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Abstract

Environmental exposures influence the risk of psychiatric disorders, yet the biological mechanisms by
which such experiences become embedded in brain structure remain poorly understood. The human
cerebral cortex is crucial for cognition and emotional regulation, and variation in cortical thickness (CT)
and surface area (SA) is linked to various behavioural and psychiatric traits. Here, we present a large-
scale epigenome-wide association study that combines peripheral blood DNA methylation (DNAm) with
MRI-derived cortical measures in over 7,400 individuals across 20 cohorts within the ENIGMA
consortium. We identify mostly non-overlapping DNAm signatures associated with CT and SA,
consistent with their distinct developmental and regulatory architectures. CT-associated CpGs are
replicated across independent cohorts and are enriched for environmentally responsive regulatory
elements and pathways associated with stress, metabolism, and immune signalling. In contrast, SA-
associated CpGs cluster within chromatin-regulatory regions involved in early cortical development.
Phenome-wide and Mendelian randomisation analyses reveal pleiotropic associations between DNAm,
cortical structure, and psychiatric and cognitive traits. These findings suggest that peripheral DNAmM
captures environmentally sensitive biological processes that link exposure, cortical organisation, and
behavioural vulnerability.

Introduction

Environmental experiences, from psychosocial stress and substance use to air pollution and
socioeconomic adversity, play a central role in shaping brain and cognitive development and mental-
health risk! ™. Yet the biological mechanisms through which such exposures become embedded in brain
structure and influence behaviour remain incompletely understood. Structural variation in the human
cerebral cortex is a key intermediate phenotype linking environmental influences to cognition, emotional
regulation and psychiatric vulnerability®~’.

Macroscopic cortical morphology is typically described along two principal dimensions: cortical
thickness (CT) and surface area (SA), both of which can be reliably quantified using structural MRI.
These traits reflect distinct neurobiological processes: CT relates to neuronal density, dendritic
arborisation, synaptic pruning, and intracortical myelination®~1", whereas SA largely reflects radial glial
progenitor proliferation and the tangential expansion of the cortical sheet during early
neurodevelopment'? 4. Consistent with these differences, CT and SA exhibit dissociable developmental
trajectories® 718,

Family and twin studies estimate substantial heritability for both traits, with heritability estimated slightly
lower for CT, suggesting that it may be more susceptible to environmental influences or plastic changes
over the lifespan’®2°. Despite this strong genetic contribution, a substantial proportion of inter-individual
variation in cortical structure remains unexplained and may reflect unique environmental influences and

gene-environment interplay?®. Large-scale genome-wide association studies further support the
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biological distinction between CT and SA, identifying largely non-overlapping genetic loci and regulatory
architectures associated with each trait?’.

DNA methylation (DNAm), the addition of a methyl group to CpG dinucleotides, represents a dynamic
mechanism through which environmental exposures can influence gene regulation. DNAm patterns are
partially heritable but also responsive to developmental and environmental inputs, making them a
promising molecular interface linking exposure to biological processes relevant for behaviour and

disease?? 24, Indeed, epigenome-wide association studies (EWASs) have identified DNAm signatures

associated with a wide range of neuropsychiatric and neurodegenerative conditions?>~3'. In

schizophrenia, for example, differential blood DNAm has been observed near synaptic and immune-
related genes?®32. Similarly, blood DNAm markers associated with major depressive disorder implicate

pathways related to axon guidance, calcium signalling and synaptic plasticity?°-3C.

Despite increasing interest in DNAm as a biomarker of brain-related phenotypes33739, relatively little is

known about the epigenetic correlates of human cortical morphology. Existing studies linking DNAm to
brain structure have been limited by modest sample sizes and minimal replication capacity, leaving open
the question of whether epigenetic variation contributes to variation in cortical organisation and its
behavioural correlates.

Here, we address this gap through the first large-scale EWAS meta-analysis of cortical morphology.
Using data from 7,488 individuals across 20 cohorts participating in the ENIGMA consortium, we tested
associations between peripheral blood DNAm and global measures of CT and SA. We complemented
single-CpG analyses with differentially methylated region (DMR) analyses and integrative functional
annotation, including chromatin-state enrichment, histone marks and gene-expression datasets. To
explore potential links with behaviourally relevant outcomes, we further conducted phenome-wide
association analyses and Mendelian randomisation analyses examining relationships between DNAm,
cortical morphology and major psychiatric disorders, neurodegenerative diseases and educational
attainment. Finally, we evaluated the predictive utility of DNAm by deriving methylation profile scores in
an independent cohort (workflow in Fig. S1). Together, these analyses provide new insights into how
environmentally responsive epigenetic processes may contribute to variation in human cortical
organisation and its relevance for behaviour and psychiatric vulnerability (see Fig. 1 for a conceptual
framework).

Results

Study participants

The discovery EWAS meta-analyses included 4,925 participants of European ancestry (47.3% male;
29.3% with psychiatric diagnoses), drawn from 11 cohorts spanning ages 17.3-94.2 years (Tables S1-2),
with DNAm profiled using Illumina EPIC arrays. The replication sample included seven independent
European ancestry cohorts of (N = 2,152; age range: 8.7-88.5 years; 48.7% male; 20.4% with psychiatric
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diagnoses) profiled on the 450K array. Two additional non-European cohorts were examined for
replication, including a mixed-ancestry cohort (N = 195, 450K) and an African ancestry cohort (N = 216,
EPIC).

Epigenome-wide associations with cortical morphology

In the discovery meta-analysis, we identified six CpGs associated with average cortical thickness (CT)
and five CpGs associated with total surface area (SA) at genome-wide Bonferroni significance (P <
8.41x10%,; Fig. 2), with consistent effect directions across cohorts (Fig. $3). A further 30 CpGs (25 for
CT; 5 for SA) surpassed 5% false discovery rate (FDR; Table S4). For CT, the strongest signals included
cg13518625 (intergenic between DUSP4 and SARAF; Z = 5.831, P = 5.51x107°), cg03636183 (F2RL3),
cg12303084 (ZMYNDS8), cg00024404 (SERINC5), and cg21566642 (within the ALPG/ALPI cluster), where
higher methylation was associated with higher CT, whereas cg10002435 (NPLOC4) was negatively
associated with CT. For SA, the strongest associations included cg21050046 (TBC1D5/SATB1; Z = -6.54,
P =6.17x10""), cg23346269 (KRTAP20-4), cg01305291 (MTERFD2/SNED1), cg03546806 (LHX5/RBM19),
and ¢g26845363 (FAM159A). All SA-associated CpGs showed negative associations, indicating that
higher methylation at these loci was consistently associated with lower total SA. CT- and SA-associated
CpGs were non-overlapping, consistent with distinct epigenetic architectures for these cortical metrics.

Regional associations patterns

To assess whether global associations were spatially coherent, we examined regional effects across six
major cortical areas for FDR-significant CpGs (Fig. 3a; Table S5). Most CT-associated CpGs showed
consistent effects across regions. For example, cg13518625 (DUSP4/SARAF) and cg03636183 (F2RL3)
were positively associated with CT in all regions, with the strongest effects in the insula, frontal, and
parietal cortices; cg10002435 (NPLOC4) showed consistently negative associations, strongest in the
insula. SA-associated CpGs showed uniformly negative regional associations, with the top site
cg21050046 (TBC1D5) displaying robust effects in the cingulate, parietal, and frontal cortices. These
indicate regionally consistent DNAm correlates of global CT and SA.

Robustness across covariates and subgroups

We tested the robustness of FDR-significant CpGs to key covariates and subgroup stratification
(intracranial volume (ICV) adjustment, sex, diagnosis, and age strata; Fig. 3b; Table S6). For CT,
adjustment for intracranial volume (ICV) had negligible effects. Associations were generally attenuated
or absent in clinical cases, and several CpGs showed sex-dependent effect sizes (e.g., stronger male
effects for cg03636183 (F2RL3) and cg00024404 (SERINCS)). For SA, effect directions remained
consistent, but effect sizes were attenuated after ICV adjustment.

Age-stratified analyses revealed developmentally dynamic DNAm-brain associations (Fig. 3c; Table S6).
For CT, some loci peaked in late adolescence (e.g., cg13518625 (DUSP4/SARAF) and cg01015663
(TCEA3); Z = 4.57-4.31) and attenuated in late adulthood (Z = 0.39-0.62), whereas others peaked in
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mid-adulthood (e.g., cg03636183 (F2RL3), cg12303084 (ZMYNDS8) and cg21566642 (ALPG cluster); Z =
5.74-4.48). SA-associated CpGs also tended to show the strongest effects in late adolescence or mid-
adulthood. Reduced effect estimates in late adulthood may partly reflect lower power (late adulthood, N
= 573).

Replication of EWAS findings

Among discovery CpGs at FDR < 0.05, 11 CT-CpGs and 4 SA-CpGs were available on the 450K array for
replication. We defined replication a priori as P < 0.05 in the independent replication meta-analysis and a

stronger association in the combined meta-analysis (P < 8.41x108). Under this criterion, five CT-
associated CpGs replicated (Table S4): cg13518625 (upstream of DUSP4, linked to MAPK signalling and

depression®’), cg03636183 (F2RL3) (a robust tobacco exposure biomarker3® also linked to lower brain
volume and accelerated cognitive decline®?), cg12303084 (ZMYND8) (a chromatin reader involved in

transcriptional responses to genotoxic stress and neurocognitive function4°‘42), cg21566642 (within the
in ALP cluster on chr2q34-q37), and cg01015663 (TCEA3), (a transcription elongation factor). All
replicated CpGs showed consistent effect directions, low between-cohort heterogeneity, stronger

significance in the combined analysis (P < 1.8x107% to 1.7x10®), and fair-to-excellent probe reliability*3.

Additionally, cg14284211 (FKBP5) showed nominal replication (P = 0.047), consistent direction across

discovery and replication, and a robust association in the combined analysis (P < 3.3x107). FKBP5
methylation has been linked to childhood adversity, stress-related psychiatric outcomes, and structural

alterations in fronto-limbic circuitry?4, supporting its potential relevance to cortical morphology under
stress exposure.

In contrast, no SA-associated CpG replicated at nominal significance, although directions were generally
consistent. Non-replication likely reflects limited power (N = 2,152), platform coverage differences,
and/or greater environmental and technical noise in SA phenotypes.

Differentially methylated regions associated with CT and SA

To identify spatially correlated DNAm patterns, we performed DMR analyses, identifying 53 CT-DMRs and
86 SA-DMRs surviving Sidak correction (Pg;qsx < 0.05; Fig. S4; Table S7). For CT, the most significant
DMRs mapped to CEP104/DFFB, ZMYND8, UBE2T and MPIG6B (P < 10°) and overlapped with loci
highlighted in single-CpG analyses (e.g., ZMYND8), supporting convergence between regional and site-
specific signals. In contrast, 95% of SA-DMRs were negative, mirroring the uniform SA CpG directionality.

The strongest SA-DMRs mapped to GAS2L2, LPAR5, and MPIG6B (P < 5x107), and included three DMRs
at 17921.31, spanning ARHGAP27 and KANSL1, a chromatin modifier disrupted in Koolen-de Vries

syndrome*® and previously linked to cortical morphology and schizophrenia®®. Only two DMRs (MPIG6B
and LY9) were shared between CT and SA, suggesting limited overlap and a potential/platelet-related

component?®’.
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Functional characterisation and enrichment analyses

At FDR significance, CpGs associated with cortical morphology were primarily located within gene
bodies and intergenic regions, frequently in OpenSea contexts (Fig. 4a-b), consistent with non-promoter
regulatory mechanisms. Chromatin state analyses in brain tissues (for CpGs with P < 1x10>; Fig. 4c;
Table S8-S9) showed that CT-associated CpGs were depleted in active promoter states, enriched in
transcription start site (TSS)-flanking and enhancer-linked states, and enriched for H3K4me1, a
canonical enhancer-associated modification, whereas SA-associated CpGs showed enrichment for the
repressive mark H3K27me3 in the brain germinal matrix (Pgpr = 0.044), implicating polycomb-mediated

repression in early neurodevelopment. Tissue expression analyses (FUMA*®) and DNAm-expression
correlations across tissues further supported functional relevance, including robust coupling for
replicated CT loci (e.g., ZMYNDS8, TCEA3, F2RL3) (Tables S10 and Fig. S4). Pathway enrichment (KEGG;
Table S11; Fig. 4d) indicated broader enrichment for CT-linked genes spanning environmental
sensing/detoxification (e.g. olfactory transduction; xenobiotics and metabolism), cellular adhesion, axon
guidance and neuroplasticity-related signalling, whereas SA-linked genes showed a more restricted
enrichment profile. Trait enrichment using EWAS Atlas and overlap with prior EWAS signals (Tables S12-
S13; Fig. 5a) indicated strong overrepresentation of CT-associated CpGs linked to smoking, air pollution,
IgG glycosylation, cardiometabolic traits, mortality, and cognition, with more restricted enrichments for
SA. See Supplementary Information for a detailed description of these results.

Phenome-wide associations in youth

In IMAGEN, the largest discovery cohort (N = 1,191; mean age = 19.0 + 0.7 years), two of five replicated
CT-CpGs showed Bonferroni-significant PheWAS associations (Table S14; Fig. 5b). cg03636183 (F2RL3)
was associated with multiple substance-use phenotypes (lifetime cannabis, cigarettes, total substance
use, stimulant use), with higher methylation associated with lower trait levels; cg21566642 (ALP cluster)
was similarly associated with lifetime cigarette and cannabis use and total lifetime substance use.
Beyond substance use, cg03636183 (F2RL3) was also negatively associated with negative life events
and psychotic-like experiences, consistent with broader psychosocial burden and emerging mental-
health vulnerability.

Importantly, cg21566642 remained associated with CT after adjusting for self-reported smoking (b =
0.203, P =0.034; b = 0.207, P = 0.036 before and after adjustment, respectively), and showed evidence of
smoking-related effect modification, with DNAmM-CT associations present in non-smokers but absent in
smokers (Fig. 5¢). Other replicated CpGs showed nominal associations with smoking and
cognitive/mental health traits, but none survived Bonferroni correction.

Causal inference via Mendelian randomisation and cross-tissue concordance

Bi-directional Mendelian randomisation (MR) tested putative causal relationships between DNAmM
(Bonferroni EWAS CpGs or Sidak DMRs) and cortical morphology, psychiatric and neurodegenerative
disorders, and educational attainment (EA). Forward MR using cis-meQTL instruments identified multiple
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CpGs with putative causal effects on CT or SA (Table S15; Fig. 6a), supported by Steiger filtering and
generally little evidence of horizontal pleiotropy across sensitivity analyses (Table $16). The strongest
CT signal was for cg12568669 (FDFTT), where increased methylation had a robust negative causal effect
on CT (B =-0.036, Prpp = 6.4x10°) and showed pleiotropic associations across outcomes (reduced

schizophrenia (SCZ)/and bipolar disorder (BD) risk; increased Alzheimer’s disease (AD) risk; higher EA).
Reverse MR further indicated that SCZ, BD, and EA exerted putative causal influences on DNAm at
cg12568669 (Table S17; Fig. 6b), consistent with bi-directional relationships.

For SA, the strongest signals mapped to 17q21.31 (KANSL1/ARHGAP27), where increased methylation at
cg08113562 (ARHGAP27), cg26855231 (KANSLT) and cg14374015 (KANSL1) was causally associated
with reduced SA, whereas a nearby KANSL1 site (cg02301815) showed the opposite direction,
highlighting site-specific heterogeneity. DNAm at these loci showed divergent associations with
outcomes, and reverse MR suggested feedback from SA, AD risk and for select sites. Additional SA-
associated CpGs at PPP2R3A and MPIG6B (C6orf25) showed positive causal effects on SA and
pleiotropic associations with MDD, BD, SCZ and EA, with evidence of reverse effects for SCZ and EA,
respectively.

A substantial proportion of CpGs reaching FDR significance in forward MR analyses demonstrated
moderate blood-brain DNAm concordance (r = 0.25-0.60+) across cortical regions (Fig. 6c; Table S18),
supporting the biological plausibility of peripheral methylation at these sites as proxies of regulatory
variation relevant to cortical structure and neuropsychiatric traits.

Methylation profile scores

To evaluate whether aggregate DNAm variation contributes to interindividual differences in cortical
morphology, we constructed methylation profile scores (MPS) in an independent sample (ALSPAC; N =
571) using discovery EWAS weights. Because EWAS summary statistics preclude data-driven P-value
threshold optimisation and more polyepigenetic traits may benefit from broader inclusion of ranked

CpGs*?, we generated sequential MPS using cumulative CpG sets (top 20 to 10,000 CpGs).

CT-based MPS showed no predictive utility for average CT (all R”?< 0.001, P > 0.4). In contrast, the SA-
based MPS (top 50 CpGs) explained 0.76% of the variance in SA (R? = 0.76%; P = 2.8x10°3; Table S19),
with attenuated performance at broader thresholds. Although modest, this is notable given summary-
statistic training and is comparable in scale to early-stage polygenic score performance for cortical

morphology from a much larger sample?’.

Discussion

Understanding how environmental exposures become biologically embedded to shape brain structure
and mental-health vulnerability is a central challenge in behavioural science and psychiatry. In this large-
scale epigenome-wide meta-analysis of >7,400 individuals across 20 ENIGMA cohorts, we identify
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peripheral DNA methylation (DNAm) signatures associated with global CT and SA. The largely non-
overlapping DNAm architectures observed for CT and SA mirror their well-established developmental
and genetic dissociation, suggesting that distinct epigenetic regulatory programmes may link
environmental exposure to variation in cortical morphology.

Our findings further indicate that these epigenetic programmes differ in their environmental sensitivity
and developmental timing. CT-associated CpGs were enriched in regulatory elements and pathways
implicated in stress-responsive signalling, immune processes and metabolic regulation, and overlapped
with DNAm markers previously linked to smoking, air pollution and psychosocial stress. By contrast, SA-
associated loci clustered primarily within chromatin-regulatory regions implicated in early cortical
development, particularly within the 17921.31 locus spanning KANSLT and ARHGAPZ27. Together, these
results suggest that DNAm variation may reflect two complementary axes of cortical regulation: an
environmentally responsive pathway influencing cortical thickness and a developmentally constrained
pathway influencing cortical SA. By integrating epigenomic, neuroimaging and phenome-wide analyses
across international population cohorts, this study provides evidence that peripheral DNAm captures
exposure-sensitive biological processes linked to human cortical organisation and psychiatric
vulnerability. These findings support a framework in which DNAm acts as a scalable molecular interface
between environmental exposure, brain structure and behavioural outcomes.

Environmentally sensitive regulation of cortical thickness

Five CT-associated CpGs replicated across independent cohorts: cg13518625 near DUSP4/SARAF,
cg03636183 (F2RL3), cg12303084 (ZMYNDS8), cg01015663 (TCEA3), and cg21566642 within the ALP
gene cluster. These loci implicate DNAm variation in stress-responsive MAPK signalling®®, calcium

51,52

homeostasis®!°2, chromatin remodelling®3, and transcriptional elongation — pathways plausibly relevant

to cortical plasticity.

Two replicated CpGs, cg03636183 (F2RL3) and cg21566642 (ALPG), are among the most robust
epigenetic correlates of smoking, pollution, and substance exposure®*~°'. In our study, both were
associated with lifetime smoking, cannabis use and total substance use in adolescence, and
cg03636183 was additionally linked to negative life events and psychotic-like experiences. cg21566642-
CT associations persisted after smoking adjustment, and cg21566642 showed evidence of DNAm x
smoking interaction, consistent with exposure-contingent modulation of DNAm-brain associations.
These findings suggest that CT-linked DNAm captures cumulative environmental and psychosocial
burden relevant to mental-health vulnerability.

Other replicated and DMR loci point to transcriptional regulation and stress systems. ZMYND8 (RACK7)
encodes a chromatin reader that constrains enhancer activation by regulating H3K4me1/H3K4me3

dynamics®?, whose pathogenic mutations result in neurocognitive deficits’# and anxiety-related
behaviours®*. FKBP5, a glucocorticoid receptor co-chaperone central to hypothalamic-pituitary-adrenal
axis regulation, has genetic variation associated with antidepressant response and recurrence of
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depressive episodes®®. A CT-associated DMR mapped to COMMD?7, which suppresses TNF-mediated NF-
kB activation®® and has been implicated in immune-related regulatory networks®’. Together, these loci
converge on stress-responsive, immune-modulated, and enhancer-linked transcriptional regulation —
mechanisms increasingly implicated in psychiatric risk.

Distinct developmental architecture of surface area

A striking finding is the dissociation between CT- and SA-associated DNAmM. CT showed predominantly
positive and heterogeneous DNAM-CT associations, whereas SA showed uniformly negative DNAM-SA
associations. CT-associated CpGs were enriched in enhancer and TSS-flanking regions and for H3K4me1
in adult brain tissues, consistent with context-dependent regulation active during later development or in
response to environmental signals®®. By contrast, SA-associated CpGs clustered into DMRs, most
prominently at 17g21.31, spanning KANSL7 and ARHGAP27, and were enriched for the repressive mark
H3K27me3 in the germinal matrix. This pattern is consistent with Polycomb-mediated regulation during
progenitor proliferation and early cortical expansion, in line with the radial unit hypothesis and the strong
GWAS evidence for genetic determination of SA?'. KANSL1 encodes a critical chromatin modifier whose
pathogenic mutations cause 17g21.31 microdeletion (Koolen—de Vries) syndrome with intellectual
disability and structural brain abnormalities*>®°. Mouse models of 17q21.31 deletion, duplication, and

Kansl1 haploinsufficiency show alterations in brain volumes and cognitive deficits’®. Opposing
anatomical effects in deletion versus duplication models parallel the site-specific MR effects observed
here, supporting dosage-sensitive chromatin regulation as a key mechanism for SA.

These findings delineate two epigenetic axes through which environmental and developmental
processes may influence cortical organisation and behavioural vulnerability: an early developmental,
chromatin-based pathway influencing SA, and an environmentally sensitive pathway influencing CT.

Environmental, behavioural, and mental-health relevance

Trait enrichment analyses showed that CT-associated CpGs are embedded within DNAm signatures
linked to smoking, air pollution, IgG glycosylation, cardiometabolic traits, mortality, and cognitive
outcomes. KEGG analyses further highlighted enrichment for pathways related to environmental
exposures, xenobiotic metabolism, and notably the olfactory system. This is conceptually important, as
olfaction constitutes a primary sensory interface through which atmospheric and ecological conditions
influence emotion regulation, stress responsivity, cognitive function, social behaviour, and depressive
symptoms, while also modulating inflammatory processes’". Given the direct projections of olfactory
inputs to limbic, insular, and prefrontal regions’?, enrichment of CT-associated CpGs in olfactory-related
pathways provides a plausible mechanism linking environmental exposures to cortical circuits

implicated in affect regulation and stress processing’3. Notably, these same regions, particularly the
prefrontal cortex and insula, showed the strongest regional methylation-CT associations in our analyses,
reinforcing the biological coherence of this exposure-sensitive pathway. Moreover, longitudinal
neuroimaging studies indicate that prefrontal and insula volume reductions mediate associations
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between air pollution exposure and depressive symptom trajectories’4. Together, these patterns suggest
that CT-linked DNAm signatures may reflect biologically embedded responses to the sensory and
toxicological environment with downstream implications for affective and cognitive health.

Pleiotropy and cross-tissue regulatory architecture

Cis-meQTL-based Mendelian randomisation supported putative causal and bidirectional associations
between DNAm, cortical morphology, and neuropsychiatric outcomes, particularly for CpGs embedded
within developmentally and metabolically relevant loci. Rather than indicating disorder-specific causal
pathways, the convergence of MR signals across schizophrenia, bipolar disorder, Alzheimer’s disease,
educational attainment, and cortical measures suggests pleiotropic upstream regulatory processes that
couple brain structure with psychiatric and cognitive phenotypes. Given the environmental
responsiveness of several loci (including to smoking), we interpret MR as supporting shared pleiotropic
regulatory pathways rather than disorder-specific effects.

To address tissue specificity, cross-tissue analyses (Fig. 6¢) showed that many MR-prioritised CpGs
exhibit moderate concordance between blood and cortical tissues, including prefrontal, entorhinal, and
superior temporal cortices (R = 0.25-0.60). Loci such as FDFT1, KANSL1, PPP2R3A, HKR1, ARTN, and
VARS2 demonstrated consistent cross-tissue coupling. Because these CpGs were instrumented using
cis-meQTLs, this concordance is consistent with partially shared genetic regulation of methylation
across tissues, supporting a cross-tissue cis-regulatory architecture rather than purely blood-specific
signals. Although concordance varied in magnitude and direction, particularly at 17921.31, this
heterogeneity likely reflects tissue-dependent chromatin context and cellular composition.

For CT, cg12568669 (FDFT1), showed a negative putative causal effect on CT alongside pleiotropic
associations with SCZ, BD, AD, and educational attainment. FDFT1 encodes squalene synthase in
cholesterol biosynthesis; pathogenic variants cause a neurodevelopmental disorder with structural brain

malformations and global developmental delay’?, and the gene has been implicated in AD’®”7. FDFT1

transcripts are also susceptible to air pollution-induced oxidative modification’8, linking exposure-
sensitive metabolic regulation to brain structure and ageing-related vulnerability. Together, these
observations suggest that CT-associated DNAmM may index upstream exposure-linked metabolic and
inflammatory regulation embedded within partially conserved regulatory networks spanning blood and
cortex, with downstream relevance for psychiatric and neurodegenerative risk.

Translational implications and limitations

Methylation profile scores explained ~0.8% of variance in SA in an independent cohort, paralleling early-

stage polygenic scores for cortical morphology’® and supporting the feasibility of DNAm-based markers
for brain-structural phenotypes. Although modest, such markers could complement genetic risk scores
in exposure-informed stratification.
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Limitations include reliance on whole-blood DNAm, predominantly European-ancestry discovery
samples, and platform differences between EPIC and 450K arrays. Although MR reduces confounding,
tissue specificity and residual pleiotropy cannot be excluded, particularly for exposure-sensitive loci.

Conclusion

This large-scale ENIGMA meta-analysis identifies peripheral DNAm signatures associated with CT and
SA that map onto dissociable regulatory programmes. The results are consistent with a dual-axis
framework of cortical organisation: an early developmental, chromatin-linked axis influencing SA,
exemplified by loci at 17g21.31 including KANSL1; and a later, environmentally responsive axis
influencing CT, enriched for enhancer-linked and stress-related regulatory elements.

MR and cross-tissue analyses suggest that prioritised CpGs reflect partially shared regulatory
architecture across blood and cortex and are associated with transdiagnostic psychiatric outcomes,
including schizophrenia, bipolar disorder and major depressive disorder. These findings are consistent
with pleiotropic regulatory processes through which environmental exposures may become biologically
embedded and relate to cortical morphology and mental-health risk.

Together, this work positions peripheral DNAm as an accessible marker of regulatory variation linking
environmental context, cortical structure and psychiatric vulnerability.

Methods

Cohorts

All cohorts from the ENIGMA-Epigenetics Working Group obtained ethical approval from local research
ethics committees or institutional review boards. Written informed consent was obtained from all
participants or their legal guardians in accordance with the Declaration of Helsinki.

The discovery dataset comprised 11 cohorts of European ancestry, including 4 population-based cohorts
and 7 psychiatric case-control cohorts. DNAmM data were assayed in whole blood using the Illumina
Infinium MethylationEPIC array (v1.0 or v2.0; lllumina, Inc., San Diego, CA, USA). An independent
replication sample of European ancestry (N = 2,152), profiled using the lllumina HumanMethylation450
BeadChip (Illumina, Inc., San Diego, CA, USA), was used to replicate EWAS findings. Contributing studies
and sample characteristics are provided in Table S1.

Neuroimaging measures

Structural MRI data were acquired locally and processed using a harmonised ENIGMA protocol to ensure

cross-cohort comparability?’ (Table S2; Supplementary Information). CT and SA were derived with
FreeSurfer using the Desikan-Killiany atlas (34 regions per hemisphere) and aggregated to derive global
measures of average CT and total SA.
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DNAm preprocessing and quality control

DNAmM was measured in whole blood using the lllumina EPIC array (v1.0 or v2.0) in discovery cohorts
and the lllumina 450K array in replication cohorts. Raw intensity data were preprocessed using the

preprocessQuantile function from the minfi R package®®. Methylation was quantified as B-values (range
0-1).

The EPIC v1.0 and v2.0 arrays profile >850,000 and >900,000 CpGs, respectively, with substantial probe
overlap (~77.6%)2" and expanded coverage of regulatory regions®2784. The 450K array interrogates

>480,000 CpGs®°. High reproducibility across platforms has been demonstrated previously86~88.

Epigenome-wide association studies (EWASs)

EWASs were conducted independently within each cohort for global and regional CT and SA, including
lobe-wise measures (frontal, temporal, occipital, parietal, cingulate, and insula). Linear regression
models were fitted at each CpG with DNAm B-value as the outcome and cortical measures as the

predictor. Covariates included age, age?, sex, diagnostic status (where applicable), scanner site (where
applicable), batch variables (where applicable), the first four DNAm principal components, and the first

two principal components of estimated blood cell composition (CD4*, CD8%, NK, B cell, monocytes,
neutrophils). Generalised estimating equations were used in twin cohorts to account for familial
relatedness.

EWAS quality control (QC)

Cohort-level EWAS summary statistics were harmonised centrally using the QCEWAS R package®® and
reported in Fig. S2. Probes overlapping known SNPs, non-CpG probes, and cross-reactive probes were

excluded®®®7. Inflation and bias were corrected using the Bacon R package®? and reported in Table S3.
Full QC procedures are detailed in the Supplementary Information.

Meta-analysis of average CT and total SA

Meta-analyses were performed across all discovery cohorts using CpGs present in all datasets (594,724
probes). EWAS summary statistics were combined using a fixed-effects, sample size-weighted model in

METAL?3. Between-study heterogeneity was assessed using Cochran’s Q statistic. Statistical

significance was defined using a Bonferroni-corrected threshold (P < 8.41x10°®), with false discovery rate
correction applied in secondary analyses. Sensitivity analyses stratified by sex and diagnostic status
were conducted (Supplementary Information).

Region-specific and stratified analyses

Lobe-wise EWAS were conducted for frontal, parietal, temporal, occipital, cingulate, and insular CT and
SA, using the same modelling framework. Stratified analyses were additionally performed by sex, case-
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control status, and with or without adjustment for intracranial volume (ICV). Results were meta-analysed
across cohorts, and consistency of effect direction and significance was assessed to evaluate
robustness.

Replication analysis

Replication of EWAS findings in the independent European sample (N = 2,152; 450k array) was assessed
for CpGs that reached Bonferroni significance (P < 8.41x10®) in the discovery meta-analysis and were
also present on the 450k array (#CpGs: Not = 11; Ngp = 4). Replication was considered successful if (i)
the replication p-value reached nominal significance (P < 0.05) in the independent meta-analysis, and (ii)

stronger effect sizes, smaller p-values, and P < 8.41x10® were observed in the meta-analysis combining
discovery and replication cohorts.

Differentially methylated regions (DMRs)

We complemented the single-CpG EWAS analyses by investigating the associations of aggregated
methylation signals across contiguous loci with CT and SA. DMRs were identified using comb-p°*2°,
accounting for spatial correlation between adjacent CpG sites. Parameters used were a 500 bp
autocorrelation window and a seed P-value < 0.01. DMRs containing at least two CpGs and significant
regional P-values after correction for multiple testing (Sidéak correction, Pg;q, < 0.05) were considered
significant and reported. For these analyses, genomic annotations were obtained using the Genomic
Regions Enrichment of Annotations Tool (GREAT version 4.0.4)°%. Genes were linked to DMRs using the
“basal plus extension” method in GREAT, which defines proximal regulatory regions as 5 kb upstream to
1 kb downstream of the TSS and distal regions as up to 1,000 kb from the TSS. All annotations were

based on the hg19 reference genome.

Given the different density and CpG composition of the EPIC and 450k arrays, which influence the
identification of spatially correlated CpGs, we did not seek to replicate DMR findings.

Functional characterisation and enrichment analyses

Genomic annotations: FDR-significant CpGs associated with CT and SA were annotated using lllumina
EPIC array annotation files. Gene-centric location was defined according to UCSC RefGene group
annotations and classified as promoter (TSS200, TSS1500, or 5'UTR), gene body (Body or 3'UTR),
promoter-and-body (mapped to both), or intergenic (mapped to neither promoter nor body). CpGs were
additionally categorised by CpG island context (island, north/south shore, north/south shelf, or open
sea) using the Relation_to_Island field, and by genic status (genic vs intergenic) based on whether a
RefGene gene annotation. Annotation frequencies were summarised separately for CT- and SA-
associated CpGs and visualised as bar plots.

For downstream enrichment analyses, CpGs showing suggestive evidence of association (P <1 x 107;
CT: N = 68; SA: N = 52) were included. The P < 1 x 10 threshold was selected to enhance sensitivity for
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detecting coordinated biological patterns across loci while maintaining stringency beyond nominal
significance. Enrichment analyses are designed to evaluate convergence across multiple modest-effect
CpGs within shared regulatory and transcriptional contexts, rather than to validate individual
associations. Restricting analyses to only Bonferroni-significant CpGs would substantially reduce power
and limit detection of distributed epigenetic architecture. Accordingly, these enrichment findings should
be interpreted as systems-level, hypothesis-generating evidence of regulatory organisation rather than
definitive confirmation of specific causal mechanisms.

Chromatin state and histone mark enrichment: To characterise functional genomic context, enrichment of
chromatin states and histone marks was assessed using epigenomic annotations from the NIH
Roadmap Epigenomics Mapping Consortium. Chromatin states were defined using the core 15-state
ChromHMM model
(https://egg2.wustl.edu/roadmap/web_portal/chr_state_learning.html#core_15state), which integrates
multiple histone modifications to classify genomic regions into active promoters, enhancers, transcribed
regions, Polycomb-repressed regions, and quiescent states. Enrichment analyses were conducted
separately for CT- and SA-associated CpGs across brain tissues (including hippocampus, anterior
caudate, and cingulate gyrus). Overlap between CpGs and chromatin annotations was assessed relative
to the background set of all CpGs tested in the EWAS. Enrichment was quantified as the observed-to-
expected overlap ratio, and statistical significance was evaluated using Fisher’s exact tests with FDR
correction across tissues and chromatin states. Results were visualised as heatmaps of enrichment
ratios.

Tissue-specific gene expression: Genes mapped to CT- associated (N = 114) and SA-associated (N = 84)
CpGs were analysed using the GENE2FUNC module of FUMA (Functional Mapping and Annotation)*8,
using default parameters. Enrichment was tested against differentially expressed gene (DEG) sets
across 54 tissues in the GTEx v8 dataset®’. Analyses were conducted separately for all DEGs (both
sides), as well as for downregulated-only and upregulated-only gene sets (Fig. S5). Differential
expression was defined based on mean expression (log, TPM), and enrichment was evaluated using

hypergeometric tests with FDR correction across tissues.

DNAm-gene expression correlations: Associations between CpG methylation and gene expression were

examined using the EWAS Toolkit®® across six tissues (brain, colon, kidney, liver, stomach, and testis).
For each CpG, correlations between methylation levels and the expression of nearby genes were
assessed to evaluate potential transcriptional coupling.

KEGG pathway enrichment: KEGG pathway enrichment analyses were performed separately for CT- and
SA-linked using the MetaBrain platform (https://www.metabrain.nl/)°°. Enrichment was tested using
hypergeometric tests, and pathways with FDR-adjusted P < 0.05 were considered significant.

Trait enrichment analyses: We used the EWAS Toolkit®® to assess whether CpGs associated with cortical
CT or SA were enriched for previously reported associations with complex traits and diseases. CpG sets
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were submitted to the EWAS Toolkit open platform (https://ngdc.cncb.ac.cn/ewas/toolkit), which
integrates results from published epigenome-wide association studies curated in the EWAS Atlas'%°.
Enrichment was evaluated by quantifying the overlap between CT- or SA-associated CpGs and CpGs
previously linked to specific traits. Statistical significance was assessed using a weighted Fisher’s exact
test, in which CpG-specific weights reflected the number of independent studies reporting each CpG-trait
association (with a default weight of 1 for CpGs without prior reports).

EWAS Catalog look-up: To identify overlap with previously reported EWAS signals, CpGs associated with

cortical morphology at P < 1x10™ were queried against the EWAS Catalog database

(https://www.ewascatalog.org/)'?". Word clouds were generated for CT- and SA-associated CpGs to

summarise prior trait associations, with term size reflecting the frequency of reported associations in
the EWAS Catalog (Fig. S6).

Phenome-wide association studies (PheWAS)

PheWAS were conducted to assess the broader phenotypic relevance of the five replicated CT-
associated CpGs in the IMAGEN cohort (N = 1,191; mean age = 19.02 + 0.73 years). IMAGEN was
selected because it provides a large, well-characterised sample with harmonised neuroimaging, DNA
methylation, and extensive behavioural, clinical, and environmental phenotyping collected at the same
developmental stage.

Associations were tested across 152 phenotypes spanning anthropometric, cognitive, behavioural,
psychological, and environmental variables. Full variable descriptions are included in the Supplementary
methods. For each CpG, linear regression models were fitted with methylation B-values as the predictor
and individual phenotypes as the outcomes. Covariates included age, age?, sex, scanner site, the first
four principal components of DNAm, and the first two principal components of estimated blood cell
composition (CD4+, CD8*, NK cells, B cells, monocytes, neutrophils). The number of principal
components included was chosen to capture the major sources of technical and biological variation in
methylation and cell composition while minimising collinearity and overfitting, consistent with standard
practice in large-scale EWAS®*. Multiple testing was controlled using Bonferroni correction across all
CpGs and phenotypes, with a significance threshold of P < 0.05/(152x5).

Mendelian randomisation (MR)

Bi-directional two-sample MR analyses were conducted to investigate putative causal relationships
between DNAm at CT- or SA-associated CpG sites and brain-related phenotypes. In forward MR analyses,
CpGs were included if they reached Bonferroni significance in the discovery EWAS or were part of Sidak-
corrected DMRs, yielding 195 CT-associated and 269 SA-associated CpGs. These CpGs were tested for
putative causal effects on : (i) global cortical measures (average CT and total SA); (ii) major psychiatric
disorders, including schizophrenia (SCZ), bipolar disorder (BD), and major depressive disorder (MDD);
(iii) neurodegenerative diseases, specifically Alzheimer's disease (AD) and Parkinson’s disease (PD); and
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(iv) educational attainment (EA). FDR correction was applied separately for each outcome. Reverse MR
analyses were subsequently performed to assess whether these phenotypes exerted putative causal
effects on DNAm at the same CpG sites.

Instrumental variables (IVs) for DNAm were defined as genome-wide significant (P < 5.0x107) cis-
methylation quantitative trait loci (cis-meQTLs) identified from publicly available whole-blood datasets
comprising 3,799 individuals of European ancestry®’. SNPs were clumped using European-ancestry
linkage disequilibrium (LD) reference data from the 1000 Genomes Project Phase 3 (r? < 0.01 within a
250 kb window). Consistent with prior evidence demonstrating substantial cross-tissue concordance of
cis-meQTL effects and relative stability across cell types®’, these blood-based cis-meQTLs were
assumed to capture regulatory variation that is at least partly shared across tissues, including the brain.

GWAS summary statistics for cortical measures (CT and SA)?", SC€z'%2, BD'%3, MDD "%, AD'?5, PD%6, and
EA'%7 were obtained from the largest available consortia-based studies. For cortical measures, these
GWAS:s include partial sample overlap with the EWAS cohorts contributing to the present study. While
such overlap can bias MR estimates towards the observational association and inflate precision,
especially for traits with strong genetic instruments, it does not induce spurious causal directionality.
Accordingly, causal estimates involving CT and SA were interpreted cautiously as supporting putative,
rather than definitive, causal relationships, with greater emphasis placed on consistency of effect
direction, robustness across sensitivity analyses, and concordance between forward and reverse MR.

The primary MR analyses were conducted using the inverse variance weighted (IVW) method'%8.

Robustness was evaluated using MR-Egger regression, weighted median, simple mode, and weighted
mode estimators, applied when at least three independent IVs were available. Sensitivity analyses were
restricted to CpG-outcome pairs reaching FDR significance in IVW analyses (Table S16). Heterogeneity
across instruments was assessed using Cochran’s Q statistic, and directional horizontal pleiotropy was
evaluated using the MR-Egger intercept'?’. For CpGs instrumented by a single SNP, causal estimates
were derived using the Wald ratio method.

To ensure adequate instrument strength and mitigate bias due to weak instruments, F-statistics were
calculated for all IVs, and only instruments with F > 10 were retained for analysis''?. To further assess

the directionality of effects and reduce the risk of reverse causation, Steiger filtering was applied'"’,
testing whether each genetic instrument explained a greater proportion of variance in the exposure than
in the outcome.

Blood-brain DNA methylation concordance

To evaluate the cross-tissue relevance of CpGs prioritised by MR, we assessed concordance of DNA
methylation levels between peripheral blood and brain tissue using the publicly available Blood-Brain
DNA Methylation Comparison Tool (http://epigenetics.essex.ac.uk/bloodbrain/). This resource provides
correlation estimates between matched blood and postmortem brain samples across several cortical
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regions, including prefrontal cortex (PFC), entorhinal cortex (EC), superior temporal gyrus (STG), and
cerebellum (CER).

Analyses were restricted a priori to CpGs showing FDR-significant associations in forward MR analyses
with CT, SA, or neuropsychiatric and cognitive outcomes. For each CpG, Pearson correlation coefficients
(r) between blood and brain DNAm levels and their P-values were extracted and used to provide locus-
specific evidence of cross-tissue concordance and to support the biological plausibility of peripheral
DNAm as a proxy for regulatory variation relevant to cortical structure. CpGs with at least nominal
significance (P < 0.05) in one or more brain tissues in the original dataset are reported; blood-brain
correlations are reported descriptively to inform interpretation of MR findings.

Methylation profile scores

To examine whether EWAS signals aggregate into predictive epigenetic signatures for cortical
morphology, we constructed methylation profile scores (MPS) using effect-size weights from the
discovery EWAS meta-analysis. Standard approaches for constructing risk scores typically rely on
applying fixed, optimised P-value thresholds to identify sets of CpGs to include in the score. Because our
EWAS only provided summary statistics, the use of cross-validation or permutation-based optimisation
is not feasible. In addition, for traits influenced by many small-effect features, scores often benefit from
incorporating a broader set of top-ranked associations, particularly when the aim is to maximise
explained variance rather than build a minimal predictive panel*®. Therefore, we applied sequential
ranked inclusion of CpGs. CpGs were ordered by EWAS significance, and cumulative MPS were
constructed at increasingly inclusive cutoffs (top 20, 50, 100, 500, 1,000, 5,000, and 10,000 CpGs). This
strategy allows the score to balance signal inclusion against noise, while avoiding arbitrary significance
thresholds that may not align with the underlying epigenetic architecture. For each cutoff, MPS were
calculated in the validation cohort (ALSPAC; N = 571) as the sum of individual CpG methylation beta
values multiplied by the corresponding EWAS effect-size estimate.

Associations between the MPS and cortical traits (average CT or total SA) were tested using linear
regression models adjusting for age, age?, estimated cell composition, batch, and technical covariates.

Predictive performance was quantified as the incremental variance explained (AR?) above covariates.
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Figure 1

Conceptual representation of the dual epigenetic pathways linking environmental exposure, cortical
organisation and behavioural vulnerability.

Environmental exposures may influence human brain structure through epigenetic mechanisms
detectable in peripheral DNAm. Our findings suggest two complementary regulatory pathways. The first
pathway links environmentally responsive DNAm signatures to variation in CT, with enrichment in stress-
responsive, immune and metabolic regulatory processes. Several CT-associated loci overlap with DNAm
markers of smoking, pollution and psychosocial stress, suggesting that CT-associated DNAmM may
capture cumulative environmental exposure relevant to psychiatric vulnerability. The second pathway
links DNAm variation to SA, primarily through loci involved in chromatin regulation and early
neurodevelopment, including the 17921.31 region spanning KANSL1. Together, these findings support a
framework in which DNAm acts as a molecular interface linking environmental exposure, cortical
organisation and behavioural outcomes
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Figure 2

Epigenome-wide associations of DNA methylation with cortical thickness and surface area.

a, Manhattan plots showing -log,y(P-values) for CpG associations with average cortical thickness (CT;
top) and total cortical surface area (SA; bottom) across the meta-analysis of discovery cohorts. The red
horizontal line denotes the Bonferroni-corrected significance threshold. b, Volcano plots displaying Z-
scores against -log,(P-values) for all tested CpGs in the EWAS of CT and SA. ¢, Ideogram illustrating the
chromosomal distribution of genome-wide significant CpGs associated with CT and SA. Squares
indicate CpGs reaching false discovery rate (FDR) significance, while circles indicate CpGs additionally
surpassing the Bonferroni threshold; all Bonferroni-significant CpGs are therefore a subset of FDR-
significant CpGs.
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a, Z-scores with 95% confidence intervals for significant CpGs across major cortical lobes for average CT
and total SA, including frontal, parietal, temporal, occipital, cingulate, and insular regions. b, Z-scores
with 95% confidence intervals for significant CpGs across stratified analyses, including the primary
model, adjustment for intracranial volume (ICV), and subgroup analyses by sex (males only, females
only) and case-control status (cases only, controls only). ¢, Z-scores with 95% confidence intervals for
significant CpGs in stratified analyses across different age groups: adolescence (18-25 years), early
adulthood (25-40 years), mid-adulthood (40-65 years), and late adulthood (> 65 years).
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Figure 4

Functional characterisation of CpGs associated with CT and SA.

CpG island context of FDR-significant CpGs, demonstrating enrichment in gene bodies and intergenic
regions (a) and OpenSea and Shore regions relative to CpG islands (b), consistent with non-promoter
regulatory functions. ¢, Chromatin state enrichment of CT- and SA-associated CpGs (P <1 x 107 CT: N =
68; SA: N = 52) across brain tissues (left), based on the 15-state ChromHMM model from the NIH
Roadmap Epigenomics Mapping Consortium, and histone mark enrichment (right). Enrichment is shown
as log,(observed/expected) ratios, with red indicating overrepresentation and blue underrepresentation
relative to the background. Statistical significance was assessed using hypergeometric tests with FDR
correction across tissues (*** Pgpp < 0.001, ** Py < 0.01, * Pepp < 0.05). d, KEGG pathway enrichment

analysis of genes mapped to significant CpGs (P < 1 x 107°) for CT (top) and SA (bottom), performed
using the MetaBrain network platform. Pathways are grouped by functional category and plotted by -

log4o(FDR).
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Figure 5
Phenotypic associations and environmental modulation of significant CpGs linked to cortical structure.

a, Trait enrichment analysis for CT-associated (top) and SA-associated (bottom) CpGs (P < 1 x 107),
based on published EWAS studies curated using the EWAS toolkit. Odds ratios and -log,(P-values) are
shown for enriched traits. b, Phenome-wide association study (PheWAS) results for five replicated CT-
associated CpGs associated with average CT across 10 phenotype domains in the IMAGEN cohort,
including anthropometric traits, cognition, eating behaviour, environmental exposures and life stressors,
mental health, personality, social functioning, somatisation, substance use, and urban environment.
Associations are ranked by -log,(P-value); the dashed line indicates the Bonferroni significance
threshold. ¢, Interaction between DNAm at cg21566642 and smoking status (smokers vs. non-smokers)
on average CT. Plots show stratified regression lines and corresponding P-values for the association
between DNAm and CT within each smoking group.
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Figure 6

Shared putative causal CpG associations between cortical structure and neuropsychiatric or cognitive
traits and trans-tissue concordance.

Circos plots depicting CpGs associated with average CT and total SA. Panel ashows putative causal
effects of DNAm on cortical morphology and neuropsychiatric or cognitive outcomes, based on
Mendelian randomisation analyses. Panel b shows the putative causal effects of cortical morphology
and neuropsychiatric or cognitive outcomes on DNA methylation. Only CpGs reaching FDR significance
within each outcome are displayed. Each connecting link represents a CpG with evidence of a shared
putative causal association between cortical structure and at least one of the tested outcomes. Panel c,
cross-tissue concordance of MR-prioritised CpGs between blood and cortical tissues. Heatmap showing
Pearson correlation coefficients (r) between peripheral blood DNA methylation and postmortem brain
methylation levels for CpGs reaching FDR significance in forward MR analyses. Correlations were
extracted from the Blood-Brain DNA Methylation Comparison Tool across prefrontal cortex (PFC),
entorhinal cortex (EC), superior temporal gyrus (STG), and cerebellum (CER). Colour intensity reflects the
magnitude and direction of correlation (red, positive; blue, negative). Blank cells indicate no significant
correlation. Genes containing at least one CpG potentially causal for CT or SA are highlighted in orange.
Most MR-prioritised CpGs demonstrate moderate cross-tissue concordance across one or more cortical
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regions, supporting the biological plausibility of peripheral DNAm signals as proxies of regulatory
variation relevant to cortical structure and neuropsychiatric traits.
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