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Abstract
Suicide is a major public health concern, yet objective biological markers for risk assessment remain
lacking. Prior blood-based epigenomic studies have largely returned immune-related signals of uncertain
specificity to suicidality. Here, we performed differential methylation analysis on whole blood from 69
Korean suicide attempters and 207 matched controls, weighting each sample by the number of prior
attempts to prioritize epigenetic changes associated with recurrent suicidal behavior. Combined with
iterative random sampling to retain only markers reproducible across sample compositions, this
approach identified 365 CpG sites enriched in neurobiological pathways such as dopaminergic synapses
and dendritic spines rather than inflammatory processes. Consistent with the underlying hypothesis, 28
of these sites showed methylation levels that scaled with attempt frequency, mapping to genes
governing circadian regulation (CLOCK), synaptic remodeling (MMP9), and serine biosynthesis (PHGDH).
The marker panel achieved consistent classification (AUROC 0.733 to 0.760) across three independent
cohorts of Korean blood, UK postmortem brain, and Lithuanian blood. The NEK4-ITIH1 locus ranked as
the top marker in both blood and brain and showed suicidality-associated methylation changes across
all cohorts. This locus lies within 3p21.1, a robustly replicated risk region for bipolar disorder in which
genetic variation has been directly associated with suicide attempt, and NEK4 itself regulates dendritic
spine density and circadian emotional behavior. These findings identify NEK4-ITIH1 locus as a cross-
tissue epigenetic marker of suicidality detectable in peripheral blood.

Introduction
Suicide claims more than 700,000 lives annually and ranks among the leading causes of death in young
people worldwide (1). Yet current risk assessments rely heavily on clinical interviews and self-report
instruments, which suffer from subjectivity and low predictive accuracy (2-5), and meta-analysis
research indicate that no clinical factor or combination thereof substantially improves longitudinal
prediction (6). This predictive gap is particularly consequential in high-burden settings such as South
Korea, which recorded the highest suicide rate among OECD countries in 2021 (1), underscoring the
need for objective, biologically informed markers that can complement clinical judgment.

Epigenetic biomarkers, particularly DNA methylation, represent a promising avenue for stratifying suicide
risk. Aberrant methylation patterns have been associated with a wide range of psychiatric conditions,
including bipolar disorder, major depressive disorder, post-traumatic stress disorder, and autism
spectrum disorder (7-10). Critically, childhood stress is associated with methylation differences that
remain detectable in adulthood, indicating that epigenetic changes can persist for years to decades as a
stable record of past experiences (11, 12). These properties make DNA methylation well-suited for
capturing the long-term biological burden of suicidal behavior. However, previous blood-based studies of
suicide have predominantly reported immune- and inflammation-related alterations (13-17), which may
reflect nonspecific stress responses confounded by infection, smoking, and diet (18), and have lacked
cross-ethnic or cross-tissue validation.
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Individuals who have attempted suicide are clinically heterogeneous, yet previous epigenomic studies
have treated them as a uniform category through binary comparison with controls (13-17). Notably, the
number of prior suicide attempts is one of the strongest predictors of future attempts and eventual
death by suicide (19-21), suggesting that attempt frequency captures a meaningful dimension of suicidal
vulnerability. Because each attempt represents an episode of extreme psychological crisis, the concept
of allostatic load predicts that repeated exposure produces cumulative biological consequences,
including progressive epigenetic remodeling (22-24). We therefore hypothesized that incorporating
attempt frequency as a quantitative weighting factor would preferentially identify CpG sites sensitive to
this cumulative process. 

Here, we applied this recurrence-weighted approach to whole blood DNA methylation data from Korean
suicide attempters and evaluated the risk stratification performance of resulting markers through cross-
ethnic and cross-tissue classification in independent cohorts. We report that this approach identifies
neurobiologically relevant CpG sites with consistent predictive performance across independent cohorts,
and that the NEK4-ITIH1 locus consistently emerges as a key marker across multiple datasets.

Materials and Methods

Data collection and study population
We enrolled 122 suicide attempters from three hospitals in Korea (Korea University Anam Hospital, Ulsan
Medical Center, and Seoul National University Hospital) and used 296 controls from the Korean Genome
Project (KGP) (25–27) (Supplementary Table 1). Samples from Korea University Anam Hospital and
Ulsan Medical Center focused on fatal suicide attempts and recorded the number of prior attempts; the
69 attempters from these two hospitals therefore constituted the discovery set, while the 53 attempters
from Seoul National University Hospital served as the validation set. The KGP controls, comprising
individuals without a history of mental illness based on lifestyle and mental health questionnaires, were
split between discovery and validation sets in a 7:3 ratio. Age and sex distributions did not differ
significantly between the discovery and validation sets (Supplementary Table 1). Written informed
consent was obtained from all participants, and all procedures were approved by the institutional review
boards of Ulsan National Institute of Science and Technology (UNISTIRB-15-19-A), Korea University
Anam Hospital (ED15006), and Ulsan Medical Center (USH.20.013).

Targeted bisulfite sequencing and raw data processing
Blood samples were collected in EDTA tubes and frozen, and genomic DNA was extracted using the
DNeasy Blood and Tissue Kit (Qiagen, 69506). Sequencing libraries were prepared with the SureSelectXT
Methyl-Seq Target Enrichment System Kit (Agilent, G9651) and sequenced on the Illumina NovaSeq 6000
and HiSeq 2500 platforms, generating 150-bp and 100-bp paired-end reads, respectively. Adapters were
trimmed with fastp v0.23.1 (28), and bisulfite-treated reads were aligned to the hg38 reference genome
using Bismark v0.23.1 with Bowtie2 v2.5.1 (29). Methylation calling at CpG sites was performed with
Bismark.
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Identifying DNA methylation biomarkers by weighting suicide
attempts
Using methylKit (R v4.1.3; methylKit v1.20.0) (30), we retained CpG sites with a depth of at least 10
across all samples, yielding 835,694 sites. Suicidality-associated CpG sites were identified with an in-
house script using weighted logistic regression, in which each sample's weight was the product of its
sequencing depth and a suicide-attempt-based weight, following the methylKit formulation. Three
weighting scenarios were compared: no weighting (weight = 1), linear weighting by the number of
attempts (weight = n), and squared weighting (weight = n²). Log-likelihood ratio tests compared a null
model with sex and age as covariates against a model additionally including methylation level, with
overdispersion corrected as in methylKit (31). P-values were adjusted by the Benjamini-Hochberg FDR
method, and between-group methylation differences were quantified as the weighted mean difference.
CpG sites with FDR < 0.05 and an absolute weighted mean difference > 5% were considered significant.

To minimize sampling bias, this procedure was repeated 1,000 times on random 70% subsamples of the
discovery set, and CpG sites significant in over 90% of iterations were retained. To assess confounding
by blood cell type composition, we performed a sensitivity analysis in which blood cell type proportions
estimated by UXM deconvolution (32) (https://github.com/nloyfer/UXM_deconv) were added as
covariates, and the differential methylation analysis was repeated under this adjusted model.

Correlation between methylation levels and the number of suicide
attempts
For each of the 365 CpG sites, the correlation between methylation level and the number of suicide
attempts was assessed using Spearman's correlation coefficient within the discovery cohort. The
resulting p-values were adjusted for multiple testing using the Benjamini-Hochberg false discovery rate
(FDR) method, and CpG sites with FDR < 0.05 were considered significantly correlated with attempt
frequency.

Application of random forest model for validation
Random forest models were trained using scikit-learn (v0.23.2), with hyperparameters tuned by
GridSearchCV under 3-fold cross-validation, optimizing max_depth, min_samples_split,
min_samples_leaf, and n_estimators. Feature importance was computed using Shapley Additive
exPlanations (SHAP) (shap v0.41.0) (33) on the discovery set. For the UK brain tissue and Lithuanian
blood datasets, SHAP values were computed on the training set of each fold during 3-fold cross-
validation and averaged across folds to determine overall feature-importance rankings.

To evaluate the contribution of each methodological component, all six combinations of weighting
strategy (no weight, linear, squared) and random sampling (with and without) were applied to the
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discovery set. For each condition, a random forest classifier was trained on the resulting marker set and
validated on the independent Korean cohort. Pairwise comparisons of AUROC values were performed
using DeLong's test with the fast DeLong algorithm (34), using code adapted from
https://github.com/yandexdataschool/roc_comparison. All analyses were conducted in Python 3.7.16.

Cross-validation of CpG sites with external datasets

Brain tissue dataset
To validate the discovered CpG sites, we used a normalized brain methylation dataset from the Gene
Expression Omnibus (GSE88890), comprising methylation array data from Brodmann area 11 (BA11)
tissue of depressed suicide decedents (n = 20) and non-psychiatric, sudden-death controls (n = 20). Of
the discovered CpG sites, 46 matched target positions on the Illumina methylation array and were
retained for validation. Suicide decedents and controls were randomly divided into three groups for 3-
fold cross-validation using a random forest model based on these 46 CpG sites, with model training and
validation conducted as described above.

Lithuanian dataset
To assess generalizability across ethnic populations, we recruited 47 Lithuanian suicide attempters and
45 controls. Attempters were individuals admitted to the Toxicology Intensive Care Unit of Republican
Vilnius University Hospital within 48 h of a suicide attempt, regardless of attempt type or clinical
diagnosis. Controls were individuals without a psychiatric diagnosis, suicide attempt history, or
significant suicidal ideation or depressive symptomatology, recruited during prophylactic check-ups at
the Center of Family Medicine of Vilnius University Hospital Santaros Klinikos. The study was approved
by the Vilnius Regional Biomedical Research Ethics Committee of Lithuania (No. 2020/9-1266-747). DNA
extraction, library preparation, sequencing (Illumina NovaSeq 6000, 150-bp paired-end reads), and data
preprocessing followed the same protocols as the Korean blood samples.

Of the discovered CpG sites, 315 without missing values in the Lithuanian data were used for validation.
As with the brain tissue dataset, the cohort was randomly partitioned into three groups for 3-fold cross-
validation using a random forest model, following the procedures described above. Because
chr3:52773754 lies in the NEK4-ITIH1 intergenic region, we extended the search scope to the NEK4 and
ITIH1 gene bodies and assessed differential methylation at individual CpG sites within this region using
the Wilcoxon rank-sum test.

Gene annotation and enrichment analysis
We annotated each CpG site using Annotatr (35) with the options "hg38_cpgs", "hg38_basicgenes", and
"hg38_enhancers_fantom" to identify genes associated with interested CpG sites. Utilizing ShinyGO (36),
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we conducted gene enrichment analysis in Gene Ontology (GO, http://geneontology.org/) (37, 38) and
Kyoto Encyclopedia of Genes and Genomes (KEGG, https://www.genome.jp/kegg/) (39). The p-values
were adjusted using the false discovery rate (FDR) method. Terms with FDR < 0.05 were considered
statistically significant, and even in cases where FDR was not substantial, terms with high fold
enrichment were also considered.

Results

Recurrence-weighted analysis identifies 365 suicidality-
associated CpG sites
To identify CpG sites associated with suicidal behavior, we performed differential methylation analysis
on whole blood from 69 Korean suicide attempters and 207 matched controls (discovery set),
incorporating the number of suicide attempts as a sample-level weighting factor (see Methods)
(Supplementary Fig. 1). To ensure marker robustness against sample composition effects in this small
cohort, we implemented an iterative random sampling procedure of 1,000 subsampled analyses,
retaining only CpG sites that reached significance (FDR < 0.05, weighted mean difference > 5%) in at least
90% of iterations. Combining squared recurrence weighting with this procedure yielded 365 consistently
identified CpG sites (Fig. 1C, F) (Supplementary Table 2). To validate this design, we trained random
forest classifiers on marker sets derived under different conditions and tested them on an independent
Korean validation cohort from a separate hospital (Fig. 1G).

Recurrence weighting was a prerequisite for marker discovery within this framework. Without weighting,
only two CpG sites reached significance in the full discovery set, and none survived random sampling
(Fig. 1A, D), indicating that conventional unweighted analysis lacks the sensitivity to detect suicidality-
associated methylation differences in a cohort of this size.

The impact of random sampling was most pronounced under squared weighting, where applying the
90% consistency threshold reduced the marker set from 9,954 to 365 CpG sites, yet this reduction was
accompanied by a substantial gain in validation performance (AUROC from 0.621 to 0.760; DeLong's
test, P = 0.0064) (Fig. 1C, F, G). The unsampled set, despite containing over 25 times more markers,
performed worse than any other condition, confirming that the expanded signal from aggressive
weighting contains considerable noise that the sampling procedure effectively removes.

Weighting intensity also affected performance. After sampling, the squared-weighted set achieved
significantly higher AUROC than the linear-weighted set (0.760 vs. 0.654; DeLong's test, P = 0.0169)
(Fig. 1G), while capturing a broader signal (365 vs. 14 CpG sites) (Fig. 1E, F). The 14 linear-weighted sites
were entirely contained within the 365, indicating that squared weighting expands the signal around a
shared core rather than identifying different markers.
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We further confirmed that the identified markers were not driven by blood cell type composition
(Supplementary Fig. 2). When estimated cell type proportions were included as covariates, significance
levels were generally attenuated across the genome (Supplementary Fig. 2A). However, all 365 CpG sites
retained significance (FDR < 0.05) under this more conservative model (Supplementary Fig. 2B),
indicating that the iterative sampling procedure inherently selects markers robust to cellular
heterogeneity.

Together, these results establish that squared weighting and iterative sampling operate synergistically,
with the former amplifying recurrence-associated biological signals and the latter ensuring their
reproducibility, yielding a robust set of 365 CpG sites for downstream analysis.

Neurobiological pathway enrichment and recurrence-
associated methylation changes support biological
relevance
To assess whether the 365 CpG sites reflect biologically coherent processes, we performed pathway
enrichment analysis on the 390 genes annotated to these sites (Supplementary Table 3). KEGG analysis
revealed significant enrichment in neurobiological pathways, including inflammatory mediator regulation
of TRP channels and dopaminergic synapse (Fig. 2A). Long-term depression, a signaling cascade that
persistently decreases synaptic strength primarily in the cerebellum, showed a notably high fold
enrichment (fold enrichment of 6.84; FDR = 0.139) but did not reach statistical significance after multiple
testing correction. Gene Ontology cellular component analysis identified significant enrichment in
neuronal structures, including voltage-gated potassium channel complexes, dendritic spines, neuron
spines, dendrites, and synapses (Fig. 2B), while biological process terms further supported involvement
in synaptic function, including regulation of synaptic plasticity and trans-synaptic signaling
(Supplementary Fig. 3). These findings align with epigenetic modifications previously reported in the
brain tissue of suicide decedents (40, 41), and contrast with the predominantly immune- and
inflammation-related pathways identified in prior blood-based studies (13–17). Using a recurrence-
weighted approach, the present analysis identified neurobiologically relevant epigenetic changes in
peripheral blood that more closely resemble those observed in postmortem brain tissue, suggesting that
incorporating attempt frequency as a weighting factor may improve the biological specificity of blood-
based marker discovery.

As hypothesized, a subset of the 365 CpG sites exhibited methylation changes that scaled with the
number of suicide attempts. Specifically, 28 sites (7.67%) showed a significant correlation between
methylation level and attempt frequency (Spearman's correlation, FDR < 0.05) (Fig. 2C) (Supplementary
Table 4). The direction of all 28 correlations was concordant with the direction of differential methylation
between attempters and controls, indicating that methylation at these sites progressively diverges from
the control profile as suicide attempts accumulate.
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Among the CpG sites showing the strongest correlations (|ρ| > 0.4), several mapped to genes with
established roles in brain function and psychiatric disorders. CLOCK, a circadian clock gene, has been
directly associated with suicide attempts in bipolar disorder (42). MMP9 mediates dendritic spine
remodeling, and its elevated levels are linked to suicidal behavior and bipolar disorder (43, 44). PHGDH, a
rate-limiting enzyme for brain L-serine biosynthesis, is implicated in schizophrenia and Alzheimer's
disease (45, 46). The CpG sites annotated to ZNF767P, which harbored the highest positive correlations,
are located within a genomic region linked by regulatory annotation to ZNF746, a gene implicated in
dopamine neuron degeneration (47, 48).

The convergence of pathway enrichment and recurrence-associated methylation changes at brain-
relevant genes provides orthogonal evidence that the 365 CpG sites capture neurobiologically grounded
aspects of suicidal behavior rather than nonspecific inflammatory or stress-related signals. The
recurrence-correlated subset suggests that a subset of these CpG sites may serve as molecular
indicators of the cumulative biological impact of repeated suicidal episodes.

Cross-cohort validation and convergence at the NEK4-
ITIH1 locus
To evaluate whether the 365 CpG sites generalize beyond the discovery population, we tested their
classification performance in three independent cohorts spanning different ethnicities, tissue types, and
profiling platforms (Fig. 3). In the independent Korean blood validation cohort, the random forest model
trained on the discovery set achieved an AUROC of 0.760 (Fig. 3A). For the UK postmortem brain tissue
dataset (GSE88890, Brodmann area 11), comparing individuals who died by suicide with sudden-death
controls, 3-fold cross-validation using the 46 CpG sites available on the array platform yielded a mean
AUROC of 0.733 (Fig. 3B). In the Lithuanian blood cohort, 3-fold cross-validation using the 315 available
CpG sites produced a mean AUROC of 0.756 (Fig. 3C).

This consistency across cohorts differing in sample size, tissue type, ethnic background, and available
CpG sites argues that the observed signals reflect genuine biological associations rather than overfitting.
Notably, the reduced subset of 46 CpG sites sufficed to maintain comparable performance in brain
tissue, suggesting that the core discriminative signal is carried by a subset of consistently informative
sites.

To identify which markers drove this performance, we examined SHAP-based feature importance in each
cohort (Fig. 4A-C). A single CpG site at the NEK4-ITIH1 intergenic region (chr3:52773754) ranked as the
most important feature in both the Korean blood validation cohort and the UK brain tissue dataset
(Fig. 4A, B). Classification using this site alone yielded AUROCs of 0.676 in Korean blood and 0.838 in UK
brain (Supplementary Fig. 4), indicating that a substantial proportion of the model's discriminative
capacity is attributable to this single position. This CpG site also showed increased significance after
cell-type adjustment, emerging as the most significant site in the adjusted model (Supplementary
Fig. 2B), supporting its independence from cellular heterogeneity.
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In the Lithuanian cohort, chr3:52773754 was not a top feature and showed no significant case-control
difference (Fig. 4C, Supplementary Fig. 5H). Instead, three adjacent CpG sites within the ITIH1 gene body,
approximately 5.7 kb downstream, were significantly hypomethylated in attempters (Fig. 4D). The signal
was therefore complementary across cohorts. chr3:52773754 was significant in Korean blood and UK
brain, whereas the downstream ITIH1 region was significant only in Lithuanian blood, and this region was
not assessable in UK brain due to array coverage (Supplementary Fig. 5). Although the precise CpG
position carrying the strongest signal varies across populations, the broader NEK4-ITIH1 locus
consistently harbors suicidality-associated alterations.

Despite its strong discriminative power, chr3:52773754 did not show a significant correlation with the
number of suicide attempts in the discovery cohort (Supplementary Fig. 6). Methylation levels at this site
were consistently elevated in suicide attempters compared to controls, regardless of attempt frequency,
suggesting that the epigenetic alteration at this locus may represent an early or threshold-dependent
change associated with suicidality rather than a cumulative modification that scales with repeated
attempts.

Taken together, these results identify the NEK4-ITIH1 locus as a convergent epigenetic marker of
suicidality, with cross-tissue and cross-ethnic evidence pointing to this genomic region as a central node
in the epigenetic architecture of suicidal behavior. The partially overlapping top 10 feature importance
profiles across cohorts, including shared markers such as PHGDH, DNAJC7/NKIRAS2, and SH3BP5,
further support the broader generalizability of the 365-marker panel, while the NEK4-ITIH1 locus stands
out as the most consistently prominent signal across independent datasets.

Discussion
The most notable finding of this study is the convergence of epigenetic signals at the NEK4-ITIH1 locus
across tissues and populations. A single intergenic CpG site (chr3:52773754) ranked as the most
important feature in both the Korean blood and UK brain tissue datasets, demonstrating that this locus
carries substantial discriminative information across both tissue types. In the Lithuanian cohort, this
specific CpG site did not replicate, but three CpG sites within the ITIH1 gene body, approximately 5.7 kb
downstream, showed significant differential methylation between suicide attempters and controls,
though the direction of the difference differed. This directional discordance may reflect population-
specific genetic differences such as meQTL structures or allele frequencies. Unfortunately, as the
downstream ITIH1 gene body region could not be assessed in the UK brain tissue dataset due to array
platform limitations, this study could not validate it in the European brain dataset. Nevertheless, the co-
occurrence of significant suicidality-associated methylation alterations within the same narrow genomic
region across three independent cohorts is unlikely to be coincidental.

This epigenetic convergence is reinforced by extensive genetic evidence implicating 3p21.1 in
psychiatric disease. This locus is among the most robustly replicated GWAS risk regions for bipolar
disorder and schizophrenia (49–53), with eQTL-integrated analyses identifying NEK4 as a primary risk
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driver (54) and the strongest nonsynonymous signal, rs1042779, mapping to ITIH1 (55). Genetic
variation in this region has also been directly associated with suicide attempt (56). Our study adds an
epigenetic dimension, showing that both sequence-level variation and methylation state at this locus are
associated with suicidality.

Because chr3:52773754 lies in the intergenic region between NEK4 and ITIH1, we cannot determine from
methylation data alone which gene or genes it regulates. However, the functional literature on NEK4
provides a compelling mechanistic framework for interpreting this signal. NEK4 overexpression in the
mouse hippocampus reduces the density of mushroom-type dendritic spines (57). Also, conditional
overexpression of NEK4 in forebrain pyramidal neurons disrupts circadian fluctuations of emotional
behaviors and synaptic structure (58), a phenotype of relevance given the well-documented circadian
patterns of suicidal behavior. Both the behavioral and synaptic effects of NEK4 overexpression were
ameliorated by lithium (58), one of the few pharmacological agents with established anti-suicidal
efficacy. Cell-type specificity analyses have further revealed that NEK4 is expressed on the surface of
glutamatergic neurons (54), placing it within the excitatory neurotransmission system targeted by
emerging anti-suicidal interventions such as ketamine (59).

These functional data position NEK4 at the intersection of three neurobiological pathways that are
established as relevant to suicidality: dendritic spine dynamics, circadian regulation of emotion, and
glutamatergic neurotransmission. Two of these pathways independently converge with findings from the
recurrence-correlated CpG analysis in the present study, where CpG sites near CLOCK (a core circadian
gene associated with suicide attempts in bipolar disorder) and MMP9 (a mediator of dendritic spine
remodeling linked to suicidal behavior) both showed significant recurrence-associated methylation
changes. This convergence across independently identified markers strengthens the hypothesis that
disruption of synaptic plasticity and circadian regulatory networks represents a core epigenetic signature
of recurrent suicidal behavior. While the mechanistic role of ITIH1 in the brain is less well characterized,
the localization of the Lithuanian signal within the ITIH1 gene body, together with the direct genetic
association between ITIH1 coding variants and bipolar disorder (55), suggests that epigenetic variation
here may affect multiple genes within the 3p21.1 region. Expression studies will be necessary to identify
the regulatory targets of the identified CpG sites.

The convergence of the NEK4-ITIH1 signal in both peripheral blood and postmortem brain tissue
suggests that the epigenetic alteration at this locus is not brain-restricted. While the mechanisms
underlying this cross-tissue concordance remain unclear, the practical implication is that the NEK4-ITIH1
locus may serve as an accessible, blood-based surrogate for brain-specific changes associated with
suicidality, supporting the feasibility of minimally invasive risk monitoring.

Notably, chr3:52773754 showed consistently elevated methylation in attempters regardless of attempt
frequency, without a significant correlation with the number of attempts. This pattern may indicate an
early or threshold-dependent alteration that distinguishes individuals with any history of suicidal
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behavior from controls, rather than a cumulative change, although limited statistical power cannot be
excluded. Distinguishing these possibilities will require larger longitudinal studies.

Several major limitations of this study should be acknowledged. First, the sample size is small, with
fewer than 70 individuals in each blood-based cohort and only 20 postmortem brain samples. Although
the consistency of classification performance (AUROC > 0.73) across three independent cohorts argues
against simple overfitting, the high single-marker performance in the brain dataset (AUROC = 0.838 for
chr3:52773754 alone) should be interpreted with caution given this limited size. Second, the cross-
sectional design precludes determining whether the observed methylation changes are causes,
consequences, or correlates of suicidal behavior, which will require prospective studies tracking
methylation before and after suicide attempts. Third, while recurrence was a central hypothesis of this
study, attempt frequency data were unavailable for the UK brain and Lithuanian cohorts. The consistent
classification performance demonstrates that the selected CpG sites carry discriminative information for
suicidality in general, but it remains open whether the specific methylation-frequency relationship
generalizes beyond the Korean cohort. Finally, the directional and positional differences in the NEK4-
ITIH1 signal across populations remain incompletely understood, and together with the known influence
of ancestry on methylation (60, 61), indicate that translational application of this locus will require
validation in larger, ancestrally diverse cohorts before clinical utility can be established.

This study demonstrates that recurrence-weighted epigenomic analysis can identify blood-based
methylation markers with neurobiological relevance that maintain predictive utility across independent
cohorts, tissue types, and ethnic backgrounds. The consistent identification of the NEK4-ITIH1 locus as
the top-ranked signal in both blood and brain provides a rare example of cross-tissue convergence in
suicidal behavior and positions this locus as a candidate for mechanistic investigation. Clinically, the
ability to detect neurobiologically grounded epigenetic signatures of suicidality in peripheral blood offers
a pathway toward objective, accessible biomarkers that, if validated in larger prospective studies, could
complement existing risk assessment and inform long-term monitoring.
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Figure 1

Recurrence weighting and iterative random sampling jointly optimize suicidality-associated CpG site
discovery. (A to C) Volcano plots of differential methylation analysis under three weighting conditions:
no weight (w = 1) (A), linear weight by attempt frequency (w = n) (B), and squared weight (w = n2) (C).
Blue points indicate CpG sites reaching significance (FDR < 0.05, weighted mean difference > 5%) in the
full discovery set without random sampling; red points indicate those consistently selected in at least
90% of 1,000 random sampling iterations. Numbers denote the count of significant CpG sites for each
condition. (D to F) Number of CpG sites selected as a function of the consistency threshold across 1,000
random sampling iterations, corresponding to the three weighting conditions in (A) to (C). Vertical
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dashed lines mark the 90% threshold used for final marker selection; the number of CpG sites meeting
this threshold is indicated. (G) Classification performance (AUROC) of random forest models trained on
marker sets derived from each condition and validated on an independent Korean cohort. Blue bars
represent models using all significant CpG sites from the full discovery set (without random sampling);
red bars represent models using CpG sites passing the 90% consistency threshold (with random
sampling). No red bar is shown for the no-weight condition, as zero CpG sites met the threshold.
Asterisks denote significant differences by DeLong's test (*: 0.01≤p<0.05; **: 0.001≤p<0.01).
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Figure 2

Pathway enrichment and recurrence-associated methylation changes among the 365 suicidality-
associated CpG sites. (A) KEGG pathway enrichment analysis of 390 genes annotated to the 365 CpG
sites. (B) Gene Ontology cellular component enrichment analysis. In both (A) and (B), dot size represents
the number of genes in each term, and color indicates statistical significance (-log10 FDR). Terms
reaching significance (FDR < 0.05) are labeled in blue; nonsignificant terms are shown in gray. (C)
Relationship between weighted mean methylation difference (attempter vs. control, x axis) and
Spearman's correlation coefficient between methylation level and number of suicide attempts (y axis) for
all 365 CpG sites. Among CpG sites with significant correlations (FDR < 0.05), red dots indicate
hypermethylated sites and blue dots indicate hypomethylated sites in attempters relative to controls.
Gray dots indicate nonsignificant correlations. Gene names are annotated for CpG sites with |ρ| > 0.4.

Figure 3

Classification performance of the 365 CpG marker panel across three independent validation cohorts.
(A) ROC curve for the Korean blood validation cohort, in which the random forest model trained on the
full discovery set was directly applied to classify suicide attempters versus matched controls. (B) ROC
curve for the UK postmortem brain tissue dataset (GSE88890, Brodmann area 11). Performance was
evaluated by 3-fold cross-validation within this dataset. The red line indicates the mean ROC across
folds, and the shaded area represents ±1 standard deviation. (C) ROC curve for the Lithuanian blood
cohort. Performance was evaluated by 3-fold cross-validation as in (B).
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Figure 4

Feature importance across three validation cohorts reveals convergence at the NEK4-ITIH1 locus. (A to
C) SHAP-based feature importance for the 10 top-ranked CpG sites in the (A) Korean blood validation
cohort, (B) UK postmortem brain tissue, and (C) Lithuanian blood cohort. Bar height represents the mean
absolute SHAP value for each CpG site, with annotated gene names shown alongside. In (B) and (C),
error bars indicate ±1 standard error derived from 3-fold cross-validation. The intergenic CpG site
chr3:52773754 at the NEK4-ITIH1 locus is highlighted in red. (D) Boxplots of methylation levels at three
adjacent CpG sites within the ITIH1gene body in the Lithuanian cohort, located approximately 5.7 kb
downstream of chr3:52773754. Asterisks above individual CpG sites indicate significant differences
between groups by Wilcoxon rank-sum test (*: 0.01≤p<0.05; **: 0.001≤p<0.01; ***: 0.0001≤p<0.001; ****:
p<0.0001)
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