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Supplementary Informa0on 
 
Supplementary Methods 
Quality control (QC) procedures for blood, buccal, and saliva DNA methyla=on 
Five hundred nanograms of DNA were bisulfite-converted using the EZ DNA Methylation™ Kit 
(Zymo Research, D5002). Genome-wide DNA methylation was assessed using the Infinium 
HumanMethylationEPIC BeadChip Kit (WG-317-1002; Illumina). Samples were grouped by 
individual and balanced across chips to minimize batch-related confounding effects 1. Arrays 
were scanned using the Illumina iScan platform. Methylation levels (β-values) were calculated 
using the minfi R package 2, and the standardized QC pipeline from the Psychiatric Genomics 
Consortium–Epigenome-Wide Association Studies 3, 4 was applied separately to each cohort. 
Using CpGassoc 5, we excluded samples with probe detection call rates <90% and samples with 
average intensity values either <50% of the experiment-wide sample mean or <2,000 arbitrary 
units (AU). Low-quality probes (detection P-values >0.01) were set as missing, and probes 
missing in >10% of samples were removed. Probes containing single nucleotide polymorphisms 
(SNPs; based on the 1000 Genomes Project) within 10 base pairs of the target CpG were 
retained, while cross-hybridizing probes were excluded. After QC, a total of 820,440 (Judicial 
Autopsy Cases), 819,680 (Toddler Social Cognition), and 816,791 (Adolescent Brain Imaging) 
probes remained for analysis. Single-sample Noob (ssNoob) normalization was performed using 
minfi. To correct for chip and positional batch effects, ComBat (sva) 6 was applied, protecting 
group, age, and sex. This approach was chosen because singular value decomposition analysis 
using ChAMP 7 revealed residual confounding effects from unwanted non-biological variables, 
despite the balanced experimental design (Supplementary Figure S1). Group, age, and sex were 
thus preserved from ComBat correction for subsequent genome-wide analyses. Logit-
transformed β-values (M-values) were used for statistical analyses. Cellular heterogeneity for 
each sample was estimated using the Robust Partial Correlation method implemented in 
EpiDISH 8. 
 
Quality control (QC) procedures for brain DNA methyla=on 
Two hundred fifty nanograms of DNA were bisulfite-converted using the EZ DNA Methylation™ 
Kit (Zymo Research, D5002) and restored using the Illumina HD FFPE Restoration Kit (Illumina). 
Microarray analysis was performed as described above. However, due to generally poor and 
highly variable data quality across samples, the standard QC criteria described previously could 
not be uniformly applied. Therefore, we implemented customized QC criteria, retaining only 
probes for which at least three individuals per group had detection P-values < 0.05. 
 
Autopsied thymus weight ra=o calcula=on 
Thymus weight is a forensic index reflecting the severity and duration of child abuse or neglect 
9. Because thymus weight increases with age and developmental stage, we calculated a thymus 
weight ratio relative to the lower limit of the normal range for each age group. The normal 
range for thymus weight by age was based on criteria established by the Medico-Legal Society 
of Japan 10. Specifically, the lower limit was defined as the mean thymus weight minus one 
standard deviation for each age group. The thymus weight ratio was then calculated by dividing 
the observed thymus weight by this lower limit (Supplementary Table S1). A group comparison 
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was performed using a t-test. Pearson’s correlation analyses were conducted to examine 
associations between thymus weight ratios and methylation levels identified in the genome-
wide analyses. For correlation analyses, methylation values were adjusted by regressing out 
covariates included in the genome-wide analyses. Statistical significance was set at P < 0.05. 
 
Assessment of social cogni=ve func=on by gaze paAerns for Toddler Social Cogni=on cohort 
Participants' gaze patterns were measured using Gazefinder® (JVC KENWOOD Corporation, 
Kanagawa, Japan), an eye-tracking system designed to record responses to visual stimuli. Gaze 
fixation time on the eye region during facial image presentation was used as an index of social 
cognitive function, based on previous findings that children with CM and autism spectrum 
disorder (ASD) spend significantly less time fixating on the eyes compared to typically 
developing (TD) children 11-13. Detailed experimental procedures are described in these prior 
studies. Pearson’s correlation analyses were conducted to examine associations between gaze 
fixation time on the eyes and methylation levels identified in the genome-wide analyses. For 
correlation analyses, methylation values were adjusted by regressing out covariates included in 
the genome-wide analyses. Statistical significance was set at P < 0.05. 
 
Brain image acquisi=on and preprocessing 
Structural MRI data were acquired from 237 participants. Imaging for 137 participants was 
performed using a GE Discovery MR750 3-Tesla scanner equipped with a 32-channel head coil 
(GE Healthcare, Milwaukee, WI, USA), while imaging for the remaining 100 participants was 
conducted using a GE Signa PET/MR 3-Tesla scanner with an 8-channel head coil (GE 
Healthcare, Milwaukee, WI, USA). T1-weighted anatomical images were obtained using a fast-
spoiled gradient recalled imaging sequence with the following parameters: for 137 participants, 
voxel size = 1 × 1 × 1 mm, TE = 1.99 ms, TR = 6.38 ms, flip angle = 11°; for 100 participants, voxel 
size = 1 × 1 × 1 mm, TE = 3.24 ms, TR = 8.46 ms, flip angle = 11°. 
Structural imaging data were preprocessed using Voxel-Based Morphometry (VBM) 
implemented in Statistical Parametric Mapping (SPM12; Wellcome Trust Centre for 
Neuroimaging, London, UK) running on MATLAB R2021b (MathWorks, Natick, MA, USA). T1-
weighted images were segmented into gray matter (GM), white matter (WM), cerebrospinal 
fluid, and skull/scalp compartments using tissue probability maps. The Diffeomorphic 
Anatomical Registration through Exponentiated Lie Algebra (DARTEL) algorithm was applied to 
segmented brain tissues to generate a study-specific template, enabling accurate inter-subject 
registration and improved alignment of smaller internal structures 14. Segmented GM images 
were spatially normalized to an isotropic voxel resolution of 1.5 mm. Volume changes induced 
by normalization were corrected using modulation. Finally, spatially normalized GM images 
were smoothed using a Gaussian kernel with a full width at half maximum (FWHM) of 10 mm. 
 
Brain Voxel-Based Morphometry (VBM) 
Regional differences in gray matter volume (GMV) between groups were analyzed using 
multiple regression analyses implemented in SPM12. Potential confounding variables, including 
age, full-scale IQ (FSIQ), scanner type, and total GMV, were modeled, and their variance was 
removed from subsequent analyses. Total GMV was calculated from segmented GM images 
using the "TissueVolumes" utility in the SPM12 batching system. A gray matter majority optimal 
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threshold mask, created based on a study-specific sample, was applied to exclude non-GM 
voxels from the analyses 15. The resulting voxel-wise comparisons generated statistical 
parametric maps of t-statistics (SPM[t]), which were subsequently transformed into unit-normal 
distributions (SPM[Z]). Significant clusters were anatomically localized using the 
Neuromorphometric Atlas (Neuromorphometrics Inc.). To correct for multiple comparisons 
across the entire brain, statistical significance was set at a voxel-level threshold of P < 0.001 
(uncorrected) for height, with cluster-level correction at P < 0.05. 
Pearson’s correlation analyses were conducted to examine associations between GMV and 
methylation levels identified in genome-wide analyses. For these correlations, methylation 
values were adjusted by regressing out covariates included in the genome-wide analyses. 
Correlation analyses utilized residual GMV values obtained from group comparisons after 
adjusting for control variables. Adjusted eigenvariates, representing linearly transformed 
estimates of GMV, were used in these correlation analyses. Statistical significance for 
correlation analyses was set at P < 0.05. 
 
Maltreatment history 
The presence of a potential "sensitive period," during which exposure to maltreatment may 
have a stronger association with methylation alterations, was assessed using random forest 
regression with conditional inference trees (cforest), as described in our previous studies 16. 
Two separate analyses were conducted to evaluate the importance of potential predictors of 
methylation alterations. 
In the first analysis, we examined the relative importance of maltreatment exposure during 
specific developmental periods. Exposure to any form of maltreatment—physical abuse (PA), 
emotional abuse (EA), sexual abuse (SA), or neglect (NG)—was scored annually from birth to 18 
years of age, with each year coded as either zero (no exposure) or one (exposure). In the 
second analysis, we evaluated the comparative importance of exposure to different 
maltreatment types (PA, EA, SA, and NG). Additionally, the total number of overlapping 
maltreatment types experienced was included as a predictor, as multiplicity of exposure may 
represent a more critical determinant of methylation alterations than any single type of 
maltreatment alone. Each random forest consisted of 200 trees, with four variables randomly 
selected for evaluation at each node. 
Additionally, Pearson correlation analyses were conducted to examine associations between 
the duration of maltreatment exposure (based on documented maltreatment histories) and 
methylation levels. 
 
Valida=on analysis 
To validate the CpGs identified in the meta-analysis, we applied the methylation risk score 
(MRS) 17 derived from our meta-analysis to an independent validation dataset (GSE118940). 
This dataset comprised blood DNA methylation data measured by the Illumina Methylation 
EPIC array from 29 children residing in orphanages (institutional care group, IC) and 29 children 
raised by their biological families (biological family care group, BFC), aged 8–35 months 18. Data 
preprocessing involved QC procedures using CpGassoc 5, similar to those applied in the present 
study, including the removal of cross-hybridizing probes. However, normalization was 
performed using the Beta-Mixture Quantile (BMIQ) method 19. Individual-level data on age and 
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sex were publicly available; however, for one participant whose chronological age was missing, 
methylation age estimated using Horvath's epigenetic clock 20 was substituted. Blood cell-type 
proportions were estimated using EpiDISH 8. Logistic regression analyses were conducted using 
normalized β-values adjusted by regressing out the effects of age, sex, and proportions of five 
blood cell types (excluding neutrophils). 
 
Supplementary Results 
Detailed results for demographic characteristics of participants 
IQ/DQ scores were lower in the CM group compared to the TD group, representing a potential 
confounding factor; however, lower IQ/DQ is commonly observed among maltreated children. 
Although many previous studies have either not assessed IQ or have not adjusted for it in their 
analyses 18, 21-23, we included IQ/DQ as a covariate in our genome-wide analyses for the Toddler 
Social Cognition and Adolescent Brain Imaging cohorts to ensure accuracy. 
 
Detailed results for Judicial Autopsy Cases 
After applying customized QC criteria (requiring at least three individuals per group with 
detection P-values < 0.05), 567,433 probes and 23,244 genes remained available for brain 
methylation analyses. However, due to varying sample sizes across probes, genome-wide 
analyses were not feasible. Therefore, we compiled a comprehensive statistical summary of 
brain methylation results for individual probes (Supplementary Table S4). 
Brain-blood DNA methylation correlations for these top 20 DMPs are summarized in 
Supplementary Table S3. Additionally, detailed statistical information for the seven CpGs 
significantly correlated with thymus weight ratio is provided in Supplementary Table S3. 
 
Detailed results for Toddler Social Cognition cohort 
Brain-buccal DNA methylation correlations for the top 20 DMPs are summarized in 
Supplementary Table S5. GAMuT analysis identified 15 significant genes (Supplementary Figure 
S3 and Supplementary Table S6). Secondary analyses revealed that four CpGs within the LPPR4 
gene were significantly associated with specific maltreatment indicators (Supplementary Figure 
S4, Supplementary Table S7). Associations between the top 20 DMPs and SDQ scores are also 
presented in Supplementary Table S5. 
 
Detailed results for Adolescent Brain Imaging cohort 
Brain-saliva DNA methylation correlations for the top 20 DMPs are summarized in 
Supplementary Table S8. GAMuT analysis identified five significant genes (Supplementary 
Figure S5 and Supplementary Table S9,10). Among these, the Armadillo Repeat Containing 5 
(ARMC5) gene, comprising 33 CpGs, showed significant associations with group status (P = 
6.31E-06) and composite maltreatment measures (P = 4.46E-05) (Supplementary Figure S6). 
Secondary analyses revealed that two CpGs within ARMC5 were significantly associated with 
specific maltreatment indicators (Supplementary Table S10). Specifically, cg08509907, which 
was among the top 20 DMPs (Supplementary Table S8) and associated with GMV in the R.OFrC 
and L.OFuG, and cg10451425 were strongly associated with EA (P = 1.4E-04 and P = 6.8E-05, 
respectively) and NG (P = 1.2E-04 and P = 0.002, respectively), in addition to their associations 
with group status (P = 7.79E-07 and P = 3.35E-05, respectively) (Supplementary Table S10). 
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Associations between the top 20 DMPs and scores on the SDQ and DSRS-C are presented in 
Supplementary Table S8. 
 
Detailed results for Meta-analysis 
To explore potential sex differences, we tested interactions between group and sex for these 
four CpGs separately in each cohort (Supplementary Table S12). A significant interaction was 
observed only for cg02564536 (ATE1) in the Adolescent cohort (interaction P = 0.003), driven 
primarily by a large effect size in males (Cohen's d = -1.38, 95% CI: -1.89 to -0.87), whereas the 
effect in females was small and non-significant (Cohen's d = -0.22, 95% CI: -0.81 to 0.37). No 
significant interactions were found in the Judicial Autopsy or Toddler cohorts (all P > 0.05). 
Brain-peripheral tissue DNA methylation correlations for the four significant CpGs (cg02564536, 
cg23172545, cg05646433, and cg04794662) are summarized in Supplementary Table S11. 
 
Detailed results for evaluation of candidate CpGs from previously published studies 
We evaluated candidate CpGs previously reported in five independent studies using the 
analytical framework established in our meta-analysis (Supplementary Table S14). Of the 2,868 
CpGs reported by Yang et al. 24 using the 450K array, 202 (9.8%) of the 2,060 CpGs available on 
the EPIC array were significant and showed consistent directionality. None of the CpGs reported 
by Kumsta et al. 25—including 10 DMPs and nine CpGs comprising a DMR—were significant in 
our analysis. Of the 550 CpGs reported by Papale et al. 22 using the 450K array, 25 (5.0%) of the 
504 CpGs present on the EPIC array were significant and directionally consistent. Among the 
156 CpGs reported by Naumova et al. 18, only one (<1%) was significant and consistent in 
directionality. Finally, of the 15 CpGs reported by Sumner et al. 23 using the EPIC array, one CpG 
(6.7%) was significant and consistent in directionality. 
 
Supplementary Discussion 
Judicial Autopsy Cases 
No significant DMPs in blood were identified after correcting for inflation. However, given the 
extreme severity of adversity experienced by these cases—abuse severe enough to result in 
death—it is plausible that profound disturbances in the hypothalamic-pituitary-adrenocortical 
(HPA) axis occurred, potentially manifesting as thymic gland atrophy. Indeed, among the top 20 
DMPs identified, seven CpGs showed significant correlations with thymic atrophy, suggesting 
that these epigenetic alterations may reflect immune system dysfunction. Consistent with this 
interpretation, epigenetic alterations in immune-related genes have previously been reported 
in the context of post-traumatic stress disorder (PTSD) 26.  
Our study is the first to examine genome-wide DNA methylation changes in the brains of 
maltreated children, utilizing extremely rare and valuable autopsy cases. Although the limited 
sample size precluded a comprehensive genome-wide characterization, individual results 
provided in Supplementary Table S4 may serve as a valuable resource for interpreting future 
studies. We also examined concordance between brain and blood methylation findings. Among 
the seven CpGs discussed above, two sites (cg22646780 and cg16523850) exhibited significant 
group differences in brain methylation. However, since these CpGs are not annotated to 
specific genes, their functional implications remain unclear at present. Taken together, these 
findings suggest that epigenetic modifications in immune-related genes may represent a 
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biological mechanism linking severe child maltreatment to long-term neurobiological and 
immunological consequences. However, caution is warranted when interpreting these findings, 
as malnutrition—particularly prevalent among neglected children—can also lead to thymic 
atrophy 27. For example, methylation at cg08734093 in the mechanistic target of rapamycin 
kinase (MTOR) gene, known to respond to cellular stressors such as DNA damage and nutrient 
deprivation28, was among the highly ranked (87th) CpGs identified in our analysis. Additionally, 
several cases in this study involved traumatic injuries directly related to the cause of death, 
suggesting that some of the identified CpGs may reflect acute inflammatory responses 
triggered by severe physical trauma, such as hemorrhage. Thus, further studies are necessary to 
distinguish epigenetic changes specifically attributable to maltreatment from those resulting 
from malnutrition or acute injury-related inflammation. 
 
Toddler Social Cognition cohort 
In this cohort, nine significant DMPs were identified. We previously reported that maltreated 
children in this age group spend less time gazing into the eyes of others11, 12, a behavioral 
feature indicative of impaired social functioning. Among the top 20 DMPs identified, two CpGs 
(cg22918741 and cg22108941) correlated with this behavioral phenotype, suggesting a 
potential association with reduced sociability. However, as these two CpGs are not annotated 
to specific genes, their functional implications remain unclear at present. 
Notably, the phospholipid phosphatase-related 4 (LPPR4) gene including 25 CpGs emerged as 
significant in the GAMuT test and four CpGs (cg15728779, cg11956761, cg08271203, 
cg18998253) were particularly strongly associated with the EA and NG domains (adjP-values < 
0.05) (Supplementary Table S6 and S7). One of the sites (cg18998253) was also the top-ranked 
DMP regardless of correlations with behavioral features. LPPR4 encodes the Plasticity-Related 
Gene-1 (PRG-1) protein, which regulates cortical excitatory transmission in glutamatergic 
neurons and is primarily expressed at neuronal axonal membranes. PRG-1 is known to play an 
important role in axonal elongation during neurodevelopment 29. These epigenetic alterations 
may therefore contribute to neurodevelopmental mechanisms underlying vulnerability in 
cognitive domains among children who have primarily experienced EA and NG. However, 
further studies examining detailed associations with brain structure and function are necessary 
to clarify these relationships. 
 
Adolescent Brain Imaging cohort 
Structural brain imaging findings 
Previous brain imaging studies provide important context for interpreting the structural brain 
differences observed in our results. For example, a PET study of women with a history of SA 
reported increased blood flow in the MPCG and decreased blood flow in the OFuG during 
memory retrieval of childhood SA among individuals with PTSD 30. Consistent evidence indicates 
that the MPCG is involved in encoding and retrieval of episodic and autobiographical memories 
31, while the OFuG is implicated in higher-order visual processing, particularly face and facial 
identity recognition 32, including familiar faces associated with socio-emotional attachment 33, 

34. Furthermore, emotionally arousing memories activate the MPCG along with the 
hippocampus during retrieval 35. Anatomically, the MPCG is strongly connected to the 
parahippocampal gyrus, a critical component of the hippocampal memory system, and also has 
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connections with the OFrC 36. rs-fMRI studies have additionally reported stronger functional 
connectivity between MPCG and OFrC in individuals with depression 37, and the OFrC itself is 
widely recognized as a key region involved in emotional regulation 38. Taken together, these 
findings suggest that structural atypicalities observed in the R.OFrC, L.MPCG, and L.OFuG 
among adolescents exposed to maltreatment may reflect altered memory encoding and 
retrieval processes associated with strong negative emotional experiences, including exposure 
to negative facial expressions from close caregivers. Such structural alterations may contribute 
to clinical symptoms commonly observed in maltreated individuals, including PTSD and 
affective dysfunction. 
 
DNA methylation findings and their associations with the atypical brain structures 
In this cohort, two significant DMPs (cg14209346 and cg05646433) were identified. One of 
these CpGs (cg05646433), located within the CHST11 gene, is discussed in detail in the main 
manuscript. The other CpG (cg14209346) is not annotated to any specific gene; therefore, its 
functional implications remain unclear. To further explore the biological relevance of these 
epigenetic findings, we conducted imaging epigenetics analyses focusing specifically on the top 
20 DMPs in relation to the three regional GMVs identified as structurally atypical in CM. Our 
results revealed that methylation levels at 13 CpGs correlated positively with GMV in the 
R.OFrC, three CpGs correlated positively with L.MPCG volume, and 12 CpGs correlated 
negatively with L.OFuG volume. In addition to FOXP1 (cg04794662), which is discussed in detail 
in the main manuscript, methylation at cg08509907 within the ARMC5 gene was notably 
correlated with GMV in both the R.OFrC and L.OFuG, and significantly associated with PA, EA, 
and NG domains in the GAMuT test, showing consistent directionality. Furthermore, 
methylation at this site correlated significantly with SDQ and DSRS-C scores, suggesting its 
potential relevance to clinical symptoms. ARMC5 is a tumor suppressor gene previously linked 
to bilateral adrenocortical macronodular hyperplasia, a condition characterized by cortisol 
hypersecretion and Cushing's syndrome 39. Given that CM represents chronic, severe stress 
exposure, and considering previous evidence of HPA axis dysregulation and elevated cortisol 
levels in maltreated children 40, 41, abnormal ARMC5 methylation may reflect an early epigenetic 
alteration contributing to HPA axis dysfunction. Our previous studies have reported reduced 
GMV in visual processing regions among individuals exposed to CM 42, 43, suggesting potential 
disruptions in visual and socio-emotional processing pathways. Although the L.OFuG primarily 
supports higher-order visual processing (e.g., face recognition linked to socio-emotional 
attachment), the observed association between ARMC5 methylation and reduced L.OFuG 
volume may reflect broader impairments in these pathways. Additionally, the correlation 
between ARMC5 methylation and R.OFrC volume suggests that ARMC5 methylation may also 
influence brain regions critical for emotional regulation. Taken together, these findings indicate 
that ARMC5 methylation could represent a biological mechanism linking chronic stress from CM 
to structural brain alterations involved in emotional regulation and socio-emotional processing. 
Further studies are needed to clarify the precise mechanisms and clinical implications of these 
associations. 
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