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Graphical abstract: The study conducted a comprehensive genome-wide analysis of differential 

5mC and 5hmC modifications at both CpG and non-CpG sites in postmortem orbitofrontal neurons 

from 25 PTSD cases and 13 healthy controls. It was observed that PTSD patients exhibit a greater 

number of differential 5hmC sites compared to 5mC sites. Specifically, individuals with PTSD 

tend to show hyper-5mC/5hmC at CpG sites, particularly within CpG islands and promoter 

regions, and hypo-5mC/5hmC at non-CpG sites, especially within intragenic regions. Functional 

enrichment analysis indicated distinct yet interconnected roles for 5mC and 5hmC in PTSD. The 

5mC marks primarily regulate cell-cell adhesion processes, whereas 5hmC marks are involved in 

embryonic morphogenesis and cell fate commitment. By integrating published PTSD findings 

from central and peripheral tissues through multi-omics approaches, several biological 

mechanisms were prioritized, including developmental processes, HPA axis regulation, and 

immune responses. Based on the consistent enrichment in developmental processes, we 

hypothesize that if epigenetic changes occur during early developmental stages, they may increase 

the risk of developing PTSD following trauma exposure. Conversely, if these epigenetic changes 

occur in adulthood, they may influence neuronal apoptosis and survival mechanisms. 
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Introduction 

Posttraumatic stress disorder (PTSD) is a complex psychiatric disorder that can develop in individuals 

exposed to traumatic events (DSM-5) [1]. While nearly 50% of individuals in the U.S. have experienced at 

least one traumatic event during their lifetime [2–5], the prevalence of PTSD in the general population is 

approximately 8.3% [6]. The role of genetic variants in PTSD has been revealed in recent large-scale 

genome-wide association studies (GWAS) reporting a SNP-based heritability of 5-20% [7,8]. Multiple 

environmental factors are also known to play a role in PTSD risk [7,9].  

Epigenetic mechanisms have been suggested to underlie the gene-environment interplay in PTSD 

risk. One of the most commonly studied epigenetic mechanisms in humans is DNA methylation (5mC) at 

CpG sites (CpGs), characterized by the addition of a methyl group to the 5’ position of a cytosine ring 

linked to a guanine [10]. Epigenome-wide association analyses (EWAS) from our group and others have 

revealed multiple epigenetically-dysregulated genes in PTSD [11–16]. Genes such as AKT, ANK3, BDNF, 

CNR1, COMT, CREB, DRD2, DMRTA2, DOCK2, EFS, ELK1, ETS-2, and GATA3 have been associated 

with PTSD in EWAS studies evaluating peripheral samples (blood and saliva) [11–16]. Notably, studies 

evaluating 5mC in the brain at the genome-wide level have been primarily limited to animal models, in 

which differentially methylated genes have been involved in inflammation, neurogenesis, and synaptic 

plasticity [17–19]. Considering the tissue- and cell-type specificity of epigenetic patterns [20] and the 

known impact of PTSD on the brain, human studies evaluating brain tissue are greatly warranted. 

Beyond the existing gap in 5mC patterns in the brain, there are other DNA-epigenetic mechanisms 

highly enriched in the brain with distinct gene regulatory processes that should be studied. One such 

mechanism is DNA hydroxymethylation (5hmC), an oxidized 5mC that represents a stable epigenetic mark 

and part of the demethylation pathway [21–25]. 5hmC is often co-localized with enhancer elements [26,27] 

and modulates the binding of DNA glycosylases and DNA repair proteins to DNA [28,29]. Promoter and 

gene body regions of actively transcribed genes are often enriched by 5hmC marks [25]. Studies have linked 

5hmC to psychiatric disorders including depression [30], alcohol use disorder [31,32], and, more recently, 
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opioid use disorder [33], where functional differences between 5hmC and 5mC are postulated. To our 

knowledge, no studies have evaluated the role of 5hmC in PTSD.  

 Additional DNA epigenetic marks within the human brain that warrant further investigation is 

5mC at non-CpG sites (CHH and CHG, where H refers to 5mC at cytosines linked to adenine, thymine, or 

other cytosines) [34,35]. 5mC at non-CpGs is reported in a limited number of cell types such as stem cells, 

oocytes, neurons, and glia. Indeed, neurons exhibit a distinct non-CpG 5mC pattern compared to glial cells, 

highlighting cell-type specificity. Non-CpG 5mC accumulates throughout development, particularly 

increasing during synaptogenesis and synaptic pruning. Additionally, 5mC at non-CpGs is known to play 

a critical role in cognitive function [34–38]. Very few epigenetic studies have evaluated 5mC at non-CpGs 

in the context of psychiatric disorders. Evidence of the role of 5mC at non-CpGs in opioid use disorder 

(OUD) was recently reported by our group [39]. To our knowledge, no studies have evaluated the role of 

5mC and 5hmC at non-CpG sites in PTSD.  

The orbitofrontal cortex (OFC) is a brain region implicated in emotion regulation and fear response, 

both of which are critical domains in PTSD [40–43]. Here, we present the first neuronal-specific mapping 

of 5mC and 5hmC at CpGs and non-CpGs in the human postmortem OFC of individuals with PTSD and 

controls (Fig 1). We reveal differences and similarities between 5mC/5hmC at CpG and non-CpG sites in 

terms of genome distribution and directional effect and demonstrate that 5hmC emerges as a prominent 

epigenetic marker in PTSD. We integrate our epigenomic findings with previously reported findings from 

other -omic studies in PTSD (i.e., GWAS, EWAS, and transcriptomics) to explore convergence on 

molecular mechanisms and prioritize dysregulated genes and gene networks that may play an essential role 

in PTSD. We found that developmental processes were a highly enriched mechanism in PTSD, and more 

than 50 PTSD-associated genes were prioritized through multi-omics analysis. Lastly, we conduct a drug-

repurposing analysis and report potential therapeutic targets for the treatment of PTSD such as CRHR1 and 

DRD4. 
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Fig. 1. Study workflow. 1. Postmortem brain tissue from the orbitofrontal cortex (OFC) was obtained from 

individuals with PTSD and healthy controls collected at the VA’s National PTSD Brain Bank. 2. NeuN+ 

nuclei were isolated through FANS (fluorescence-activated nuclei sorting). 3. Reduced-representation 

oxidative-bisulfite-sequencing (RRoxBS) was conducted to assess 5mC and 5hmC in CpG and non-CpG 

sites (i.e., CHG/CHH). 4. The coverage of the RRoxBS is described, including the number of CpG, CHG, 

and CHH sites for 5mC and 5hmC. 

Results 

1. Differential DNA methylation at CpG and non-CpG sites 

We identified 735 genome-wide significant (GWS; q-value < 0.05 and ± Δ value higher than 2%) 

differential 5mC sites associated with PTSD, including 539 at CpGs and 196 at non-CpGs (Fig. 2a and 

Table S1). Notably, the directional effect of GWS 5mC sites varied between CpGs and non-CpGs. While 

64.56% of CpG sites were hypermethylated (higher methylation in PTSD individuals as compared to 

healthy controls), on average, 64.03% of non-CpGs (50.59% at CHG sequence and 77.48% at CHH 

sequence) exhibited hypomethylation (Table S1). Regarding genome-location mapping of the GWS 5mC 

sites, 43.23% of CpGs and 33.90% of non-CpGs (24.72% at CHG and 18.02 at CHH) map to promoter 

regions (Fig. 2b). GWS 5mC sites mapping CpG islands correspond to 43.41% of CpGs and 22.85% of 

non-CpGs (25.88% at CHG and 19.82% at CHH) (Fig. 2c). For the GWS 5mC sites mapping CpG islands 

within promoter regions, we observed hypermethylation in 76.67% of CpGs and hypomethylation in 
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93.33% of non-CpGs. These results show that both GWS differential 5mC CpGs and non-CpGs associated 

with PTSD map to important regulatory regions involved in gene expression.  

 

 

Fig. 2. PTSD-associated significant differentially-methylated cytosines in OFC neuronal nuclei. A) 

Circos plot shows the genome-wide distribution of differentially-methylated cytosines at GWS CpGs and 

non-CpG sites associated with PTSD. b) and c) Pie charts representing gene and CpGi features of 

significant genome-wide significant CpG and non-CpGs. 

 

 To explore the molecular mechanisms that may be impacted by 5mC alterations associated with 

PTSD, we performed a functional-enrichment analysis. After multiple-testing correction (Q value < 0.05), 
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biological pathways such as developmental process (GO:0032502) and response to stimulus (GO:0050896) 

were significantly enriched by both GWS 5mC CpGs and non-CpGs (Fig. S1 and Tables S2-3). In the co-

methylation analysis for CpGs, we identified 16 modules with a correlation score greater than 0.4 with 

PTSD (six with positive correlation and ten with negative correlation) (Fig. S2a-c). Brain development 

(GO:0007420) was a common pathway enriched in the thistle3, olivedrab2, and yellowgreen modules (Fig. 

S2d and Table S4). For non-CpGs (correlation score higher than 0.2), one module for CHG sites was 

negatively correlated with PTSD, showing enrichment for cellular response to retinoic acid (GO:0071300) 

(Fig. S2a-d). 

Overall, our PTSD-associated 5mC findings in the OFC neuronal nuclei reveal distinct patterns of 

regulatory profiles when comparing CpGs with non-CpGs, though both affect similar biological pathways 

such as developmental processes and response to stimulus.  

2. Differential DNA hydroxymethylation at CpG and non-CpG sites 

Compared to GWS 5mC findings, a higher number of GWS-differential 5hmC sites was associated with 

PTSD, including 816 at CpGs and 334 at non-CpGs (103 CHGs and 231 CHHs) (Fig. 3a and Table S5). 

As with 5mC, a higher number of GWS 5hmC sites were observed in CpGs when compared to non-CpGs. 

Hyper-5hmC was identified in 58.82% of CpGs and hypo-5hmC in 64.62% of non-CpGs (62.14% at CHG 

and 67.10% at CHH) (Table S5). Gene-feature annotation was also similar to 5mC, with 46.57% of GWS 

5hmC at CpGs and 27.12% at non-CpGs mapping to promoters (29.13% in CHG and 25.11% in CHH sites) 

(Fig. 3b). The percentage of GWS-differential sites mapping CpG islands was slightly higher in 5hmC 

CpGs compared to 5mC: 56.50% in CpGs and 22.85% in non-CpGs (25.88% in CHG and 19.82 in CHH 

sites) (Fig. 3c). Regarding GWS 5hmC sites mapping CpG islands within promoter regions, hyper-5hmC 

was observed in 68.48% of CpGs and hypo-5hmC in 88.57% of non-CpGs. Overall, the directions of effect 

and genomic locations of the PTSD-associated GWS 5hmC resemble the pattern observed in 5mC, both 

mapping gene regulatory regions. 
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Fig. 3. PTSD-associated significant differentially-hydroxymethylated cytosines in OFC neuronal 

nuclei. a) Circos plot shows the genome-wide distribution of significantly differentially-

hydroxymethylated cytosines at CpG and non-CpG sites associated with PTSD. b) and c) Pie charts 

depict the gene and CpGi features of significant CpGs and non-CpGs.  

 

At the functional level, the enrichment for developmental process (GO:0032502) and response to stimulus 

(GO:0050896) observed in GWS-differential 5mC sites was also found in GWS-differential 5hmC sites, 

although at a greater significance. Additional biological pathways such as signaling (GO:0023052), cellular 

process (GO:0009987), and metabolic process (GO:0008152) were also significantly enriched in GWS-

differential 5hmC sites (Fig. S3 and Tables S6-7). For the co-hydroxymethylation at CpGs, ten modules 

were associated with PTSD (Fig. S4a-d) and significantly enriched for cell morphogenesis (GO:0000902), 
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head development (GO:0060322), immunoglobulin production (GO:0002377), and lymphocyte apoptotic 

process (GO:0070227) (Fig. S4d and Table S8). Co-hydroxymethylation analysis at non-CpGs identified 

the mediumaquamarine module as significantly associated with PTSD for CHH sites (Fig. S4a-d), showing 

enrichment for homophilic cell adhesion via plasma membrane adhesion molecules (GO:0007156) and 

embryo development ending in birth or egg hatching (GO:0009792) (Fig. S4d and Table S8). For CHG 

sites, we identified the mistyrose2 module, but no significant functional enrichment was found. 

 While our findings reveal a notable similarity between the 5mC and 5hmC patterns associated with 

PTSD, the higher frequency of GWS 5hmC sites linked to PTSD, along with their higher enrichment in 

critical biological processes, underscores the pivotal role of 5hmC in the context of PTSD.  

3. Developmental processes as a convergent enrichment pathway 

Next, we explored convergent pathways across all domains, including 5mC and 5hmC, as well as CpG and 

non-CpG sites (Tables S9-10), to better understand the epigenetic landscape of PTSD in human cortical 

neurons. When comparing genes mapping GWS-differential 5mC and GWS 5hmC sites (in either CpGs or 

non-CpGs), we observed convergent enrichment in cellular processes (GO:0009987) and developmental 

process (GO:0032502). Within cellular processes, enrichment in homophilic cell adhesion via plasma 

membrane adhesion molecules (GO:0007156) and cell-cell adhesion via plasma membrane adhesion 

molecules (GO:0098742) exhibited a higher significance in GWS-differential 5mC findings. The 

enrichment in developmental processes was primarily driven by GWS-differential 5hmC, including 

embryonic morphogenesis (GO:0048598), cell-fate commitment (GO:0045165), and neuron-projection 

development (GO:0031175) (Fig. 4a-b). Comparing GWS-differential CpG and non-CpG sites for either 

5mC or 5hmC, we observed that the enrichment of embryonic morphogenesis (GO:0048598), cell-fate 

commitment (GO:0045165), and neuron-fate commitment (GO:0048663) (Fig. S5) was predominantly 

influenced by differential 5hmC CpGs. We showed that enrichment in developmental processes was 

primarily driven by GWS-differential 5hmC in CpG sites. 
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Fig. 4. Convergent pathways for neuronal-specific PTSD-associated epigenomic changes in the 

OFC. a) Enriched GO parental pathways by epigenetic mark (5mC/5hmC). b) Enriched GO pathways by 

epigenetic mark (5mC/5hmC). c) Gene-set enrichment analyses for genome-wide significant differential 

5mC across brain-developmental stages. d) Gene-set enrichment analyses for genome-wide significant 

differential 5hmC across brain-developmental stages.  

 

Given the observed enrichment of PTSD-associated epigenetic marks in developmental processes, we 

explored their enrichment across various developmental stages and different brain regions (Tables S11-

12). In the brain cortex, GWS-differential 5hmC marks showed a significant enrichment for late fetal, early 

infancy, early childhood, and adulthood stages (p value < 0.05; Fig. 4c-d and Table 1). In terms of brain 

regions, GWS-5hmC marks were enriched in the striatum, thalamus, hippocampus, and amygdala (Fig. 4c-
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d and Table S12). The highest brain-region enrichment for both GWS-differential 5mC and 5hmC sites 

across several developmental stages was the cerebellum (Fig. 4c-d and Table S11-12).  

We also conducted a disease-enrichment analysis on genes mapping to the GWS-differential sites 

associated with PTSD (Tables S13-16). The highest enrichments observed for GWS-differential 5mC and 

5hmC sites were vital capacity (C0042834) and diastolic blood pressure (C0428883), respectively (Tables 

S13-16). While mental disorder was enriched for both GWS-differential 5mC and 5hmC genes, a higher 

enrichment was observed with 5hmC, particularly at CpGs (Fig. 5). All GWS-differential 5mC and 5hmC 

sites mapping to genes enriched in mental disorders exhibit predicted transcription-factor binding sites 

(TFBS) (Table 2), suggesting a potential crucial role in gene-transcription regulation. Interestingly, a 

significant enrichment for PTSD was also observed, with CHRNA4, CRHR1, DRD4, ESR1, FLT4, 

HSP90AA1, INSRR, LMNA, LRP1, LTBP3, NOTCH3, OPRL1, PDE4A, PPP1R3C, TP73, TPH1, KL, 

HDAC4, C1QL1, PDAP1, and IMPACT mapping to GWS differential 5hmC sites, while NPY and TERT 

mapped to both GWS-differential 5mC and 5hmC sites (Table S13-16).   
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Fig. 5. PTSD-associated epigenomic alterations in OFC neuronal nuclei are enriched for mental 

disorders. Ideogram depicting PTSD-associated genome-wide hydroxymethylated genes at CpG and 

non-CpG sites enriched for mental disorders. 

 

 Collectively, our GWS-differential 5mC and 5hmC findings showed a prominent role for 

hydroxymethylation in PTSD, particularly in CpGs of genes involved in developmental processes. 

Furthermore, genes enriched in mental disorders and PTSD primarily exhibited GWS-differential 5hmC at 

CpGs.  

4. Convergent multi-omics findings  

We compared our current findings with prior -omics studies of PTSD, examining their convergence at gene 

and pathway levels in central and peripheral tissues, to help prioritize PTSD-relevant genes and pathways. 
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a. Convergence in OFC 

To prioritize genes and molecular pathways altered in the brains of individuals with PTSD, we analyzed 

the convergence of our findings with previously reported -omics studies obtained from central tissues. 

Specifically, we examined the convergence between our neuronal-specific OFC epigenomic findings with 

transcriptomic findings obtained from bulk-OFC [9].  

At the gene level, our GWS-differential 5mC and 5hmC findings, along with the published PTSD 

transcriptomic findings [9], reveal an overlap of five genes: RTN4RL1, RASAL3, BIN2, FOXO3, and ITGAX 

(Table S17). RTN4RL1, upregulated in the bulk-OFC, exhibited one hyper-5mC (chr17:1936219) and one 

hypo-5hmC (chr17:1998713) CpG site in intron 1, along with one hyper-5mC CHH site in exon 2. The 

GWS-differential 5hmC CpG site in intron 1 of RTN4RL1 has a predicted transcription-factor binding site 

(TFBS) for ZNF148, ZNF281, ZNF454, ZNF610, KLF15, KLF17, PATZ1, MAZ, and SP1. Additionally, 

the GWS-differential 5mC CHH site in exon 2 had a predicted TFBS for PRDM9. BIN2, found to be 

downregulated in the bulk-OFC, was identified with two GWS-differential 5hmC CpGs. One CpG site was 

hypo-5hmC (chr12:51324364) and located in intron 1 with an H3K27Ac mark and predicted TFBS for 

ZBED2, IRF6, and ZFX. The second 5hmC CpG site in BIN2 was hyper-5hmC (chr12:51324346) in intron 

1 with an H3K27Ac mark and no predicted TFBS. RASAL3, downregulated in the bulk-OFC and dlPFC, 

was identified with a GWS 5hmC CpG site and one GWS 5mC CHH site. The observed GWS CpG at the 

RASAL3 gene corresponds to a hyper-5hmC site (chr19:15457531) located in exon 9 with predicted TFBS 

for TCF3, TCF4, TCF12, and ASCL1. The observed GWS CHH site at the RASAL3 gene corresponds to a 

hypo-5mC site (chr19: 15471745) located upstream of the promoter region, with predicted TFBS for KLF3 

and CREB3L1. FOXO3 was found to be upregulated in the bulk-OFC and identified with a hyper-5hmC 

CpG site (chr6:108562555) located in intron 1, with an H3K27Ac mark and predicted TFBS for ZNF93, 

ZNF708, ZNF189, ZNF610, PRDM9, and TFAP4:ETV1. Lastly, ITGAX was found to be downregulated in 

the bulk-OFC (and dlPFC) and exhibited hyper-5hmC at a CHH site (chr16:31361425) located in intron 9, 

with a predicted TFBS for ZNF263 and SP1. 
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Regarding convergent molecular pathways and biological processes, our GWS-differential 5mC 

and 5hmC sites in OFC neuronal nuclei converge with GWS-differentially-expressed genes in the bulk-

OFC in developmental processes (GO:0032502) including tube morphogenesis (GO:0035239), blood 

vessel morphogenesis (GO:0048514), and neuron-projection development (GO:0031175) (Fig. S6 and 

Table S18).  

A protein-protein interaction (PPI) network analysis identified focal adhesion, with PI3K-Akt-

mTOR-signaling pathway (WP3932) and assembly and cell-surface presentation of NMDA receptors (R-

HSA-9609736) among the convergent mechanisms across the epigenetic and transcriptomic results in OFC 

(Fig. 6). Overall, convergent analysis in the human OFC highlights developmental processes as a key 

biological pathway in PTSD.  

 

 

Fig. 6. Cross-tissue multi-omics convergence in PTSD. Protein-protein interaction networks where 

PTSD-associated OFC findings converge, integrating 5mC and 5hmC and CpG, and CHH, together with 

differentially expressed genes in the OFC.  
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b. Cross-tissue, Multi-omics Convergence 

For the multi-omics integrative analysis, we evaluated convergence across genomic, epigenomic, 

and transcriptomic data by integrating results from both central and peripheral tissues. At the gene level, a 

significant overlap was found by performing a Fisher test (OR=2.5, p-value 3.6x10-8). Our PTSD-associated 

GWS-differential 5mC and 5hmC findings overlapped with 50 PTSD-associated genes previously reported 

in GWAS, EWAS, or transcriptomic studies conducted in human peripheral and brain tissues. There were 

ten genes with differential 5mC (PHTF1, PCDHA1, GLIS3, SOX6, SIPA1, NACA, MNT, SDK1, NINJ2, and 

POGK) and 40 genes with differential 5hmC (CRHR1, NRXN1, PCDHA1, TSNARE1, PGPEP1, PIK3CD, 

RNF220, NENF, BEST1, CRIP1, MAF, MED9, LIMD2, ZADH2, CDC37, NCL, OPRL1, TRIOBP, 

PLXNB2, CHST13, RGS12, TTYH3, EPHB4, ANK1, ATP2A3, SMAD7, COPA, BRI3BP, ARHGAP15, 

HDAC4, GSK3B, PIP5K1C, DHX37, VAMP2, AHRR, DUSP22, TRPS1, NDRG1, UST, and GRIN1) (Table 

S17).    

Localization (GO:0051179), cellular process (GO:0009987), and regulation of biological process 

(GO:0050789) were among the parental pathways enriched across all –omics studies (Fig S7). Particularly, 

cell-cell adhesion (GO:0098609), PID PDGFRB pathway (M186), B-cell-receptor signaling pathway 

(WP23), regulation of monoatomic ion transmembrane transport (GO:0034765), regulation of trans-

synaptic signaling (GO:0099177) and neuron-projection development (GO:0031175) are convergent 

pathways across previously reported epigenomic, transcriptomic, and GWAS PTSD-associated findings 

(Table S19). Cross-tissue epigenetic findings associated with PTSD converged in pathways such as 

receptor tyrosine kinases (R-HSA-9006934), gland development (GO:0048732), regulation of secretion 

(GO:0051046) and regulation of the MAPK cascade (GO:0043408). Overall, our cross-tissue multi-omics 

convergent analysis underscores 5hmC as the primary epigenetic mark that maps genes previously 

associated with PTSD. 

5. Drug discovery    
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A drug-repurposing analysis was conducted to evaluate the enrichment of known drugs interacting with 

genes containing GWS-differential 5mC/5hmC sites associated with PTSD. We found that 37 genes have 

a significant interaction with certain known drugs. These included PDGFRA for GWS-differential 5mC 

sites, VAMP2, LTB4R, ALOX5, MAP3K13, KCNN3, INSRR, DRD4, BRSK2, TPH1, SLC6A5, P2RY6, 

MLNR, DLL4, RGMA, RARA, FZD2, CRHR1, MADCAM1, TBXA2R, PDE4A, NOTCH3, ACKR3, MMP9, 

SLC12A5, OPRL1, TRPM2, ADORA2A, TACR3, LVRN, TRPC7, KCNK17, ABL1, ENTPD2, and 

CACNA1B for GWS-differential 5hmC sites, and TERT and EGLN3 for both GWS-differential 5mC and 

5hmC (Table S20). Notably, 13 of these 37 genes were found among the genes with GWS-differential 

5mC/5hmC sites enriched for mental disorders. Furthermore, several known drugs target reported PTSD-

associated genes. For example, verucerfont, ONO-2333MS, pexacerfont, SSR125543, ontamalimab, and 

antalarmin were identified as antagonists of CRHR1. Dexfenfluramine and sibutramine were identified as 

antagonists of SLC6A4. Nadide and econazole were identified as an agonist and an antagonist of TRPM2, 

respectively. 

Discussion 

The present study reveals the neuronal methylome and hydroxymethylome profiles associated with PTSD 

within the human OFC neurons, spanning both CpG and non-CpG sites. Diverse patterns of 5mC/5hmC 

profiles were found between CpG and non-CpG sites, exhibiting distinct directional effect and genome-

wide distribution. We identified a higher number of differential sites with 5hmC than with 5mC marks, 

along with enrichment in developmental processes, mental disorders, and PTSD driven by 5hmC marks. 

Furthermore, the highest convergence with previously-reported PTSD -omics findings was observed with 

genes mapping to 5hmC differential marks. Our findings make a significant contribution by investigating 

understudied epigenetic mechanisms in PTSD in a cell-type specific manner. 

Research indicates that while approximately 60-70% of CpGs are methylated, the CpGs located 

within promoter-associated CpG islands often exhibit low 5mC levels [35,44,45]. Similarly, 5hmC is 

depleted in CpG islands and enriched in enhancers, gene bodies, and CpG shores [46,47]. Non-CpG sites 
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exhibit enrichment in gene bodies, particularly at exons [48]. In our study, we observed variation between 

CpG and non-CpG sites. While GWS-differential CpGs tending towards hyper 5mC/5hmC mainly mapped 

to promoter regions and CpG islands, GWS-differential marks at non-CpGs showing tendencies towards to 

hypo-5mC/5hmC mapped to intronic regions and open sea. Our findings suggest that individuals with PTSD 

exhibit a significant epigenetic dysregulation in OFC neuronal cells, particularly characterized by changes 

in 5hmC within regulatory regions such as CpG islands and promoters. 

Our study also highlights the value of examining both 5mC and 5hmC at non-CpGs. Previous 

studies have shown that 5mC marks in mammals extend beyond non-CpGs in a cell-type-specific manner. 

Notably, neuronal cells exhibit higher levels of 5mC at non-CpGs compared to other brain cell types 

[34,35,49]. In the OFC neuron nuclei, we found a significant amount of GWS-differential 5mC and 5hmC 

marks associated with PTSD at non-CpG sites. The genome distribution of these non-CpG sites was 

consistent with that reported in the mammalian brain [35,49]; that is, a reduced co-localization between 

5mC CpG and non-CpGs as well as hypo-5mC in non-CpGs proximal to CpGs. However, the GWS-

differential 5mC/5hmC non-CpG sites in our study did not exhibit enrichment at exons [48]. Instead, they 

predominantly mapped to intronic regions, displaying tendencies towards hypo-5mC/5hmC in PTSD cases 

compared to controls. This divergence underscores the complexity of epigenetic regulation in the context 

of PTSD, emphasizing the need for further exploration into non-CpG methylation and hydroxymethylation 

dynamics.  

Regarding the potential functional impact of epigenetic findings, it has been well established that 

epigenetic marks play an important regulatory role in gene expression by modulating the interaction 

between transcriptional machinery and DNA regulatory elements commonly found in CpG islands and 

promoters [50–52]. While 5mC mapping to promoter regions is typically related to gene-expression 

repression [46], 5mC mapping to gene bodies is related to transcription activation [53]. 5hmC marks 

mapped to promoters and gene bodies are commonly found in actively transcribed genes [25]. 5hmC is 

involved in gene activation by increasing hydrophilicity, destabilizing the double helix and increasing 
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interaction with transcription factors [54,55]. Notably, most of the identified GWS epigenetic marks in our 

study that map to genes enriched in mental disorders and PTSD showed predicted transcription-factor 

binding sites. This suggests that DNA 5mC/5hmC modifications in these disease-enriched genes may either 

hinder or enhance the binding of transcription factors to their sites, thereby influencing gene transcription 

[56]. Although our study did not allow for the direct examination of the transcriptional profile within the 

same OFC-neuronal nuclei, we complemented our neuro-specific findings by integrating them with bulk-

transcriptomic results of the OFC reported in [9], where there is substantial sample overlap. We found 

convergence of five genes (RTN4RL1, RASAL3, BIN2, FOXO3, and ITGAX) across both -omics approaches. 

Future analysis employing single-cell epigenomic and transcriptomic approaches is warranted to gain a 

deeper understanding of the influence of differential 5mC/5hmC on gene expression patterns in the context 

of PTSD.  

Our findings suggest that genes involved in cellular processes tend to be hyper-5mC in individuals 

with PTSD, while genes involved in embryonic morphogenesis and cell-fate commitment tend to be hyper-

5hmC in individuals with PTSD.  In the context of PTSD, it may result in a plausible downregulation of 

genes responsible for maintaining cell-cell connectivity, coupled with an upregulation of genes involved in 

cell-fate commitment. A recent study demonstrated that transcriptional dysregulation of genes involved in 

these two molecular mechanisms, particularly of 175 core genes, may disturb the homeostasis between 

neuronal survival and apoptosis throughout adulthood [57]. Of these 175 core genes, 12 were identified in 

our analyses: RAB13, TWIST2, GABRA6 with differential 5mC and ST14, PAQR5, MAF, TWIST2, PAQR5, 

PLEKHF1, TWIST2, OLIG2, and H1F0 with differential 5hmC. Considering our findings alongside the 

existing literature, we speculate that in the progression from trauma to PTSD, both 5mC and 5hmC may 

orchestrate a transcriptomic dysregulation in processes such as cell-cell connectivity and cell-fate 

commitment, disrupting the delicate equilibrium between neuronal survival and apoptosis.  

A growing literature indicates that early life stress can significantly increase the risk of developing 

psychiatric disorders like PTSD by affecting brain development in key regions such as the prefrontal cortex, 
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amygdala, and hippocampus, as well as by altering synaptic organization and stress response [58–62]. 

Animal models have shown alterations in spine density and dendritic length in the prefrontal cortex 

(including OFC) after stress exposure during different developmental stages [60,63–65]. Our study revealed 

a notable and consistent enrichment for developmental processes, as was evident in our GWS-differential 

5mC/5hmC findings, co-5mC, co-5hmC network modules, and multi-omics convergence analysis of PTSD. 

Furthermore, we identified an enrichment of our GWS-differential 5hmC sites in early developmental 

stages including late fetal, early infancy, and early childhood. Notably, this enrichment, led by GWS-

differential 5hmC sites, maps to genes such as PAX, SOX, FOX, NOTCH, and HMX, all key regulators of 

embryonic development of the central nervous system [66–68]. Overall, our findings suggest that the 

epigenetic dysregulation associated with PTSD, mainly 5hmC, might occur during early stages of 

development.  

Studies examining genetic variants through GWAS, as well as epigenomic and transcriptomic 

profiles, have provided valuable insights into the genes and mechanisms associated with PTSD. However, 

most studies examine each -omic domain in isolation [7,69,70]. Cross-tissue multi-omics analysis may 

unveil converging molecular pathways involved in psychiatric disorders like PTSD while also shedding 

light on potential biomarkers and therapeutic targets [71,72]. In our integrative analysis, we delve into the 

intricate interplay of genetic, epigenetic, and transcriptomic factors across different tissues to reveal novel 

gene and gene targets for the treatment of PTSD. Among our most notable findings from the cross-tissue 

multi-omics analysis, we found genes participating in the hypothalamic-pituitary-adrenal axis (HPA) axis 

to be closely implicated in PTSD. Previous epigenetic studies in targeted genes have linked HPA-axis-

related genes such as NR3C1 and FKBP5 with PTSD [73–77]. In the HPA axis, corticotropin-releasing 

hormone (CRH) orchestrates cortisol release upon exposure to stress. Cortisol then binds to the 

glucocorticoid receptor (NR3C1), along with other co-chaperones such as FKBP5 and HSP90, to be 

translocated into the nucleus. This complex binds to glucocorticoid-response elements (GRE) in the 

promoter region of several genes to regulate their expression [78–80]. Corticotropin-releasing hormone 
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receptor 1 (CRHR1), a well-known G-protein-coupled receptor that binds to CRH,  has been identified in a 

recent large-scale GWAS of PTSD re-experiencing symptoms [81]. CRHR1 was one of the identified genes 

with differential 5hmC at CpGs with a predicted TFBS. Further, our drug-repurposing analysis revealed the 

interaction of CRHR1 with drugs such as verucerfont, ONO-2333MS, pexacerfont, SSR125543, 

ontamalimab, and antalarmin. Some of these drugs are currently being evaluated in clinical trials for the 

treatment of depression, including ONO-2333MS (NCT05923866) and SSR125543 (NCT01034995). 

Pexacerfont has been evaluated in humans as a potential treatment for drug dependence [82]. Antalarmin 

has not been evaluated in humans, but in animal models it has been shown to attenuate conditioned-fear 

response and reduce anxiety-associated behaviors [83,84]. In addition to the CRHR1 gene, we found 

HSP90AA1 and BAIAP2 to be both differentially 5hmC and implicated in the HPA axis. HSP90AA1 

encodes a molecular chaperone that binds to FKBP5 and mediates the nuclear translocation of 

glucocorticoid receptors [85,86]. BAIAP2 (brain-specific angiogenesis inhibitor 1-associated protein 2) is a 

glucocorticoid-responsive protein involved in cytoskeletal reorganization related to membrane/actin 

dynamics at excitatory synapses and dendritic spine density in neurons. Future work is necessary to evaluate 

the viability of these genes as treatment targets for PTSD. 

Other well-known biological pathways related to PTSD identified in our multi-omics convergent 

analysis include immune-system process, chemical-synaptic transmission, response to hormones, and the 

canonical Wnt/MAPK pathways. Glucocorticoids may affect both central and peripheral immune responses 

in PTSD, where increased production of pro-inflammatory cytokines may orchestrate neuroinflammation 

and neuron apoptosis [87–89]. The Wnt pathway, which regulates cell-fate specification and cell 

proliferation, has also been implicated in inflammation. For example, it interacts with NF-κB, which 

regulates the expression of immune-related genes such as cytokines, chemokines, and immune receptors 

[90]. Recently, upregulation of Wnt signaling was reported in peripheral blood mononuclear cells of 

individuals with PTSD, leading to an inflammatory phenotype [91].  
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Additional genes showing differential 5hmC at CpGs, with predicted TFBS and enrichment for 

mental disorders, as well as identified druggable targets in our drug repurposing analysis, include DRD4 

and HDAC4. Dopamine receptor 4 (DRD4), expressed in brain regions such as the hypothalamus, frontal 

cortex, and hippocampus, has been implicated in memory processes [92]. Polymorphisms identified in this 

gene have been associated with psychiatric disorders including PTSD [92–95]. The histone deacetylase 4 

(HDAC4) gene is expressed in the amygdala and has been related to learning and memory [96]. An 

epigenome-wide association study found that methylation of HDAC4 in blood is significantly associated 

with PTSD, and that differential expression of HDAC4 in the amygdala of female rodents varies with 

estrogen levels [96]. An upregulation of HDAC4 was also associated with PTSD symptoms in World Trade 

Center responders [97]. Additional convergent genes identified in our multi-omic analysis are SOX6 and 

NDRG1, both reported in GWAS studies. A SNP mapping to an intron of N-myc downstream-regulated 

gene 1 (NDRG1), a stress-response gene that participates in processes such as hypoxia, inflammation, and 

cell growth, was reported to be significantly associated with PTSD [98]. The SNP rs12420134 mapping to 

SOX6, a key gene that participates in the development of the central nervous system, was significantly 

associated with hyper-arousal in PTSD individuals [8].  

Functional implications of PTSD-associated GWS epigenetic marks at non-CpGs revealed genes 

involved in synaptic signaling such as SHANK2, GABRA6 and GRIN2C, as well as those previously 

implicated in psychiatric disorders such as HDAC4 and GRIN1. SHANK2 encodes a scaffold protein in the 

postsynaptic density of excitatory synapses [99], GRIN1 and GRIN2C encode critical subunits of N-methyl-

D-aspartate (NMDA) receptors that regulate AMPAR-mediated excitatory and GABRA6 encodes a subunits 

of gamma-aminobutyric acid type A (GABA) receptor, the major inhibitory neurotransmitter in the 

mammalian brain [100]. Exposure to chronic stress is linked to an excitatory-inhibitory (E/I) imbalance, 

including hypoactivity of the PFC due to an over-inhibition of GABAergic neurons [101,102].  Decreased 

levels of GABA in plasma is associated with development of PTSD [102]. Altogether, suggests that 5mC 

 . CC-BY-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted October 16, 2024. ; https://doi.org/10.1101/2024.10.11.24315258doi: medRxiv preprint 

https://doi.org/10.1101/2024.10.11.24315258
http://creativecommons.org/licenses/by-nd/4.0/


   
 

22 
 

and 5hmC at non-CpGs may disrupt the excitatory-inhibitory (E/I) balance regulation in the OFC and play 

an important role in PTSD.  

Limitations 

Considering the tissue and cell-type specificity of epigenetic patterns, future work should include a broader 

investigation across various neuronal types (glutamatergic and GABAergic) and extend to other brain cell 

types (oligodendrocytes, astrocytes, and microglia) as well as other brain regions (amygdala and 

hippocampus) implicated in the etiology of PTSD. Further, larger cohorts will allow for an evaluation of 

the effects of sex, age, and type of trauma on the epigenetic landscape in the human brain, which is essential 

to gaining a deeper understanding of the role of epigenetics in PTSD. By examining these diverse factors, 

we can achieve a more comprehensive and nuanced understanding of the complex interplay between 

epigenetics and the psychopathology of PTSD. 

Conclusion  

In conclusion, our comprehensive multi-omic analysis assessing 5mC and 5hmC in both CpG and non-CpG 

sites represents a significant advance in our understanding of epigenetic contributions to PTSD. By 

integrating and evaluating the genomic distribution, target genes, and functional enrichment of 5mC and 

5hmC, we provide insights into how each plays a distinct yet interconnected role in PTSD. In our multi-

omics integrative analysis, we not only report molecular mechanisms and genes well known to be associated 

with PTSD, but also pinpoint potential therapeutic targets for effective treatment of PTSD. These 

approaches offer tangible avenues for future targeted intervention.  
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Tables 

Table 1. GWS-differential 5mC and 5hmC sites associated with PTSD enriched in the brain cortex across 

different developmental stages. 

 Methylation Hydroxymethylation 

Late fetal SDK1, RTN4RL1, PCDHAC1, EDARADD, 

PCDHA5, PCDHA7, PCDHA3, PCDHA4, 

PCDHA2, SLCO2A1, ULBP2, PCDHA13, 

NFE2L3, CSMD2, COL15A1, UST, STK31, 

OCA2, MN1, ADAMTSL3, CPVL, CD1D, 

SCUBE1, CUX2, COMTD1, and FBLIM1 

PRSS12, CRIP2, RTN4RL1, THSD7B, PCDHA5, 

TBXA2R, PCDHA4, TBC1D30, PCDHA2, TNFAIP2, 

PTPN2, PCDHA3, MEPE, TACR3, VSTM2L, SMTNL2, 

COMTD1, TRPC7, CSMD2, COL15A1, ARHGAP15, 

UST, OCA2, MN1, ADAMTSL3, CHST8, SCUBE1, 

CUX2, EPS8L1, C1QL1, KLHL8, TMEM102, and 

PTPRK 

Early infancy ULBP2, F7, UST, PCDHA5, STK31, 

TWIST2, RTN4RL1, SHANK2, CHRM1, 

PCDHA9, NEURL1B, ST14, DLGAP2, 

CD1D, CPLX3, LRRK1, TMEM132B, 

LINGO1, CUX2, and KALRN 

F7, FAM43A, TWIST2, RTN4RL1, PCDHA5, KALRN, 

CPLX3, LRRK1, RXFP3, MEPE, LINGO1, VSTM2L, 

SDK2, CHRM1, GP1BB, ST14, LAMC3, GRIN1, UST, 

FAM163B, DLGAP2, MATK, CUX2, SHANK2, CHST13, 

and TMEM151B 

Early childhood  MERTK, SCT, CDC42EP5, PPP1R3C, HHIPL1, EPAS1, 

TWIST2, ISG20, SOX17, FAM163B, SMAD6, DLGAP2, 

SCARA3, MATK, GAS2L1, KALRN, ZNF366, and GUK1 

Adulthood  F7, MAPK8IP3, TWIST2, JAKMIP3, KALRN, PTH2R, 

LRRK1, CORO6, TNFRSF11A, FBXL16, SCN8A, 

PLEKHA2, CHRM1, UNC13A, GRIN1, VWA5B2, 

PPP2R2C, BTBD9, TRPM2, FAM163B, ATP6V1B2, 

DLGAP2, KCNA1, GDF7, SLC12A5, C1QL1, FGF8, 

FAM153B, MEPE, PTPRK, MCF2L2, PDE4A, and 

UNC5A 

 

 

Table 2. Enriched genes for mental disorders with predicted transcription-factor (TF) binding sites. 
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Site with 

5hmC  

Chromoso

me  

Location 

(hg38)  
Gene (UCSC)  Gene location  

(Delta) ∆ 

methylation  
Predicted TF Binding site  

CpG  

chr10  91633718  PPP1R3C  
Upstream 

promoter  
Hypo  FOXJ2::ELF1,FOXO1::ELF1,ETV5::FOXI1  

chr11  636965  DRD4  
Upstream 

promoter  
Hypo  HIC2  

chr11  18046217  TPH1  Intron 1  Hyper  ZNF454/ZBTB14-33/E2F6/TFDP1  

chr11  18046285  TPH1  
Upstream 

promoter  
Hyper  ZNF454/ZIC5/KLF15/IkzF3/ERF::FOXO1/ZFP335  

chr13  33016215  KL  
Upstream 

promoter  
Hyper  ZNF669/TCF12/ZFP57  

chr17  44967536  C1QL1  Exon 1  Hyper  ERF::NHLH1/STAT1-3/TEAD1-2-4  

chr19  15201203  NOTCH3  
Upstream 

promoter  
Hyper  Close to Binding site of KLF2-6-9 and EGR1-2-4  

chr5  1279038  TERT  Intron 5  Hyper  NFATC3-4/IRF1-6  

chr6  151930230  ESR1  Intron 5  Hyper  NFKB1/NR1H3::RXRA  

chr11  626931  SCT  Exon 2  Hyper  ZNF610/HES1/TCFL5/CTCFL/ZNF148  

chr17  79182829  RBFOX3  Intron 4  Hyper  PRDM9/EGR1/ZNF93-148-281/KLF15/PATZ1/WT1/YY2  

chr5  33938115  RXFP3  Exon 1  Hyper  ZTCF/ZIC1-3-4-5/ZBTB7B/CTCFL  

chr13  112967765  MCF2L  Intron 2  Hypo  SOX5/ETS2/SPDEF/ELK1::HOXB13  

chr14  100193320  DEGS2  
Upstream 

promoter  
Hypo  

Gli1-2-3-5/ZIC4-5/GLIS2/E2F6/E2F8/ZNF320-

454/PLAG1/SP3  

chr15  93055162  RGMA  Intron 2  Hypo  

ETV5::FOXL1/ETV2::FOXL1/ETV5::FOXO1/ERF::FOX

L1/ERF::FOXO1/FLI1::FOXL1/FOXJ2::ELF1/FOXO1::

ELF1/FOXO::ELK1/FOXO::ELK3/FOXO::FLI1/ELF2-

4/ETS2/ETV2/FEV/ZBTB7A/ELK1/ETS1/FLI1/ERF/ETV3

-4-5/ELK3/ELK1::HOXA1  

chr17  49495550  NGFR  Intron 1  Hyper  ZNF454/YY2  

chr18  5891304  TMEM200C  Exon 1, 3  Hyper  HIF1A/ARNT::HIF1A  

chr18  5891326  TMEM200C  Exon 1, 3  Hyper  MYBL2  

chr2  113291326  PAX8  
Upstream 

promoter  
Hyper  ZNF343-549/ERF::NHLH1  

chr20  19975307  RIN2  
Intron 4 – exon 8, 

9  
Hypo  ZNF93/ZNF610/TAFP4::ETV1  
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chr20  19975315  RIN2  
Intron 4 – exon 8, 

9  
Hypo  PBX3  

chr20  46011004  MMP9  Exon 4  Hyper  ZNF669/KLF6-13  

chr21  37564102  DYRK1A  
Upstream 

promoter  
Hyper  TFDP1/CTCFL  

chr22  19149209  GSC2  Intron 2  Hyper  HINFP/RHOX11/ZNF331  

chr3  50276322  SEMA3B  Exon 11, 17, 18  Hyper  NR1I2  

chr3  129974727  TRH  Exon 1  Hyper  ZNF331/TCF12  

chr4  997868  IDUA  Intron 2  Hyper  ZNF423  

chr9  124503773  NR5A1  Intron 1  Hyper  ZNF263-343  

chr7  150947667  KCNH2  Exon 8  Hyper  ZNF701/KLF1-4/PATZ1  

CHG  

chr11  78962621  TENM4  Intron 6  Hyper  PRDM5/ERF::FOXO1/ZFP335  

chr21  44351315  TRPM2  Intron 1  Hyper  NPYB  

chr21  44370382  TRPM2  Intron 6  Hypo  ZNF257  

CHH  

chr15  88639095  ISG20  Intron 3  Hypo  ZNF93/ZNF189/ZNF701/ASCL1/ASCL2/FERD3L  

chr2  239275258  HDAC4  Intron 2  Hypo  NFIX/KLF4  

chr21  33022849  OLIG2  
Upstream 

promoter  
Hypo  ZIC5/E2F6/WT1/YY2/ZNF707  

chr5  1256677  TERT  Intron 13  Hypo  CREB3L1  

TF: transcription factor  

 

START Methods 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Biological samples   
Neuron nuclei Freshly-frozen orbitofrontal 

cortex (OFC) postmortem 
samples from the VA’s 
curated National PTSD Brain 
Bank (NPBB).  
 
Fluorescence-activated 
nuclei sorting (FANS) and 
Anti-NeuN-PE (Millipore-
Sigma, FCMAB317PE) were 
employed to isolate neuron 
nuclei.  

https://www.research.va.gov/programs/tissue_banking
/specimen_biobanking.cfm 
 
 
 
 
Millipore-Sigma, FCMAB317PE 
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DNA proteinase K  
 
 
RNAse A  
 
 
DNeasy Blood and Tissue 
Kit  
 
Zymo Genomic DNA Clean 
and Concentrator-10 kit 

Cat. #69504, Qiagen, Valencia, CA  
 
 
Cat. #12091021; Thermo-Fischer, Waltham, MA 
 
 
Cat. #69504, Qiagen 
 
 
Cat. #D4010, Zymo Inc., Irving CA 

Epigenomic data Reduced representation 
oxidative bisulfite-seq 
(RRoxBS) was performed at 
Weill Cornell Epigenomics 
Core (New York, NY) 

https://epicore.med.cornell.edu/  

Software and algorithms 
methylKit_1.24.0 R version 4.2.2 https://www.bioconductor.org/packages/release/bioc/

vignettes/methylKit/inst/doc/methylKit.html  
Genomation 1.30.0 R version 4.2.2 https://www.bioconductor.org/packages/release/bioc/

vignettes/genomation/inst/doc/GenomationManual.ht
ml  

EnrichR 3.0.0 R version 4.2.2 https://cran.r-
project.org/web/packages/enrichR/vignettes/enrichR.h
tml  

WGCNA 1.71 R version 4.2.2 https://cran.r-
project.org/web/packages/WGCNA/WGCNA.pdf  

ggplot2_3.5.0 R version 4.3.0 https://cran.r-
project.org/web/packages/ggplot2/index.html  

GeneOverlap_1.36.0 R version 4.3.0 https://bioconductor.org/packages/release/bioc/vignet
tes/GeneOverlap/inst/doc/GeneOverlap.pdf  

ShinyGO NA http://bioinformatics.sdstate.edu/go77/  
Metascape NA https://metascape.org/gp/index.html#/main/step1  

 

Materials and Methods 

Study cohort 

Freshly-frozen orbitofrontal cortex (OFC) postmortem samples were obtained from the VA’s curated 

National PTSD Brain Bank (NPBB) [103], including 26 samples from individuals diagnosed with PTSD 

and 14 healthy controls. Detailed information on informed consent, diagnostic assessments, and brain tissue 

dissections can be found in [103]. Briefly, informed consent was obtained directly from the donors upon 

enrollment in NPBB or from their next of kin shortly after death. Clinical diagnosis under DSM-IV criteria 

was based on NPBB’s postmortem diagnostic assessment protocol, surveys, and medical record reviews. 
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Each brain region was hemisected, cut into 1–1.5-cm slabs, and cooled on aluminum plates suspended in 

dry ice. 

Neuronal nuclei isolation and DNA extraction 

For neuronal nuclei isolation, we conducted fluorescence-activated nuclei sorting (FANS) as previously 

described [33]. The OFC tissue was lysed, homogenized, filtered, and ultracentrifuged. The resulting 

neuronal nuclei were resuspended in 0.5% bovine serum albumin with Anti-NeuN-PE (Millipore-Sigma, 

FCMAB317PE). Next, we added 50 µL proteinase K (Cat. #69504, Qiagen, Valencia, CA) and 20 mg/mL 

RNAse A (Cat. #12091021; Thermo-Fischer, Waltham, MA) to the samples. Genomic DNA (gDNA) was 

isolated from the nuclei using the DNeasy Blood and Tissue Kit (Cat. #69504, Qiagen), following the 

manufacturer’s recommendations. The DNA samples were then concentrated using the Zymo Genomic 

DNA Clean and Concentrator-10 kit (Cat. #D4010, Zymo Inc., Irving CA) and stored at -80°C. 

High-throughput bisulfite sequencing and data processing 

Reduced representation oxidative bisulfite-seq (RRoxBS) was carried out at the Weill Cornell Epigenomics 

Core (New York, NY). RRoxBS interrogates 5mC/5hmC in  ~85-90% of CpG islands [104]. Briefly, we 

used MspI digestion on 400 ng of gDNA to prepare the 5mC and 5hmC libraries with the TECAN Ovation 

RRoxBS Methyl-Seq library preparation kit. An oxidation step was performed only on the 5hmC library. 

Both libraries were then exposed to bisulfite conversion followed by a single-end 1 x 50 bp sequencing 

with the Illumina NovaSeq6000 system (mean depth of 42.7 +/- 1.5 (µ +/- SEM) million reads per library). 

The sequencing data underwent adapter trimming, alignment, and mapping-efficiency analysis using an in-

house pipeline [105] at the Weill Cornell Epigenomics Core (New York, NY). The data was aligned and 

annotated to the human genome 38 (hg38).  

Differential 5mC/5hmC and enrichment analysis 

Principal Component Analysis (PCA) identified two outliers that were removed from the analysis. The 

demographic and clinical information of the remaining 38 donors (25 PTSD cases and 13 healthy controls) 
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is summarized in Table S21. The MethylKit R package [106] was utilized to identify differentially-

methylated positions (DMP) or differentially-hydroxymethylated positions (DhMP) at CpGs and non-CpGs 

(CHG and CHH).  For each analysis, sites were filtered based on coverage (>10x) and percentile of coverage 

in each sample (<99.9th). Normalization was carried out using the scaling factor derived from differences 

between mean or median of coverage distributions [106] to reduce bias in statistical tests. DMP and DhMP 

were identified at single-CpG/non-CpG resolution using the percentage of methylated and unmethylated 

cytosines. Logistic regression models were applied with overdispersion correction and p-values were 

adjusted using a sliding linear model (SLIM) to calculate q-values. Covariates such as ancestry, smoking, 

postmortem interval (PMI), and age of death (Table S21) were included in the model. GWS-differential 

5mC or 5hmC cytosines were defined based on q-value < 0.05 and a differential 5mC/5hmC percentage 

greater than 2% between PTSD cases and controls (delta (Δ) value > 2%) [107–110]. We also assessed 

differentially-5mC/5hmC regions (DMR/DhMR) greater than 1000pb with at least 3 DMP/DhMP bases 

(cytosines) per region by using the tileMethylCounts function in the methylkit R package [106]. 

For genomic-feature annotation, we utilized the Genomation R package [111]. BED files of 

significant differentially 5mC / 5hmC sites were coerced into GRanges and then annotated with gene parts 

including promoters, introns, exons, and intergenic regions using the annotateWithGeneParts function. 

CpG-island annotation, including CpG islands, CpG island shores (~2kb from islands), CpG shelves (~4kb 

from islands), and open sea, was performed using the annotateWithFeatureFlank function. The distance 

from the nearest transcription start site (TSS) to DMP or DhMP was calculated using the 

getAssociationWithTSS function of genomation [111]. To refine DMP and DhMP mapping to gene-body 

regions, the nearest genes within 1.5Kb up- and downstream, and the nearest genes 10Kb up- and 

downstream, gene annotation was confirmed by using the UCSC Genome Browser annotation webtool 

[112]. CpGs farther than 10 kb from the nearest TSS were considered intergenic [113]. The JASPAR 

database [114,115], also integrated into the UCSC Genome Browser online resource [112], was used to 
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identify predicted transcription-factor binding sites in the significant differential sites associated with 

PTSD. 

Enrichment analysis was performed using the enrichr package in R [116,117], shinyGO [118], and 

the Metascape [119] online resources. This analysis incorporated gene names of the nearest transcription 

start site (TSS) located within a distance of < 10 kb from the genome-wide-significant (GWS) 5mC and 

5hmC sites at CpGs and non-CpGs. Metascape integrates databases such as NCATS BioPlanet, Panther, 

Gene Ontology Consortium, and Kyoto Encyclopedia of Genes and Genomes (KEGG) [120]. Disease-

enrichment analyses were conducted using DisGenet [121] integrated into Metascape [119]. Functional 

enrichments were considered significant with a corrected p-value (either FDR or q-value) < 0.05. Protein-

protein interaction (PPI) analysis was carried out using the STRING online resource [122]. For the 

developmental-stages enrichment analysis, the Cell-type Specific Expression Analysis (CSEA) webtool 

(http://genetics.wustl.edu/jdlab/csea-tool-2/) was employed.  

Co-methylation analysis 

Co-methylation analysis for 5mC and 5hmC at CpGs and non-CpGs was conducted using the WGCNA R 

package [123]. Significant modules (clusters of sites) were chosen as significant if they show correlations 

higher than 0.4 for CpGs and 0.2 for non-CpGs with PTSD, with a statistically significant p-value < 0.05. 

GO enrichment analysis was performed for each significant module using Metascape [119]. 

Multi-omic integrative analysis  

We assessed the convergence of our findings with those reported in the PTSD -omic literature examining 

human samples/tissue. The PTSD -omic studies evaluated included epigenomic studies in whole blood 

[13,124–129], transcriptomic studies from peripheral samples [57,130,139,131–138], transcriptomic 

studies of bulk OFC tissue [9], and GWAS studies of PTSD [7,8,81]. To test whether the convergence was 

statistically significant, we performed Fisher’s exact test employing the GeneOverlap R package [140]. To 

explore common molecular mechanisms underlying convergent PTSD-related findings, we used Metascape 
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[119]. PTSD-associated differentially-expressed genes in the OFC were designated “DEG.OFC,” 

differentially-expressed genes in the peripheral tissue were called “Transcriptomic.Peripheral,” and 

differentially-methylated genes in the peripheral tissue were called “EWAS.” Genes identified in large-

scale GWAS studies and those reported as associated with PTSD in the GWAS Catalog [141] were included 

in the “GWAS” category. Our PTSD-associated 5mC and 5hmC findings were categorized as “Neuro.5mC” 

and “Neuro.5hmC,” respectively. P-values of enriched terms were adjusted using Bonferroni correction in 

Metascape. 

Drug-repurposing analysis 

For drug-repurposing analysis, we utilized the Drug Gene Interaction Database (DGIbd) [142], which 

analyzes drug-gene interactions and assigns an interaction score to prioritize gene-level data. We used a 

query score greater than or equal to 5 [142] to prioritize our findings. 

List of supplementary Materials 

Table S1 Differentially methylated positions (DMP) 

Table S2 Enrichment of differentially methylated positions (DMP) 

Table S3 Enrichment of differentially methylated positions (DMP) by gene features 

Table S4 Top significant enriched pathways by co-methylated modules 

Table S5 Differentially hydroxymethylated positions (DhMP) 

Table S6 Enrichment of differentially hydroxymethylated positions (DhMP) 

Table S7 Enrichment of differentially hydroxymethylated positions (DhMP) by gene features 

Table S8 Top significant enriched pathways by co-hydroxymethylated modules 

Table S9 Convergent pathways of DMP and DhMP 

Table S10 Convergent pathways of DMP and DhMP per cytosines distribution 
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Table S11 Brain region and developmental stage enrichment DMP 

Table S12 Brain region and developmental stage enrichment DhMP 

Table S13 Disease enrichment analysis for DMP 

Table S14 Disease enrichment analysis for DhMP 

Table S15 Convergent disease enrichment analysis for DMP and DhMP 

Table S16 Convergent disease enrichment analysis for DMP and DhMP by epigenetic mark 

Table S17 Muilt-omic convergence 

Table S18 Convergent enrichment analysis of OFC findings 

Table S19 Convergent enrichment analysis of multi-omics findings 

Table S20 Drug discovery analysis 

Table S21 Demographic and clinical information of the study cohort  

Fig S1. Functional enrichment analysis for both GWS 5mC CpGs and non-CpGs. 

Fig S2. Co-methylation analysis 

Fig S3. Functional enrichment analysis for both GWS 5hmC CpGs and non-CpGs 

Fig S4. Co-hydroxymethylation analysis 

Fig S5. Convergent functional enrichment analysis of GWS-differential 5mC and 5hmC CpG and non-CpG 

sites.   

Fig S6. Convergent functional enrichment analysis of GWS-differential 5mC and 5hmC CpG and non-CpG 

sites along with GWS-differentially-expressed genes in the bulk-OFC 
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Fig S7. Convergent functional enrichment analysis of GWS-differential 5mC and 5hmC CpG and non-CpG 

sites along with other omics findings. 
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