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Figure S1. A Venn diagram to illustrate the number of independent loci with 

significant main/interaction effects and their overlap. A total of 11 independent loci 

was identified with significant main or interaction effects. There are 7 independent loci with 

significant main effects and 7 independent loci with significant interaction effects while 3 

loci were found with both significant main and interaction effects. 



Figure S2. Estimated heritability across different maternal education levels. The R2 

referred to the square of the correlation between PRS and the corresponding brain GMV 

phenotype.  



 
Figure S3. Internal validation of GEWIS results obtained from ABCD using leave-out 

ABCD samples with their siblings. The error bars indicate 95% confidence intervals of 

the estimated G×ME interaction effects. BH-FDR method was used for multiple testing 

correction.  



Figure S4. Results from iSECA demonstrating the genetic overlap between the 

G×ME effects on regional brain GNVs and GWAS summary statistics of multiple 

phenotypes. BMI, body mass index; WCadjBMI, waist circumference-adjusted BMI; IBD, 

inflammatory bowel disease; MS, multiple sclerosis; RA, rheumatoid arthritis; ADHD, 

attention-deficit/hyperactivity disorder; ASD, autism; Dep, depression; SCZ, schizophrenia; 

BIP, bipolar disorder; AD, Alzheimer’s disease; PD, Parkinson’s disease. 



Figure S5. SNP×ME effects and the SNP-ME correlations in genetically related and 

unrelated mother and child dyads. The error bars indicate 95% confidence intervals of 

the estimated correlations. No significant differences were found after multiple corrections. 



Figure S6. Sensitivity analysis for modeling maternal education as a nominal 

categorical variable. The error bars indicate 95% confidence intervals of the estimated 

genetic effects. Loci identified with significant main or interaction effects were selected as 

examples. 



Table S1. Spearman correlation between maternal education and regional brain 

GMVs. 

Brain region Correlation Padj 

Bankssts   0.037  0.000779*** 

Caudal anterior cingulate 0.019  1 

Caudal middle frontal 0.038  0.000477*** 

Cuneus 0.019  1 

Entorhinal 0.045  5.90E-06*** 

Fusiform 0.066  7.05E-13*** 

Inferior parietal 0.031  0.013702* 

Inferior temporal 0.062  1.68E-11*** 

Isthmus cingulate -0.008  1 

Lateral occipital 0.047  1.46E-06*** 

Lateral orbitofrontal 0.025  0.152179 

Lingual 0.025  0.169664 

Medial orbitofrontal 0.016  1 

Middle temporal 0.074  2.85E-16*** 

Para hippocampal 0.048  1.32E-06*** 

Paracentral 0.024  0.235353 

Pars opercularis 0.023  0.38425 

Pars orbitalis 0.041  7.74E-05*** 

Pars triangularis 0.008  1 

Pericalcarine 0.008  1 

Postcentral 0.045  8.44E-06*** 

Posterior cingulate 0.012  1 

Precentral 0.064  4.61E-12*** 

Precuneus 0.028  0.058982 

Rostral anterior cingulate 0.025  0.159312 

Rostral middle frontal 0.048  7.26E-07*** 

Superior frontal 0.046  2.66E-06*** 

Superior parietal 0.027  0.084431 

Superior temporal 0.049  4.90E-07*** 

Supramarginal 0.035  0.001808** 

Frontal pole 0.055  8.43E-09*** 

Temporal pole 0.047  2.64E-06*** 

Transverse temporal 0.025  0.178047 

Insula 0.031  0.01508* 

Accumbens area 0.003  1 

Amygdala 0.026  0.121711 

Brain stem 0.003  1 

Caudate 0.047  2.06E-06*** 

Pallidum -0.001  1 

Putamen 0.014  1 

Hippocampus 0.051  1.14E-07*** 

Thalamus proper 0.013  1 

Cortex 0.085  8.57E-22*** 

Subcortex 0.047  1.72E-06*** 



Total brain 0.088 5.03E-23*** 

All P values are adjusted for age, site, handedness, sex and etiv. BY-FDR test was used 
for multiple testing correction. * P < 0.05, ** P < 0.01, *** P < 0.001 

Table S2. Fitting and selection of models examining the longitudinal effect of 

maternal education on brain development.  

A two-stage model fitting approach 

Model AIC BIC P 

The estimation of estimated intracranial volume 

etiv ~ age + cov 352539.5 352809.8 

etiv ~ poly(age,2) + cov 352541.1 352818.9 0.514 

etiv ~ poly(age,3) + cov 352540.0 352825.3 0.080 

The estimation of cortical volume 

CortexVol ~ age + etiv + cov 313736.2 314014.0 

CortexVol ~ age + ME + etiv + cov 313555.9 313848.8 <0.001 

CortexVol ~ age + ME + age*ME + etiv + cov 313548.8 313856.6 0.004 

CortexVol ~ poly(age,2) + ME + age*ME + etiv + cov 313546.7 313863.0 0.035 

CortexVol ~ poly(age,2) + ME + poly(age,2)*ME + etiv + 
cov 

313545.9 313876.3 0.058 

The estimation of subcortical volume 

Subcortex ~ age + etiv + cov 250681.6 250959.4 

Subcortex ~ age + ME + etiv + cov 250645.4 250938.2 <0.001 

Subcortex ~ age + ME + age*ME + etiv + cov 250641.9 250949.7 0.023 

Subcortex ~ poly(age,2) + ME + age*ME + etiv + cov 250642.5 250954.8 0.356 

Subcortex ~ poly(age,2) + ME + poly(age,2)*ME + etiv + 
cov 

250642.1 250959.5 0.075 

The default covariates in all the models are handedness, sex and site. P value refers to 
the comparison with the previous model in each part using likelihood-ratio test. Bold model 
refers to the model selected in the fitting process. ME, maternal education. 



Table S3. Functional annotations of genomic loci with significant main or interaction effects in GEWIS. 

Phenotype 
Ind. sig. SNP Main effect 

Beta (P) 
Interaction effect 
Beta (P) 

Mapped gene (mapping 
method) 

Annotation 

Cuneus rs7372321 
-0.65
(1.84E-07)

0.38 
(9.22E-09) 

ADAMTS9-AS2* (position) ADAMTS9-AS2 was widely studied in human cancers by 
suppressing the PI3K/AKT signal pathway(30, 31), which was 
implicated in inflammation(32) and the expression of LDHA(124), 
a marker of glycolytic pathway. It was found to be correlated with 
multiple metabolic markers(125), brain morphology(126) and 
neuroticism(127, 128). 

Lateral 
orbitofrontal 

rs57466991 
-0.42
(2.05E-08)

0.22 
(1.02E-08) 

ANK1 (position, sQTL, eQTL) ANK1 plays an important role in in maintaining the stability of the 
erythrocyte membrane. Region and disease-specific differential 
methylation of ANK1 was observed in multiple neurodegenerative 
diseases(129). It was found to be correlated with type 2 
diabetes(130) and lymphocyte count(131). 

Lingual rs35179353 
-0.59
(5.27E-08)

0.32 
(9.14E-09) 

/ / 

Middle temporal rs964508578 
-0.29
(2.13E-09)

0.16 
(1.68E-10) 

ERI1* (position) ERI1 enables 3'-5' exonuclease activity. It was found to be 
correlated with BMI-adjusted waist circumference(132), BMI(133) 
and neuroticism(134). 

Middle temporal rs1493536 
0.29 
(5.42E-09) 

-0.14
(3.87E-08)

ARHGAP32 (eQTL) ARHGAP32, also known as RICS, is a neuron-associated 
GTPase-activating protein that may regulate dendritic spine 
morphology and strength by modulating Rho GTPase 
activity(135). It was found to be correlated with height(136). 

Brain stem rs55829244 
-0.46
(1.01E-08)

0.24 
(1.10E-08) 

PTPRD (position) PTPRD encodes a neuronal cell adhesion molecule and synaptic 
specifier. Human genetics and mouse models suggested that it 
was related to addiction, neurofibrillary pathology in Alzheimer’s 
disease, cognitive impairment/intellectual disability, mood lability, 
and obsessive-compulsive disorder(137). 

Cortex rs73922613 
-0.57
(5.54E-09)

0.29 
(1.26E-08) 

CACNA1A (position) This gene encodes the α1A pore-forming subunit of the neuronal 
calcium channel P/Q(33), which are ubiquitous at central 
synapses and particularly abundant in cerebellar granules and 
Purkinje cells(138). It was found to be correlated with educational 
attainment(52) and brain shape(139, 140). 

Cortex rs12411861 
0.25 
(7.56E-09) 

-0.13
(4.62E-08)

SORBS1 (position) SORBS1 encodes a CBL-associated protein which functions in 
the signaling and stimulation of insulin. It was found to be 
correlated with IgG glycosylation(141) and BMI(142). 

Cortex rs3964317 
0.22 
(1.50E-08) 

-0.12
(1.03E-08)

CDH11 (distance) CDH11 encodes a type II classical cadherin that mediate calcium-
dependent cell-cell adhesion. It was correlated with altered 



dendritic complexity and neuronal/synaptic activity(36). It was 
found to be correlated with cortical surface area(143) and 
thickness(144). 

Cortex rs2081046 
0.23 
(9.34E-10) 

-0.13
(2.87E-11)

CEBPA (eQTL, PCHi-C) CEBPA is the CCAAT enhancer binding protein alpha, which 
encodes a transcription factor that can modulate the expression 
of genes involved in cell cycle regulation as well as in lipid 
homeostasis. This gene was found expressed in brain(145) and 
among their target genes are many pro-inflammatory 
cytokines(21). 

Cortex rs1423687 
0.23 
(7.18E-09) 

-0.12
(5.21E-08)

OSMR (sQTL) This gene encodes a member of the type I cytokine receptor 
family. It was found to be correlated with waist-hip index(132) and 
inflammatory bowel disease(146). 

Bonferroni-corrected significance threshold was used. We used Variant-to-Gene pipeline (V2G) in Open Targets Genetics to assign variants to genes. / indicates 
missing data or evidence from Open Target. * indicates that this SNP is not listed in Open Target, but is as an intron variant or within-gene variant in the Single-
Nucleotide Polymorphism database (dbSNP). Multiple mapping methods were included in V2G method: position = intron variant, distance = distance from the 
variant to the transcription start site of the gene within ±500kb, pQTL = linkage to protein abundance in blood plasma, eQTL = linkage to changes in gene 
expression, PCHi-C = linkage using Promotor Capture Hi-C in Javierre et al.(147). The annotation contains descriptions about function of encoded product and 
brain-plasticity-related or metabolism/immune-related phenotype associations. 



Table S4. The GEWIS results when both the covariates by G and covariates by E terms were included. 

SNP Original GEWIS model New GEWIS model 

G (P) G×ME (P) G (Padj) G×ME (Padj) 

rs6985627 -0.3 (2.6E-9) 0.2 (2.3E-10) -6E-17 (0.62) 9E-18 (0.04) 

rs7009724 -0.3 (2.7E-9) 0.2 (2.1E-10) 4E-17 (0.69) -9E-18 (0.04) 

rs7018100 -0.3 (5.3E-9) 0.2 (6.0E-10) 3E-16 (0.44) 4E-17 (0.05) 

rs964508578 -0.3 (2.1E-9) 0.2 (1.7E-10) 1E-16 (0.89) 8E-17 (3.2E-4) 

rs55829244 -0.5 (1.0E-8) 0.2 (1.1E-8) 2E-16 (0.44) -5E-17 (0.02) 

rs3964317 0.2 (1.5E-8) -0.1 (1.0E-8) -2E-16 (0.44) -2E-17 (0.04) 

rs2081046 0.2 (9.3E-10) -0.1 (2.9E-11) -3E-17 (0.90) 4E-17 (1.6E-5) 

rs2081047 0.2 (6.3E-9) -0.1 (2.6E-10) 1E-16 (0.90) 2E-16 (4.1E-5) 

rs7372321 -0.7 (1.8E-7) 0.4 (9.2E-9) -3E-16 (0.62) 1E-16 (1.6E-5) 

rs10090227 -0.3 (2.9E-8) 0.1 (4.4E-9) -9E-16 (0.44) 2E-16 (1.0E-5) 

rs10090834 -0.3 (4.5E-8) 0.1 (8.4E-9) 2E-16 (0.61) -4E-17 (6.8E-4) 

rs10093648 -0.3 (1.1E-7) 0.1 (9.0E-9) -6E-18 (0.94) 2E-17 (0.024) 

rs57466991 -0.4 (2.1E-8) 0.2 (1.0E-8) -4E-17 (0.90) -3E-17 (8.6E-3) 

rs74959350 -0.4 (2.2E-8) 0.2 (1.2E-8) -1E-16 (0.92) -1E-16 (2.2E-2) 

rs78199333 -0.4 (2.1E-8) 0.2 (1.0E-8) -3E-16 (0.62) 8E-17 (0.04) 

rs35179353 -0.6 (5.3E-8) 0.3 (9.1E-9) -4E-17 (0.93) -5E-17 (0.07) 

rs62224377 -0.6 (5.6E-8) 0.3 (9.7E-9) -4E-16 (0.87) 2E-16 (1.4E-3) 

Bonferroni-corrected significance thresholds were used for original GEWIS model. P values in the new GEWIS model were adjusted using the BH-FDR method. 
  



Table S5. Meta-analysis of GEWIS in ABCD and IMAGEN. 

Phenotype SNP GEWISABCD

Beta (P) 
GEWISIMAGEN

Beta (P) 
Meta-analysis 
Beta (P) 

Cuneus rs7372321 0.38 (9.22E-09) 0.03 (6.70E-01) 0.20 (7.24E-09) 

Lateral orbitofrontal rs78199333 0.22 (1.04E-08) 0.04 (3.51E-01) 0.15 (3.60E-09) 

Lateral orbitofrontal rs74959350 0.22 (1.21E-08) 0.04 (3.51E-01) 0.15 (4.18E-09) 

Lateral orbitofrontal rs57466991 0.22 (1.02E-08) 0.04 (3.47E-01) 0.15 (3.51E-09) 

Lingual rs35179353 0.32 (9.14E-09) 0.04 (4.33E-01) 0.18 (3.97E-09) 

Lingual rs62224377 0.32 (9.72E-09) 0.06 (3.06E-01) 0.19 (2.98E-09) 

Middle temporal rs10090227 0.15 (4.37E-09) 0.07 (4.37E-02) 0.13 (2.96E-10) 

Middle temporal rs10093648 0.15 (9.00E-09) 0.06 (1.28E-01) 0.12 (1.32E-09) 

Middle temporal rs10090834 0.15 (8.44E-09) 0.08 (3.94E-02) 0.12 (5.43E-10) 

Middle temporal rs7018100 0.16 (6.04E-10) 0.07 (6.33E-02) 0.13 (5.10E-11) 

Middle temporal rs7009724 0.16 (2.09E-10) 0.07 (5.86E-02) 0.13 (1.64E-11) 

Middle temporal rs964508578 0.16 (1.68E-10) 0.07 (5.93E-02) 0.13 (1.33E-11) 

Middle temporal rs6985627 0.16 (2.29E-10) 0.07 (6.37E-02) 0.13 (1.92E-11) 

Brain stem rs55829244 0.24 (1.10E-08) 0.07 (1.27E-01) 0.17 (1.60E-09) 

Cortex rs3964317 -0.12 (1.03E-08) -0.05 (8.51E-02) -0.1 (1.10E-09)

Cortex rs2081047 -0.13 (2.58E-10) -0.07 (3.45E-02) -0.11 (1.48E-11)

Cortex rs2081046 -0.13 (2.87E-11) -0.06 (9.63E-02) -0.12 (3.26E-12)

17 SNPs with significant G×ME effects identified in the ABCD study are shown in the table. Bonferroni-corrected significance thresholds were used. 



Table S6. Genes showing genome-wide significant interaction effects with maternal education on regional brain GMVs, revealed using gene-

based association analysis. 

Phenotype Gene P Annotation 

Caudal middle frontal HRC 1.10E-06 HRC encodes a luminal sarcoplasmic reticulum protein. It was found to be correlated with BMI(142). 

Inferior parietal AHSA1 1.39E-07 AHSA1 enables ATPase activator activity. 

Medial orbitofrontal CTNNA2 7.28E-07 CTNNA2 encodes a cell adhesion protein known as αN-catenin, which is predominately expressed in the 
CNS especially the prefrontal cortex. This protein is crucial for the maintenance of dendritic spine and 
synaptic connection stability(47-49). It has been reported to be correlated with attention-
deficit/hyperactivity disorder(148) and multiple psychiatric disorders such as schizophrenia(149) and 
bipolar disorder(150).  

Middle temporal CSMD1 5.39E-07 CSMD1 was correlated with working memory, episodic memory and other cognitive functions(45, 46). 

Posterior cingulate ANK3 7.48E-07 ANK3 was originally found at the axonal initial segment and nodes of Ranvier of neurons in the central 
and peripheral nervous systems. It was found to be correlated with multiple neuropsychiatric 
disorders(151-153). 

Superior frontal PLEKHG1 5.14E-07 PLEKHG1 was predicted to be involved in regulation of small GTPase mediated signal transduction. It 
was found to be correlated with cortical thickness/surface area(144), white matter hyperintensities(154) 
and obesity-related traits(155). 

Cortex CSMD1 3.99E-12 See above. 

Cortex ANK2 1.59E-07 ANK2 encodes a major ankyrin-B polypeptides required for normal structural connectivity in CNS(50) 

Cortex CTNNA2 6.89E-07 See above. 

Cortex UBN2 7.97E-07 / 

Subcortex CSMD1 2.36E-07 See above. 

Bonferroni-corrected significance threshold was used. The annotation contains descriptions about function of encoded product and brain-plasticity-
related or metabolism/immune-related phenotype associations. 



Table S7. Gene set analysis revealed biological pathways involved in the interaction with maternal education on regional brain GMVs. 

Phenotype Gene-set # genes P Short description 

Caudal 
middle frontal 

GOBP_chemorepulsion_of_axon 6 1.03E-06 The process in which a neuron growth cone is guided to a specific 
target site in response to a repulsive chemical signal implicated in 
accurate synaptogenesis. 

Inferior 
parietal 

GOBP_glycolipid_transport 7 6.21E-08 The directed movement process of glycolipids. 

Inferior 
temporal 

GOBP_go_negative_regulation_of_mhc_cl
ass_ii_biosynthetic_process 

5 9.66E-07 Any process that stops, prevents, or reduces the frequency, rate or 
extent of the chemical reactions and pathways resulting in the 
formation of MHC class II. 

Lateral 
occipital 

GOBP_tachykinin_receptor_signaling_path
way 

8 9.49E-07 A signaling pathway initiated by the binding of tachykinin to its 
receptor, which are expressed throughout the nervous and immune 
systems. 

Lingual GOBP_farnesyl_diphosphate_metabolic_pr
ocess 

6 1.25E-06 Any processes involving farnesyl diphosphate, a key intermediate 
of sterol metabolism. 

Posterior 
cingulate 

Curated_gene_sets: ger1y_cebp_targets 103 3.15E-07 Genes changed in NIH 3T3 cells (embryonic fibroblast) by 
expression of one or more of C/EBP proteins: CEBPA, CEBPB, 
CEBPG, and CEBPD. 

Putamen Curated_gene_sets: 
lindgren_bladder_cancer_high_recurrence 

43 1.06E-07 Genes up-regulated among the high recurrence rate urothelial cell 
carcinoma (UCC) tumors. 

Accumbens 
area 

GOBP_regulation_of_mast_cell_activation_
involved_in_immune_response  

27 1.21E-06 Any process modulating the frequency or extent of mast cell 
activation in immune response. 

The short descriptions of gene set were obtained from Gene Set Enrichment Analysis(156) (GSEA) (https://www.gsea-msigdb.org/gsea/index.jsp). 



Table S8. Associations between SNPs with significant G×ME effects and education attainment in Lee JJ, et al(52). 

Phenotype Sig. SNP Association P 

Cuneus rs7372321 / / 

Lateral orbitofrontal rs57466991 1.57E-03 0.468 

Lateral orbitofrontal rs78199333 1.74E-03 0.422 

Lateral orbitofrontal rs74959350 1.67E-03 0.441 

Lingual rs35179353 6.65E-03 0.008 

Lingual rs62224377 6.50E-03 0.009 

Middle temporal rs964508578 / / 

Middle temporal rs7009724 -3.00E-04 0.860 

Middle temporal rs6985627 -3.00E-04 0.862 

Middle temporal rs7018100 -1.06E-03 0.533 

Middle temporal rs10090227 -8.20E-04 0.630 

Middle temporal rs10090834 -8.30E-04 0.624 

Middle temporal rs10093648 -1.34E-03 0.432 

Brain stem rs55829244 -2.14E-03 0.383 

CortexVol rs2081046 1.93E-03 0.340 

CortexVol rs2081047 1.02E-03 0.605 

CortexVol rs3964317 -3.61E-03 0.046 



Table S9. Associations between SNPs (with significant G×ME effects) and maternal education and other environmental factors in ABCD. 

Phenotype Sig. SNP Correlation (Padj) 

Maternal Education Family conflict score Parent monitoring score Household income Area Deprivation 
Index 

Cuneus rs7372321 0.014 (0.874) 0.028 (0.185) -0.010 (0.606) -0.020 (0.446) -0.007 (0.797)

Lateral orbitofrontal rs57466991 -0.003 (0.874) -0.023 (0.185) -0.002 (0.886) 0.009 (0.557) -0.009 (0.797)

Lateral orbitofrontal rs78199333 -0.002 (0.874) -0.023 (0.185) -0.003 (0.884) 0.010 (0.505) -0.010 (0.797)

Lateral orbitofrontal rs74959350 -0.002 (0.874) -0.023 (0.185) -0.002 (0.884) 0.010 (0.505) -0.010 (0.797)

Lingual rs35179353 0.014 (0.874) -0.015 (0.388) 0.013 (0.606) 0.006 (0.69) -0.003 (0.797)

Lingual rs62224377 0.013 (0.874) -0.015 (0.388) 0.014 (0.606) 0.005 (0.725) -0.003 (0.797)

Middle temporal rs964508578 -0.010 (0.874) 0.006 (0.723) -0.010 (0.606) -0.012 (0.505) -0.006 (0.797)

Middle temporal rs7009724 -0.010 (0.874) 0.005 (0.723) -0.010 (0.606) -0.012 (0.505) -0.006 (0.797)

Middle temporal rs6985627 -0.010 (0.874) 0.006 (0.723) -0.010 (0.606) -0.012 (0.505) -0.006 (0.797)

Middle temporal rs7018100 -0.008 (0.874) 0.006 (0.723) -0.013 (0.606) -0.014 (0.505) -0.007 (0.797)

Middle temporal rs10090227 -0.008 (0.874) 0.005 (0.723) -0.016 (0.606) -0.018 (0.446) -0.004 (0.797)

Middle temporal rs10090834 -0.007 (0.874) 0.007 (0.723) -0.016 (0.606) -0.019 (0.446) -0.005 (0.797)

Middle temporal rs10093648 -0.005 (0.874) 0.004 (0.755) -0.018 (0.606) -0.015 (0.505) -0.009 (0.797)

Brain stem rs55829244 -0.004 (0.874) 0.006 (0.723) 0.011 (0.606) 0.019 (0.446) -0.021 (0.501)

CortexVol rs2081046 -0.004 (0.874) 0.018 (0.364) 0.009 (0.606) 0.004 (0.794) 0.015 (0.668) 

CortexVol rs2081047 -0.006 (0.874) 0.016 (0.388) 0.010 (0.606) 0.002 (0.844) 0.015 (0.668) 

CortexVol rs3964317 0.011 (0.874) -0.005 (0.723) 0.009 (0.635) 0.015 (0.505) -0.022 (0.501)

We used Pearson’s correlation analysis to assess the association between maternal education and the identified independent loci with significant G×ME 
effects, adjusting for sex, handedness, site and top 20 PCA components of genomic marker variations. BH-FDR method was used for multiple testing 
correction. 
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