Associations between childhood DNAm loci and health outcomes

DNA METHYLATION AND HEALTH OUTCOMES

Health outcome DNAM loci Method SNPs Beta Odds ratio 0 . Adversity to Role Sensitivity
[95% CI] [95% CI] DNAm? DNAm3 flags®
Mental health
ADHD cg01023798 WR 1 0.23 [0.09, 0.36] 1.25[1.10, 1.43] 0.001 0.015 - Suppress risk
Bipolar disorder cg27639644 VW 2 0.08 [0.02, 0.13] 1.08 [1.02, 1.14] 0.009 0.174 - Suppress risk
Depression cg01023798 WR 1 0.11[0.07, 0.16] 1.12[1.07,1.17] 7.6x107 1.5x10° - Suppress risk
PTSD cg01654242 WR 1 -0.37 [-0.63,-0.11]  0.69[0.53, 0.89] 0.005 0.098 - Suppress risk
Schizophrenia cg01023798 WR 1 0.18 [0.06, 0.30] 1.19 [1.06, 1.35] 0.004 0.081 = Suppress risk
Suicide attempt cg01023798 WR 1 0.26 [0.12, 0.39] 1.29[1.13,1.48] 2.7x10* 0.005 - Suppress risk
Physical health
Asthma cg01023798 WR 1 -0.16 [-0.23,-0.10] 0.85[0.79,0.91] 1.8x10° 3.7x10° - Increase risk
cg01654242 WR 1 0.17 [0.08, 0.26] 1.19[1.08,1.30] 2.6x10* 0.003 - Suppress risk
cg13706680 WR 1 -0.14 [-0.24,-0.04] 0.87[0.79,0.96]  0.006 0.041 - Increase risk
CAD cg10571837 WR 1 0.23 [0.10, 0.36] 1.26 [1.10, 1.43] 0.001 0.007 - Suppress risk
¢g20369299 WR 1 0.16 [0.05, 0.28] 1.18 [1.05, 1.32] 0.006 0.038 - Suppress risk
€g22346081 WR 1 0.14 [0.08, 0.21] 1.15[1.08,1.23] 2.6x10°  0.001 - Suppress risk
CKD cg12023170 VW 4 -0.04 [-0.07,-0.01] 0.96 [0.93,0.99] 0.002 0.047 ¥ Suppress risk O:gj'l_eLr,
COPD cg01023798 WR 1 -0.13 [-0.23,-0.04]  0.87[0.80, 0.96] 0.005 0.108 - Increase risk
Unhealthy behaviors
Alcohol consumption cg14401897 IVW 2 0.01 [0.00, 0.02] 0.005 0.095 - Suppress risk
Alcohol problems cg13817046 WR 1 0.04 [0.01, 0.06] 0.007 0.134 - Suppress risk

Note. Cl = confidence interval; IVW = inverse variance weighting; WR = Wald ratio; ADHD = attention-deficit hyperactivity disorder; CAD = coronary artery disease; CKD = chronic
kidney disease; COPD = chronic obstructive pulmonary disease; PTSD = Post-traumatic stress disorder. Odds ratios are not available for alcohol consumption and problematic alcohol
use, as these were continuous outcomes.

1 Benjamini-Hochberg corrected p-value for the number of DNAm loci analyzed within the health outcome. Boldfaced estimates survived multiple test correction.

2 Direction of the association between adversity and DNAm, which can be negative (=) or positive (+).

3 We assessed whether the role of DNAm (which possible results from adversity) was to increase or suppress adverse health outcome. Assuming that adversity always increases the
odds for negative health outcomes, it would be expected that adversity-DNAm and DNAm-adverse health associations are in the same direction, which would indicate that the role
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of DNAm is to increase risk. If the direction is discordant (i.e., associations in opposite directions) may indicate that DNAm suppresses the effect of adversity on adverse health
outcomes.

4 Heterogeneity = result did not pass heterogeneity tests; outlier = result potentially driven by outlier SNP; pleiotropy = results did not pass pleiotropy tests; eQTL = DNAm site is an
eQTL, meaning that IVs might influence health outcomes through changes in gene expression, rather than DNAm.
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Table 3. Associations between adolescent DNAm loci and health outcomes

Health outcome DNAm loci  Method SNPs Beta Odds ratio 0 ot Adversity to Role Sensitivity
[95% ClI] [95% CI] DNAm? DNAm3 flags*
Mental health
Anorexia nervosa cg06812747 WR 1 0.41[0.13,0.70] 1.51[1.14, 2.01] 0.005 0.068 = Suppress risk
Bipolar disorder cg06215562 WR 1 -0.22 [-0.37,-0.07] 0.81[0.69, 0.94] 0.005 0.071 - Increase risk
(o]eb} cg06812747 WR 1 -0.91 [-1.51, -0.30] 0.40[0.22, 0.74] 0.003 0.048 - Increase risk
Schizophrenia cg14855874 IvW 6 0.07 [0.02, 0.12] 1.07 [1.02, 1.13] 0.010 0.136 + Increase risk  Heterogeneity
Tourette syndrome  ¢g02810291 VW 7 -0.16 [-0.28, -0.04] 0.85[0.76, 0.96] 0.009 0.131 - Increase risk
Physical health
CKD cg19096460 WR 1 0.47 [0.23, 0.72] 1.61[1.26, 2.05] 1.6x10* 0.002 - Suppress risk
COPD cg11811897 Ivw 3 -0.11 [-0.19, -0.03] 0.89 [0.82, 0.97] 0.007 0.107 - Increase risk Outlier
Stroke cg02810291 VW 7 -0.06 [-0.10, -0.02] 0.94 [0.90, 0.98] 0.004 0.067 - Increase risk

Note. Cl = confidence interval; IVW = inverse variance weighting; WR = Wald ratio; CKD = chronic kidney disease; COPD = chronic obstructive pulmonary disease; OCD = obsessive-
compulsive disorder.

! Benjamini-Hochberg corrected p-value for the number of DNAm loci analyzed within the health outcome. Boldfaced estimates survived multiple test correction.

2 Direction of the association between adversity and DNAm, which can be negative (=) or positive (+).

3 We assessed whether the role of DNAm (which possible results from adversity) was to increase or suppress adverse health outcome. Assuming that adversity always increases the
odds for negative health outcomes, it would be expected that adversity-DNAm and DNAm-adverse health associations are in the same direction, which would indicate that the role
of DNAm is to increase risk. If the direction is discordant (i.e., associations in opposite directions) may indicate that DNAm suppresses the effect of adversity on adverse health
outcomes.

4 Heterogeneity = result did not pass heterogeneity tests; outlier = result potentially driven by outlier SNP; pleiotropy = results did not pass pleiotropy tests; eQTL = DNAm site is an
eQTL, meaning that IVs might influence health outcomes through changes in gene expression, rather than DNAm.
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Health outcome DNAM loci Method SNPs Beta Odds ratio 0 . Adversity Role Sensitivity
[95% Cl] [95% Cl] to DNAm? DNAm? flags*
Birth DNAm (Kotsakis Ruehlmann, Sammallahti (24))
Mental health
Schizophrenia cg09088720 WR 1 -0.18 [-0.32, -0.05] 0.83 [0.73, 0.96] 0.009 0.035 - Increase risk
cg25745600 IVW -0.07 [-0.11, -0.02] 0.94 [0.90, 0.98] 0.003 0.026 - Increase risk ~ Outlier
Physical health
CAD cg25745600 IVW 3 -0.04 [-0.06, -0.02] 0.96 [0.94, 0.98] 1.8x10* 0.001 - Increase risk ~ Outlier
COPD cg04679114 WR 1 -0.25 [-0.41, -0.09] 0.78 [0.67, 0.91] 0.002 0.016 + Supresss risk
Obesity cg04679114 WR 1 -0.01 [-0.01, -0.00] 0.99 [0.99, 1.00] 0.003 0.027 + Supresss risk
Type 2 diabetes cg08292467 WR 1 0.24 [0.06, 0.41] 1.27 [1.06, 1.51] 0.009 0.036 - Supresss risk
cg23131777 WR 1 -0.32[-0.42, -0.22] 0.72 [0.65, 0.80] 1.7x10%°  1.3x10° - Increase risk
Unhealthy behaviors
Physical inactivity cg25745600 VW 3 -0.02[-0.04,-0.01]  0.98[0.96, 0.99] 0.004 0.030 - Increase risk
Smoking cg04679114 WR 1 -0.01 [-0.01, -0.00] 0.99 [0.99, 1.00] 0.003 0.027 + Supresss risk
Adolescent DNAm (Marzi, Sugden (25))
Mental health
Anxiety disorders cgl8673377 IVW 5 -0.19 [-0.32, -0.06] 0.83[0.73, 0.94] 0.003 0.057 - Increase risk
Bipolar disorder cg13417559 IVW 2 -0.11[-0.19, -0.04] 0.89 [0.83, 0.96] 0.002 0.033 + Supresss risk
0oCcD cg07415373  IVW 6 0.21 [0.08, 0.34] 1.24 [1.09, 1.41] 0.001 0.027 - Supresss risk
PTSD cg03624528 IVW 2 -0.08 [-0.14, -0.03] 0.92 [0.87, 0.97] 0.005 0.083 - Increase risk
Suicide attempt cg10491628 IVW 2 -0.41 [-0.57, -0.25] 0.66 [0.57, 0.78] 5.4x107  9.7x10°® + Supresss risk
Physical health
Asthma cg13431226  WR -0.14 [-0.24, -0.04] 0.87 [0.79, 0.96] 0.005 0.098 - Increase risk
CAD cg05406868 WR 1 -0.45 [-0.55, -0.35] 0.64 [0.57, 0.70] 4.5x10%°  8.2x10*® - Increase risk
CKD cg05233289 WR 1 -0.10 [-0.17, -0.04] 0.90 [0.84, 0.96] 0.003 0.046 - Increase risk
Unhealthy behaviors
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Alcohol consumption cg06317056 WR 1 0.01[0.00, 0.02] 0.008 0.136 + Increase risk

Alcohol problems cg13417559 IVW 2 -0.01 [-0.02, -0.00] 0.003 0.063 + Supresss risk
Note. Cl = confidence interval; IVW = inverse variance weighting; WR = Wald ratio; CAD = coronary artery disease; CKD = chronic kidney disease; COPD = chronic obstructive
pulmonary disease; OCD = obsessive-compulsive disorder; PTSD = Post-traumatic stress disorder. Odds ratios are not available for alcohol consumption and problematic alcohol use,
as these were continuous outcomes.
! Benjamini-Hochberg corrected p-value for the number of DNAm loci analyzed within the health outcome. Boldfaced estimates survived multiple test correction.
2 Direction of the association between adversity and DNAm, which can be negative () or positive (+).
3 We assessed whether the role of DNAm (which possible results from adversity) was to increase or suppress adverse health outcome. Assuming that adversity always increases the
odds for negative health outcomes, it would be expected that adversity-DNAm and DNAm-adverse health associations are in the same direction, which would indicate that the role
of DNAm is to increase risk. If the direction is discordant (i.e., associations in opposite directions) may indicate that DNAm suppresses the effect of adversity on adverse health
outcomes.
4 Heterogeneity = result did not pass heterogeneity tests; outlier = result potentially driven by outlier SNP; pleiotropy = results did not pass pleiotropy tests; eQTL = DNAm site is an
eQTL, meaning that IVs might influence health outcomes through changes in gene expression, rather than DNAm.
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Figure 1. Overview of risk suppressing and risk increasing associations of DNAm across health
outcomes and timepoints of DNAmM measurement. ADHD = attention-deficit/hyperactivity disorder;
PTSD = Post-traumatic stress disorder; COPD = chronic obstructive pulmonary disease. We assessed
whether the role of adversity-related DNAm differences was to increase or suppress adverse health
outcome. The number in the tile reflects the number of significant loci associated with the health
outcome. If no number is shown, only 1 locus was associated with the outcome. Health outcomes with
no DNAm loci associated at p<0.01 are shown in white.
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