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Although unequivocally precipitated by environmental 
events, PTSD develops in only a minority of trauma survi-
vors1, prompting a search for risk factors that increase the 

probability of developing this condition following trauma expo-
sure. Convergent lines of evidence are consistent with a heritable 
component to PTSD risk. There is a concordance between PTSD 
diagnosis in monozygotic and dizygotic twins2. Genome-wide asso-
ciation studies (GWAS) estimate single nucleotide polymorphism 
(SNP)-based heritability from 5% to 30%3–5 and identify loci sig-
nificantly associated with PTSD3,5, although loci vary with ancestry, 
sex and type of trauma. This highlights the necessity of developing 
paradigms that examine the impact of PTSD genetic risk factors in 
the context of exposure to an environmental stressor.

Insights into the gene by environment (G×E) interactions under-
lying the psychiatric symptoms of PTSD remain poorly resolved, 
reflecting the lack of a cohesive neurobiological framework to inves-
tigate these mechanisms. To date, most studies of PTSD pathophysi-
ology have focused on PBMCs, with PTSD patients showing lower 
ambient cortisol and heightened glucocorticoid sensitivity relative 
to healthy controls6,7 coupled with increased expression of innate 

immune genes8,9. Toward resolving the relative contributions of 
genetic risk and environmental stress to PTSD pathophysiology, it 
is critical to deconvolve the impact of stress in a cell-specific man-
ner, including determinants of stress responses across brain and 
blood cells. Glucocorticoid receptor signaling is the most overlap-
ping pathway between murine blood and brain and is highly associ-
ated with individual differences in response to trauma exposure10. 
The degree to which PTSD symptoms arise as a result of elevated/
sustained peripheral response to stress6,10 and/or abnormal cellular 
or circuit response to peripheral stress cues11–13 remains unresolved. 
In either case, preclinical data suggests that trauma-induced per-
turbations in glucocorticoid signaling result in glutamate-induced 
excitotoxicity, leading to decreased glutamatergic neural activity, 
dendritic retraction and reduced synaptic density14. Drugs that 
modulate the glucocorticoid15,16 and glutamatergic17 systems repre-
sent potential avenues for pharmacologic intervention.

An improved understanding of the pathophysiology of PTSD 
requires the development of appropriate human-specific models. 
Understanding the extent to which the dysregulated stress response 
reflects cell-type-specific preexisting genetic vulnerabilities will 
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improve genetic-based diagnosis and potentially identify new thera-
peutic targets to prevent or reverse PTSD. hiPSC-based models have 
the potential to address some of the main limitations of clinical and 
animal studies, evaluating human glutamatergic neurons that are 
genetically identical to those of their donors (reviewed in Fernando 
et al.18). Although there have been a handful of studies of gluco-
corticoid response in live human neurons19,20, none have contrasted 
neurons derived from trauma-exposed controls and PTSD cases.

Here, we describe a hiPSC-based study of PTSD, comparing 
glutamatergic neurons from combat veterans with (n = 19 donors) 
and without (n = 20 donors) PTSD, to test the hypothesis that PTSD 
risk variants and glucocorticoid response (for example, to dexa-
methasone (DEX) and hydrocortisone (HCort)21,22) interact in a 
cell-type-specific manner. Transcriptional profiles of hiPSC neurons 
were compared with a well-matched and largely overlapping PBMC 
study of combat veterans with (n = 20 donors) and without (n = 20 
donors) PTSD. First, glucocorticoid-induced blood and neuronal 
responses were significantly enriched for immune response, brain 
development and neurodevelopmental disorder genes, with specific 
upregulation of disorder genes in neurons only. Second, a baseline 
PTSD diagnosis-specific signature was undetectable in either human 
neurons or PBMCs. Third, glucocorticoid hypersensitivity occurred 
in samples from PTSD cases, with diagnosis-specific effects greatest 
at low doses, and significantly more robust in neurons than PBMCs. 
This PTSD-specific neuronal glucocorticoid-response signature 
was enriched for transcriptomic patterns observed in postmortem 
(PM) brain tissue from PTSD cases. Critical aspects of glucocor-
ticoid response are encoded in patient genetics, consistent with a 
clear genetic predisposition to PTSD. These findings suggest pos-
sible therapeutic strategies to minimize the likelihood of PTSD 
following trauma exposure, a particularly valuable outcome for 
military and first-responder personnel.

Results
To study how glucocorticoids influence gene expression in 
donor-specific brain and blood cells, skin and blood samples were 
collected from well-matched and largely overlapping (30 shared 
individuals) hiPSC-derived glutamatergic neuron and PBMC 
cohorts respectively, comprised of combat veterans with (n = 19 
hiPSC donors and n = 20 PBMC donors) and without (n = 20 hiPSC 
donors and n = 20 PBMC donors)) PTSD (Supplementary Table 1). 
For technical reasons, glucocorticoid treatment of NGN2-neurons 
(batch 1 n = 15 versus 15, batch 2 n = 4 versus 5) and PBMCs (batch 
A n = 10 versus 10, batch B n = 10 versus 10 (ref. 23)) were completed 
independently and then meta-analyzed together to adjust for batch 
effects (Supplementary Table 2).

Dexamethasone-stimulated transcriptional responses in PBMCs. 
Treatment of PBMCs in vitro with the synthetic glucocorticoid DEX 
is a promising method to explore molecular responses to stress hor-
mones in PTSD23. To continue these earlier findings, identical meth-
ods were applied to expand this study of combat-exposed veterans 
to (n = 20) and without (n = 20) PTSD (Fig. 1a) (Supplementary 
Tables 1 and 2).

RNA-sequencing (RNA-seq) was generated from cultured 
PBMCs treated for 72 h with three concentrations of DEX (2.5 nM, 
5 nM and 50 nM), and analyzed relative to baseline samples. To 
identify reliable markers of glucocorticoid activation indepen-
dent of PTSD, diagnosis as well as other confounds were adjusted 
for (Methods). Incubation with increasing concentrations of DEX 
(2.5 nM, 5 nM and 50 nM, respectively) identified 6,153, 8,114 and 
15,128 differentially expressed genes (DEGs) in batch A, and 4,880, 
13,297 and 18,856 DEGs in batch B, respectively (Q value < 0.05) 
(Fig. 1b and Supplementary Table 4). Overall transcriptome-wide 
concordance of DEX-induced fold changes (FC) relative to vehicle 
between the two batches was exceedingly high (average r = 0.738) 
(Extended Data Fig. 5a), and was highly concordant with reported 
responses to DEX in PBMCs23 (r = 0.7 in the 50 nM dose) (Extended 
Data Fig. 5c,d). These findings demonstrate strong conservation of 
transcriptional changes in PBMCs in response to DEX that are inde-
pendent of PTSD and other potentially confounding factors.

Gene coexpression modules were calculated to probe functional 
consequences of DEX exposure in PBMCs. Of 36 significant coex-
pression modules (M), 24 were significantly dynamically regulated 
in response to increasing concentrations of DEX (Supplementary 
Table 5). Gene ontology (GO) analysis found enrichment in neu-
ronal regulation terms such as synapse (module eigengene (ME) 
lightcyan, P = 4.23 × 10–4) and immune regulation terms such as 
activation of immune response (ME skyblue, P = 1.34×10–3) and 
lymphocyte proliferation (ME purple, P = 2.02 × 10–4), and glu-
cocorticoid signaling terms such as steroid hormone mediated 
signaling pathway (ME blue, P = 2.64 × 10–3) and Fc receptor signal-
ing pathway (ME skyblue, P = 1.91 × 10–4) (Fig. 1d). These enrich-
ments are representative of shared regulation of genes involved in 
cell migration, cytoskeletal and cell-adhesion properties, which are 
broadly shared by immune and neural cells, through common pro-
cesses such as cell migration, degranulation and cellular outgrowth, 
which may explain the neural term represented in this module. 
Together, these enrichments are consistent with known gluco-
corticoid response impacts on cell signaling24, neurogenesis25 and 
immunosuppression26 (Fig. 1d). Gene set enrichment for psychi-
atric disorder gene sets27 revealed enrichment of DEX-upregulated 
PBMC DEGs broadly across neuropsychiatric disorder risk genes, 
but not across PTSD-specific signatures (Fig. 1e). This may indi-
cate that. after adjusting for diagnosis, glucocorticoid treatment 
of PBMCs alone is insufficient to recapitulate PTSD signatures. 
Although glucocorticoid treatment of PBMCs (batch A) was highly 
correlated to the DEX-induced gene responses previously reported 
(batch B)23 (Extended Data Fig. 5a), the larger meta-analysis did not 
identify PTSD-specific DEX-induced differential response genes 
(PBMC-DRGs) at a false discovery rate (FDR)-corrected threshold 
(Extended Data Fig. 9).

HCort-induced transcriptional responses in neurons. We28–31 and 
others32–39 have demonstrated that NGN2-neurons are greater than 
95% pure glutamatergic neurons, robustly express glutamatergic 
genes, release neurotransmitters, produce spontaneous synaptic 
activity and recapitulate the impact of psychiatric disease-associated 

Fig. 1 | Transcriptional response to DEX in PBMCs. a, PBMCs from 20 PTSD cases and 20 combat-exposed controls were treated with DEX for 72 h  
and RNA-seq was performed. b, The number of DEGs observed in batch A (n = 10 versus 10) (squares) and batch B (n = 10 versus 10) (circles) are 
upregulated and downregulated (y axis) across three different concentrations of DEX conditioning (x axis) at a Bonferroni-corrected P value threshold.  
c, Meta-analysis of expression logFC (differences observed between vehicle and DEX exposure) was plotted against –log(FDR) for each gene. Red points 
indicate significantly DEGs in the meta-analysis. Sample-size-based meta-analysis was conducted using METAL with a Cochran’s Q test for heterogeneity. 
Benjamini–Hochberg adjusted P values are reported to correct for multiple testing. d, ME values from modules identified by WGCNA were correlated 
with increasing DEX concentrations for all DEX-treated samples (n = 40 individuals). Top correlated modules with DEX concentration are shown here 
(P values are labeled above each boxplot). Correlation P values were derived from a two-tailed t distribution. Data are presented as minimum, first 
quartile, median, third quartile and maximum. Each module was subjected to GO enrichment analysis and the topmost significant enrichment terms and 
their associated Benjamini–Hochberg adjusted P values are displayed. e, Gene set enrichment of DEX-dependent DEGs across psychiatric disorder and 
neurodevelopmental gene sets27. Devt, genesets involved in neurodevelopmental disorders.
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genes. Well-matched to the PBMCs described above, 21-day-old 
NGN2-neurons from combat-exposed veterans with (n = 19) and 
without (n = 20) PTSD (Supplementary Table 1) were treated with 
two to three distinct concentrations of HCort (100 nM, 1,000 nM 
or 2,500 nM) and an untreated baseline condition for 24 h before 
RNA-seq (Fig. 2a).

To confirm the neuronal identity and developmental specificity 
of these data, a large comparative and integrative analysis was per-
formed across 16 existing transcriptome datasets including 2,716 
independent samples from a range of hiPSC-derived neurons and 
developmentally distinct PM brain tissue40. A high degree of tran-
scriptomic convergence was observed for our hiPSC-derived neu-
rons with fetal brain tissue and hiPSC-derived neurons described 
in previous reports, confirming their early developmental gene 
expression profiles (Extended Data Fig. 3). Neuronal fate was fur-
ther confirmed by demonstrated expression of pan-neuronal and 
synaptic genes36 in hiPSC-derived neurons but not in PBMCs 
(Extended Data Fig. 4a) and VGLUT expression in NGN2-neurons 
(Extended Data Fig. 4b). Glucocorticoid and mineralocorticoid 
receptor expression was additionally confirmed for each cell type 
(Extended Data Fig. 4c), with PBMCs demonstrating higher expres-
sion of both receptors, consistent with heightened glucocorticoid 
transcriptional response in PBMCs. Immunostaining of a parallel 
well demonstrated consistent cell number (4,307 ± 1,313) and neu-
ronal marker expression (78.5 ± 6% microtubule-associated protein 
2 (MAP2)-positive and 0.4 ± 0.6% NESTIN-positive) (Fig. 2b and 
Extended Data Fig. 1) that did not differ significantly by diagnosis 
or glucocorticoid treatment.

HCort dose-dependent transcriptional responses were resolved 
relative to those in baseline untreated NGN2-neurons. To identify 
reliable markers of glucocorticoid activation independent of PTSD, 
diagnosis as well as other confounds were adjusted for. Incubation 
with increasing HCort concentrations (batch 1: 0 nM, 100 nM and 
1,000 nM; batch 2: 0 nM, 100 nM, 1,000 nM and 2,500 nM) resulted 
in 1,031 and 4,175 DEGs in batch 1, and 165, 3,785 and 4,025 DEGs 
in batch 2, respectively (Q value < 0.05) (Fig. 2c and Extended Data 
Fig. 6a). Transcriptome-wide concordance was examined using 
HCort-associated log2 FC and HCort responses between doses was 
highly concordant and preserved across increasing concentrations 
of HCort in both batches (Extended Data Fig. 6a). Meta-analysis 
of differential expression summary statistics found 1,837 significant 
response genes in the 100 nM dose and 5,956 in the 1,000 nM dose 
(Fig. 2d). To assess whether this large transcriptional response to 
HCort elicited nonspecific cell toxicity, we measured cell density of 
untreated and HCort-treated neurons by quantifying the number 
of Hoescht positive neurons in untreated and treated neurons. We 
observed no significant differences in cell density between doses 
(Extended Data Fig. 6b). This suggests that HCort treatment in our 
neurons did not induce significant cell toxicity. As with PBMCs, gene 
set enrichment for psychiatric disorder gene sets27 revealed enrich-
ment of HCort upregulated NGN2-neuron DEGs broadly across 
neuropsychiatric disorder risk genes, but not across PTSD-specific 
signatures (Fig. 2f), again suggesting that glucocorticoid treatment 

of NGN2-neurons, without considering PTSD diagnosis, is insuf-
ficient to recapitulate PTSD signatures.

Weighted gene coexpression modules were calculated from the 
meta-analyzed studies to better understand the functional aspects 
of the HCort-induced transcriptional changes in NGN2-neurons 
(Extended Data Fig. 7). Seven significant coexpression mod-
ules (M1–7) were identified that were dynamically regulated in 
response to increasing concentrations of HCort in our signed 
analysis (Fig. 3a). ME values for M1–3 were downregulated with 
increasing concentrations of HCort and enriched for biological 
processes related to acetylcholine signaling, such as acetylcho-
line receptor signaling pathway (P = 1.60 × 10–4), protein degrada-
tion such as ubiquitin protein ligase binding (P = 8.28 × 10–5) and 
skin regulation such as regulation of keratinocyte differentiation 
(P = 8.15 × 10–5). These signatures are consistent with known glu-
cocorticoid inhibition of acetylcholine signaling41 and role in skin 
atrophy42. Glucocorticoid-acetylcholine signaling interactions 
occur in pathways affecting memory consolidation43, and alter 
glutamatergic synapses and synaptic stability44, suggesting that 
glucocorticoid exposure alters acetylcholine signaling to impact 
glutamatergic synaptic biology. Remaining ME values for mod-
ules M4–7 significantly increased with HCort treatment. Many 
terms within these modules enriched for immune processes such 
as positive regulation of isotype switching (P = 1.55 × 10–3), regu-
lation of NK T cell differentiation (P = 5.27 × 10–5), and somatic 
recombination of immunoglobulin gene segments (P = 1.31 × 10–3), 
processes that are well-established markers of glucocorticoid acti-
vation8,9. Finally, enrichments for hallmark glucocorticoid pro-
cesses of histone acetylation45, such as H4 histone acetyltransferase 
activity (P = 3.77 × 10–3) and transcriptional suppression (negative 
regulation of gene expression (P = 1.43 × 10–3)), were enriched. 
Unsigned modules significantly associated with neural projection 
terms, such as neural crest cell differentiation (P = 3.96 × 10–4) and 
regulation of neuron projection development (P = 1.04 × 10–3), and 
immune terms, such as regulation of acute inflammatory response 
(P = 1.83 × 10–3) (Extended Data Fig. 8). To visualize module con-
nectivity, protein–protein interactions (PPIs) of genes within mod-
ules were mapped, finding a significant observed number of edges 
in all modules (P < 1.0 × 10–16) (Fig. 3b). Overall, HCort treatment 
of NGN2-neurons, independent of diagnosis, resulted in robust 
downregulation of acetylcholine signaling and skin development, 
and upregulation of inflammation-modulating and cell-signaling 
genes.

As transcriptomic responses to HCort exposure enriched in neu-
ronal projection and signaling terms, we sought to validate these 
functional measures of HCort exposure in NGN2-neurons. To 
visualize the effects of HCort exposure on neurite outgrowth, we 
performed neurite tracing analysis on NGN2-neurons treated with 
HCort, finding a dose-dependent decrease in neurite length per neu-
ron after stimulation with 100 nM, 1,000 nM and 2,500 nM of HCort 
(Fig. 2e). This finding is concordant with previously described den-
dritic retraction phenotypes in response to trauma-related gluco-
corticoid signaling46.

Fig. 2 | Gene expression changes to HCort in hiPSC-derived neurons. a, hiPSC-derived NGN2-neurons were treated with HCort for 24 h and RNA-seq 
performed. b, NGN2-neurons stained for neuronal markers NESTIN and MAP2, nucleic marker HOECHST and green fluorescent protein to confirm 
neuronal identity and morphology across all conditions. c, Meta-analyzed DEGs in response to increasing concentrations of HCort shows robust changes 
in NGN2-neurons. A comparative analysis of transcriptome-wide log2FC in response to different concentrations of HCort in NGN2-neurons shows similar 
responses, indicating a conserved response across all donors to HCort in NGN2-neurons. Sample-size-based meta-analysis was conducted using METAL 
with a Cochran’s Q test for heterogeneity. Benjamini–Hochberg adjusted (adj.) P values are reported to correct for multiple testing. d, Meta-analysis 
of expression LogFC (differences observed between vehicle and HCort exposure) was plotted against –log(P value) for each gene. Blue points indicate 
significantly DEGs in the meta-analysis. e, Morphological analysis of neurite outgrowth in day 7 NGN2-neurons showing dose-dependent decrease in 
neurite outgrowth with HCort exposure. A Kruskal–Wallis test with a post hoc Dunn’s multiple comparisons test was performed on data for neurite length 
per neuron. **** P < <0.0001. NS, nonsignificant. P value for the NS comparison was 0.2121. Representative images of neurite morphology to HCort 
exposure shown below. f, Gene set enrichment of HCort-dependent DEGs across psychiatric disorder and neurodevelopmental gene sets27.
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GO term P value Top Hub Genes

Response to acetylcholine
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PTSD diagnosis-dependent differences in human neurons. 
PTSD-specific transcriptional responses to glucocorticoid exposure 
were examined in human neurons. Baseline gene expression pro-
files (vehicle; 0 nM HCort) between PTSD(+) and PTSD(–) groups 
were compared, with no significant differences in gene expression 
observed (Q value < 0.05) (Fig. 4a). Linear contrast analysis was 
used to examine the extent to which genes respond differently to 
HCort, relative to baseline, in PTSD(+) relative to PTSD(–) com-
bat veterans, here termed differential response genes (DRGs); 1,016 
and 402 PTSD-specific DRGs were identified in NGN2-neurons 
following treatment with 100 nM and 1,000 nM HCort, respec-
tively (Fig. 4a and Supplementary Table 6). The significant DRGs in 
NGN2-neurons predicted PTSD; for each individual, unsupervised 
classification revealed a clear pattern of HCort response dysregu-
lation that correctly classified NGN2-neurons from PTSD(+) and 
PTSD(–) groups (Fig. 4b). Meta-analysis revealed shared DRGs 
across batches (Fig. 4c), demonstrating the validity of this PTSD 
signature. A gene set enrichment analysis of our DRGs against 17 
psychiatric disorder gene sets revealed significant enrichment in 
PM PTSD dorsolateral prefrontal cortex (dlPFC)27 (P = 2.30 × 10–7), 
and orbitofrontal cortex (OFC) (P = 0.016) as well as female and 
male specific interpersonal traumas (P = 1.03 × 10–6, P = 0.005, 
respectively) (Fig. 4d). Altogether, PTSD-specific neuronal DEGs 
are not detectable at baseline, are most significant in response to 
low (100 nM) glucocorticoid exposure and enriched for PM PTSD 
transcriptomic signatures.

The dose-dependent impact of HCort on PTSD case/control 
status was tested, revealing 740 genes with a significant diagnosis 
by HCort exposure interactive effect (FDR < 5%) (Fig. 4f). From 
this, three gene categories of interest were evaluated: (1) PTSD by 
HCort interaction, where expression effect with increasing HCort 
exposure was significant and in opposite directions in cases and 
controls (1 gene at FDR < 5%); (2) PTSD hypo-responsivity, where 
increasing HCort exposure only caused a significant expression 
change in controls, but not cases (84 genes at FDR < 5%) and (3) 
PTSD hyper-responsivity, where increasing HCort exposure caused 
a significant expression change in cases, but not controls (312 genes 

at FDR < 5%) (Fig. 4e). To assess spatial association of significantly 
interactive genes with common variants associated in PTSD, we 
mapped imputed expression of PTSD GWAS3 variants against 
the significance of the HCort by PTSD interaction term (Fig. 5d). 
Shared peaks were visible in chromosomes 10, 17 and 19.

Transcription factor regulation of PTSD hyper-responsivity. 
Given previous reports of glucocorticoid hyper-responsivity in 
PTSD6, putative neuronal driver genes that may mediate this 
hyper-responsivity were predicted. The FUMA pipeline was used to 
perform gene set enrichment for transcription factor (TF) targets, 
finding 38 significantly enriched TFs for which our hyper-responsive 
genes were targets. To examine differences in regulatory function of 
these TFs within our study, the relationship between TF expression 
and target expression was investigated in PTSD cases and controls 
treated with HCort (Fig. 5a). In a subset of putative driver genes, 
increased TF levels more tightly corresponded to increased expres-
sion of target genes in neurons derived from PTSD cases than con-
trols. These different patterns of TF coregulation in PTSD suggest 
a significant role for these TFs in driving PTSD-specific transcrip-
tional response. The coregulation network was mapped by visual-
izing PPIs (Fig. 5b), finding a significant observed number of edges 
(P < 1.0 × 10–16), showing that linked expression of genes in this 
network translate to a shared effector regulation. Four of these 38 
TFs, and two targets of identified TFs, were noted to be differen-
tially expressed in previously reported PM27 and/or blood47 studies 
of PTSD (P value of 0.011, binomial test with an α of 0.05) (Fig. 5c). 
Altogether, coordinated transcriptional regulation and proteomic 
interaction of a network of TFs with shared effector regulation may 
mediate glucocorticoid hyper-responsiveness in PTSD.

Discussion
Here, an hiPSC-based model was used to explore the cell-type- 
specific and diagnosis-dependent glucocorticoid treatment 
responses of PBMCs and NGN2-glutamatergic neurons derived 
from male combat-exposed PTSD cases (n = 19 hiPSC donors and 
n = 20 PBMC donors) and controls (n = 20 hiPSC donors and n = 20 

Fig. 3 | HCort stimulated coexpression modules in NGN2-neurons. a, WGCNA identified three groups of coregulated gene modules. Pearson correlation 
was used to assess changes in ME values with increasing concentration of HCort (P values are labeled above each boxplot). Correlation P values were 
derived from a two-tailed t distribution. Data are presented as minimum, first quartile, median, third quartile and maximum. Each module was subjected to 
GO enrichment analysis and the topmost significant enrichment terms and their associated Benjamini–Hochberg adjusted P values are displayed. Top hub 
genes (kME > 0.6) within each module are displayed for quick interpretation of GR-stimulated gene coexpression modules and candidate individual genes. 
b, Network visualization of PPIs within modules indicating clusters and network hubs. STRING analysis was used to identify the observed number of edges. 
Enrichment of observed edges was assessed against expected edges to determine a PPI P value of < 1.0 × 10–16 for each network. Avg, average.

Fig. 4 | PTSD(+) specific responses to HCort in NGN2-neurons. a, Genes that differ in their response to HCort in PTSD(+) donors compared with 
PTSD(–) donors, here termed DRGs, were detected in both the 100 nM and 1,000 nM dose, indicating PTSD diagnosis-specific responses to HCort. 
b, Significant NGN2-DRGs correctly classify PTSD(+) from PTSD(–) participants using an unsupervised approach. c, Meta-analysis of expression 
LogFC DRGs (differences observed between PTSD(+) and PTSD(–)) were plotted against –log(P value). Pink points indicate significantly DEGs in the 
meta-analysis, representing PTSD case-specific response genes to HCort. Sample-size-based meta-analysis was conducted using METAL with a Cochran’s 
Q test for heterogeneity. Benjamini–Hochberg adjusted P values are reported to correct for multiple testing. d, Gene set enrichment of significant DRGs 
across psychiatric disorder gene sets (epilepsy69, developmental delay70, ASD71–76, ID77,78, SCZ79,80 and FMRP targets81). e, The interactive effect of PTSD 
diagnosis and HCort exposure on gene expression are modeled, and three main observed patterns of direction of effect in significantly interactive genes 
are represented here. Interaction statistics were derived from the linear model with a diagnosis by HCort interaction coefficient. From among the 740 
genes with significant Benjamini–Hochberg-adjusted P values <0.05, genes were identified that responded significantly to HCort in either cases or 
controls by performing one-way ANOVA on log2CPM normalized expression to increasing HCort exposure separately in PTSD cases and controls. We 
denote genes with a significant ANOVA P value in controls but not in PTSD cases as ‘PTSD hypo-responsive’, genes with a significant ANOVA P value in 
both PTSD cases and controls but with opposite directions of effect as ‘interactive’ and genes with a significant ANOVA P value to HCort in PTSD cases 
but not in controls as ‘PTSD hyper-responsive’. Data are presented as minimum, first quartile, median, third quartile and maximum. The patterns of three 
representative genes that indicate patterns of PTSD by HCort interaction, PTSD hyper-responsivity and PTSD hypo-responsivity are plotted, demonstrating 
examples of three biologically meaningful patterns of diagnosis by HCort interaction. f, logFC of all significantly interactive diagnosis by HCort genes are 
plotted against the P value of their interaction term, with most significant genes representing those with most significant interactive effects.
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PBMC donors). Both blood and neuronal glucocorticoid responses 
were significantly enriched for immune response genes; neuronal 
glucocorticoid responses were also associated with brain develop-
ment and neurodevelopmental disorder genes. Although a PTSD 
diagnosis-specific signature was not detectable at baseline in either 
cell type, glucocorticoid hypersensitivity in PTSD was observed, 
with diagnosis-specific effects greatest in neurons at low HCort 
doses.

These findings are consistent with the glucocorticoid hypersen-
sitivity hypothesis; for example, patients with PTSD have altered 
blood sensitivity to glucocorticoids6 and perturbations in glucocor-
ticoid receptor signaling have been shown for PTSD in PM brain 
tissue10. That the PTSD-relevant gene set enrichment in HCort neu-
ronal response was significant only if the effect of PTSD diagnosis 
was included in our model (compare Fig. 4d and Fig. 2e) suggests 
that environmental stress alone, independent of genetic risk, is 
insufficient to recapitulate PTSD biology. Further studies into the 
genetic risk elements imparting PTSD-specific HCort response, 
such as detecting HCort-responsive expression quantitative trait 
loci, may fine-map PTSD-associated risk loci. This will allow for 
more formal studies of colocalization, expanding on Fig. 5d, to spa-
tially associate noncoding risk elements in PTSD with functional 
consequences. These findings emphasize the crucial role of stress 
response in PTSD risk but cannot rule out the potential impact of 
subsequent stress recovery; future work will be necessary to resolve 
the relative contributions of these alternatives.

The cell type(s) of origin in PTSD remain unresolved. It will be 
critical to explore diagnosis-dependent glucocorticoid responses 
across additional subtypes of brain cells to establish more physio-
logically relevant models. Although robust upregulation of immune 
response gene modules was observed in both cell types, the cell-type 
specific differences were confounded by cohort composition as 
well as experimental differences in the methods of glucocorti-
coid treatment used in each cell type (PBMCs: 72 h with 2.5 nM, 
5 nM or 50 nM DEX; NGN2-neurons: 24 h with 100 nM, 1,000 nM 
or 2,500 nM HCort). Are blood-specific glucocorticoid changes a 
critical part of disease risk, initiation and/or progression, resulting 
in the release of additional cytokines and inflammatory molecules 
that impact brain function? Or are they simply an incomplete bio-
marker of causal events occurring in the brain? Within the brain, are 
neuron-specific responses adequate to interpret G×E interactions? 
Certainly, future experiments should investigate cell-autonomous 
and noncell-autonomous effects across a larger variety of neuronal, 
astroglial and microglial cell types. Moreover, an increasing amount 
of direct brain imaging48–50 and recent genomic analyses implicate 
specific subtypes of inhibitory GABAergic neurons in PTSD27,51. 
Transcriptome-wide association studies using PTSD GWAS52, as 
well as two independent transcriptomic studies of PM brain tissue 
from PTSD cases and controls27,51, associated GABAergic signal-
ing with PTSD risk and illness state. This suggests that decreases in 
GABAergic activity confer susceptibility to traumatic stress and may 
be involved in the pathophysiology of PTSD17. Therefore, inclusion 
of GABAergic neurons, alone and in coculture with glutamatergic 
neurons, would be of particular interest in subsequent studies of 
neuronal glucocorticoid response.

Given the similarity of hiPSC-derived neurons to fetal brain 
cells53–57, our hiPSC-based model of PTSD may best reflect the G×E 
impact of developmental stress exposure, as demonstrated by robust 
enrichments for expression of autism spectrum disorder (ASD) risk 
genes, as observed here and previously58. Consistent with this, glu-
cocorticoid treatment increases the proliferation of hiPSC-derived 
neural progenitor cells59, and impairs neuronal differentiation and 
maturation in hiPSC-derived neurons20,60 and primary mouse neu-
rons61. Nonetheless, it would be an oversimplification to speculate 
that glucocorticoid response in hiPSC-derived neurons represents 
the ‘pretrauma state’, and that analyses of patient PBMCs and brain 
tissue reflect the ‘post-trauma state’. Stress impacts risk to psychi-
atric disorders throughout the lifespan—across prenatal develop-
ment62,63, childhood52 and adulthood52,64,65. Moreover, the significant 
and positive relationship between our observed associations in 
NGN2-neurons and previously demonstrated transcriptional PTSD 
signatures in PM brains suggests that some impacts of glucocorti-
coid exposure may persist through to adulthood. Notably, glucocor-
ticoid stimulation is not a specific model for PTSD; stress response 
is comorbid in many psychiatric disorders. HCort-responsive 
genes therefore likely represent aspects of stress response shared 
across PTSD and other neuropsychiatric disorders, such as the 
shared impact on social cognition between PTSD and ASD66,67. 
Combined analysis of context-dependent hiPSC models with 
cross-lifespan datasets, such as PM brains, may uncover long-term 
glucocorticoid-dependent PTSD signatures with which to refine 
hallmarks of PTSD susceptibility following combat exposure.

Because trauma exposure, even in the absence of PTSD, can 
impact glucocorticoid response68, future studies may usefully 
include donors with no trauma exposure. Toward this explora-
tion, hCort response in NGN2-neurons was examined from one 
additional control without a reported trauma exposure, observ-
ing 13% overlap (805 of 6,190) of our HCort-responsive neuronal 
genes (exact binomial test 0.1300485). Likewise, glucocorticoid 
response in hiPSC-derived cerebral organoids from healthy and 
presumably trauma-free controls20 induced 16% (989 of 6,190) of 
the HCort-responsive genes here detected in NGN2-neurons (exact 
binomial test 0.1597738, P < 2.2 × 10–16).

hiPSC-derived neurons represent a promising platform with 
which to screen for genetic and/or pharmacological interventions 
that can prevent, ameliorate or reverse acute or chronic neuronal 
responses to stress. While glucocorticoid-responsive transcrip-
tomic changes are sufficient to stratify trauma-exposed PTSD cases 
and controls, they are not yet clinically informative. Clinical util-
ity is limited by variability of traumatic exposures, complexity of 
involved cell types, impracticality of individualized hiPSC culture 
and transcriptomic analysis, poor understanding of the specific 
genetic loci mediating differential HCort response, and lack of 
in-depth characterization of how in vitro phenotypes correspond 
to clinical phenotypes or treatment susceptibility. To translate our 
findings into clinically meaningful risk-stratification, it is impera-
tive that future studies test whether our signatures relate to clini-
cal severity and/or treatment responsiveness, and thereby uncover 
new therapeutic target(s) for PTSD. The current work indicates that 
if the biological mediators of environmental risk can be predicted, 

Fig. 5 | TFs driving PTSD hyper-responsivity. a, PTSD hyper-responsive genes were shown to be enriched for several TF targets. Four of the enriched 
TFs driving hyper-responsivity in PTSD cases are shown here. Normalized expression of the TF is graphed on the x axis with average expression of the 
TF targets on the y axis in PTSD case and control NGN2-neurons stimulated with HCort, demonstrating differential regulation in stimulated cases versus 
controls. b, Network visualization of PPIs amongst identified TFs mediating PTSD hyper-responsivity. STRING analysis was used to identify the observed 
number of edges. Enrichment of observed edges was assessed against expected edges to determine a PPI P value < 1.0 × 10–16. c, Overlap of TFs (black) 
and their targets (blue) identified in our study with significantly DEGs in other PTSD studies. dACC, dorsal anterior cingulate cortex; sgPFC, subgenual 
prefrontal cortex. d, Manhattan plot of significantly interactive genes in our study compared with Manhattan plot of imputed expression from PTSD GWAS 
indicating spatial orientation of significantly interactive genes.
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then hiPSC-based models can be used to test genotype-dependent 
and cell-type-specific environmental responses. Thus, given the 
critical importance of gene by stress (and G×E more broadly), we 
believe that, moving forward, functional genomics approaches 
must integrate stem cell models and genome engineering to resolve 
the impact of patient-specific variants across cell types and envi-
ronmental stressors. Our hope is that dissecting how disease risk 
variants interact with the environment across the diverse cell types 
that comprise the human brain will ultimately improve diagnostics, 
predict clinical trajectories and identify pathways that could serve 
as presymptomatic targets of therapeutic intervention.
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Methods
Participants. A total of 49 individuals were recruited to yield well-matched 
and largely overlapping (30 shared individuals) hiPSC and PBMC cohorts, 
comprised of combat veterans with (n = 19 hiPSC donors and n = 20 PBMC 
donors) and without (n = 20 hiPSC donors and n = 20 PBMC donors) PTSD. 
Detailed information about donor breakdown in the hiPSC and PBMC studies, 
by experimental batch, is presented in Supplementary Table 2. Participants in 
this cross-sectional study were combat-exposed Operation Enduring Freedom 
(OEF), Operation Iraqi Freedom (OIF) and Operation New Dawn (OND) veterans 
with and without PTSD who provided written informed consent (VA HS no. 
YEH-16-03 and ISMMS HS no. 15-00886) and from whom a viable blood and/or 
fibroblast sample was provided and sufficient RNA for genome-wide expression 
analyses was extracted. Participants were compensated $300 for involvement in 
this study. Eligibility for participation was determined as previously described23. 
Participants were included serially in the order in which they consented until the 
enrollment targets were attained. All participants reported a DSM-IV criterion A 
combat trauma82; all experienced deployment to active military combat zones and 
experienced one or more significant combat-related traumas. Individuals with and 
without PTSD did not have significant differences in childhood or predeployment 
trauma, deployment number or cumulative duration. Participants underwent 
psychological evaluation using the Structured Clinical Interview for DSM-5 
(SCID)83 and the Clinician Administered PTSD Scale (CAPS)84 for determination 
of PTSD diagnosis and severity. Eligibility criteria and thresholds were based 
on CAPS for DSM-IV; PTSD(+) had a current CAPS-IV total score above 40 
(frequency plus intensity), whereas PTSD(–) participants were combat-exposed 
veterans with a total score below 40. Although DSM-IV criteria for PTSD were 
used for inclusion, note that PTSD(+) participants also met criteria for PTSD 
based on DSM-5. Diagnostic and clinical exclusions included: (1) presence of 
moderate or severe substance use disorder within the past 6 months, (2) lifetime 
history of primary psychotic or bipolar I disorders (BD), (3) self-reported history 
of moderate or severe traumatic brain injury, (4) neurological disorder or main 
systemic illness, (5) treatment with systemic steroids and, for PTSD(−) only, (6) 
current or recurrent major depressive disorder (MDD). Psychotropic medication 
was permitted, but dosage stabilization for at least 2 weeks was required. Around 
20% of individuals across both groups are currently treated with psychiatric 
medications. Current oral steroid treatment was an exclusion based on the impact 
of systemic steroids on the hypothalamic-pituitary-adrenal axis. Given the small 
sample size, there was no additional matching performed for clinical characteristics 
such as index trauma types, duration of the disorder, comorbidities and psychiatric 
medications at time of recruitment. Available clinical information is summarized 
in Supplementary Table 1 and presented in detail in Supplementary Table 2.

Biopsy collection and generation/validation of hiPSCs. Biological samples 
(blood and fibroblast) were collected from eligible participants at the James J. 
Peters (JJP) Veterans Affairs Medical Center (VAMC). Blood processing occurred 
at the JJP VAMC and fibroblasts were transferred to the New York Stem Cell 
Foundation Research Institute (NYSCF). All hiPSCs were reprogrammed together 
in randomized batches as fibroblast biopsies were obtained over time.

Skin fibroblasts of PTSD and non-PTSD participants were collected via skin 
punch biopsy taken from the upper buttocks. Upon collection, biopsies were 
placed immediately in Biopsy Collection Medium (Cascade Biologics Medium 
106 (Life Technologies, catalog no. M-106-500), 1× Antibiotic-Antimycotic (Life 
Technologies, catalog no. 15240-062) and LSGS (Life Technologies, catalog no. 
S-003-10)) and stored at 4 °C for a maximum of 24 h. Biopsies were dissected into 
pieces of around 1 mm3 and plated in Biopsy Plating Medium (Knockout-DMEM 
(Life Technologies, catalog no. 10829-018), 10% fetal bovine serum (Life 
Technologies, catalog no. 100821-147), 2 mM GlutaMAX (Life Technologies, 
catalog no. 35050-061), 0.1 mM MEM nonessential amino acids (Life Technologies, 
catalog no. 11140-050), 1× Antibiotic-Antimycotic (Life Technologies, catalog no. 
15240-062) and 0.1 mM 2-mercaptoethanol (Life Technologies, catalog no. 21985-
023)). Upon the outgrowth of fibroblasts, samples were entered into an automated 
pipeline producing vials of cells for both hiPSC reprogramming and backup 
stock. A cell pellet was collected, with DNA isolated using an EPMotion and the 
ReliaPrepTM 96 gDNA Miniprep HT System (Promega, catalog no. A2671). This 
DNA was used to confirm sample identity throughout the reprogramming process. 
Fibroblasts were reprogrammed using modified mRNA (Reprocell, catalog no. 
000076) and enriched using antifibroblast meads (Miltentyi Biotec, catalog no. 130-
050-601) in automated procedures. Reprogrammed hiPSCs were then expanded 
using PSC Feeder Free Medium (Thermo Fisher Scientific, catalog no. A14577SA) 
and grown on Cultrex-coated plates (R&D Systems, catalog no. 3434-010-02). Cells 
were routinely passaged using our automated platform in the presence of Accutase 
(Thermo Fisher, catalog no. A11105-01). Following passage, cells were maintained 
in PSC medium supplemented with 1 µM thiazovivin (Sigma-Aldrich, catalog no. 
SML1045-25MG). All cells were frozen in Synthafreeze (Thermo Fisher, catalog no. 
A12542-01) into master stocks.

As part of the hiPSC validation process, all samples were tested for the absence 
of Mycoplasma (Lonza, catalog no. LT07-710) and confirmed to be sterile (Hardy 
Diagnostics, catalog no. K82). Samples were confirmed to key karyotypically 
normal using the Illumina Core Exome Genotyping Chip (Illumina, catalog no. 

20030770) and cnvPartition v.3.2.0 (Illumina, Genome Studio). No cell lines 
displayed karyotypic abnormalities (no reported copy number variations ⫺2.5 
MB in size). All reported copy number variations are shown in each certificate of 
analysis. hiPSC lines were confirmed to be viable post-thaw, achieving a minimum 
of 50% confluency within 10 days). Sample identity testing was performed using 
the SNPTrace assay, confirming correct sample association between parental 
fibroblast and hiPSC line. Gene expression analysis was using a custom Nanostring 
panel85 to confirm expression of pluripotency markers such as POU5F1, NANOG 
and SOX2, and lack of expression of early differentiation markers such as AFP 
(Mesoderm), SOX17 (Endoderm) and NR2F2 (Ectoderm). A scorecard panel was 
used to confirm propensity to differentiate85. All hiPSC lines used in this study 
passed the above qualify control and have a certificate of analysis.

PBMC isolation and culture. Isolation of PBMCs, cell culture and incubation 
with DEX were performed as described23 (Fig. 1a). PBMC data from n = 10 combat 
veterans with PTSD and n = 10 without PTSD is first reported here (batch A) 
and n = 10 combat veterans with PTSD and n = 10 without PTSD was reported 
previously23 (batch B) (Supplementary Table 2). In brief, blood was collected in 
EDTA-containing vacutainer tubes (VWR) and PBMCs were isolated by density 
gradient centrifugation using Ficoll-Paque (GE Healthcare) and washed twice in 
HBSS (Thermo Fisher, 14175). Mononuclear cells were then counted manually 
using a Cellometer disposable counting chamber (Nexcelom Bioscience LLC). The 
cells were resuspended in complete RPMI, containing RPMI-1640 (Gibco), 10% 
fetal bovine serum, 50 U ml–1 penicillin–streptomycin mixture (Gibco) at a density 
of 1.75–2.00 × 106 cells ml–1 of the medium. PBMCs were prepared at 2.5 × 106 
cells ml–1 in complete RPMI for DEX treatment experiments. Following incubation 
at 37 °C, 5% (v/v) CO2 for 72 h, the plates were centrifuged at 900g for 15 min at 4 °C 
and supernatant was collected and pooled from each DEX concentration well. The 
cell pellet on the bottom of each well was resuspended in TRIzol reagent. Cell lysates 
for each DEX dose were pooled, aliquoted and stored at −80 °C until RNA isolation.

Automated generation of hiPSC-derived NGN2-neurons. Glutamatergic 
NGN2-neurons were generated from hiPSCs, using high-throughput automated 
differentiations, in two batches (batch 1 n = 15 versus 15; batch 2 n = 4 versus 5)  
(Supplementary Table 2), as previously described with some modifications36. 
hiPSCs were single cell passaged after a 20-min dissociation with Accutase 
(STEMCELL Technologies) at 37 °C and 5% CO2. A total of 1 million cells per 
well were plated in 12-well Cultrex-coated (R&D Systems, catalog no. 3434-
010-02) tissue culture plates (Corning Costar) in PSC Feeder Free Medium 
(Thermo Fisher Scientific, catalog no. A14577SA) with 1 µM thiazovivin 
(Sigma-Aldrich, catalog no. SML1045). Lentivirus (generated by ALSTEM) 
carrying pLV-TetO-hNGN2-eGFP-Puro (Addgene, catalog no. 79823) and 
FUdeltaGW-rtTA (Addgene, catalog no. 19780) was diluted to a multiplicity of 
infection of one each (1 million genome counts of each vector per transduction) 
in 100 µl DPBS, no calcium, no magnesium (Thermo Fisher Scientific) and added 
directly after cell seeding. After 24 h, the medium was exchanged with Neural 
Induction Medium (NIM) comprising a 50:50 mix of DMEM/F12 and Neurobasal, 
with 1× B27 plus vitamin A, 1× N2, 1× Glutamax (Thermo Fisher Scientific) and 
1 µM doxycycline hyclate (Sigma-Aldrich). After 24 h, the medium was removed 
and NIM was added with doxycycline plus 5 µg ml–1 puromycin. A full medium 
exchange was performed the next day with NIM plus doxycycline and puromycin; 
24 h later, cells were passaged by incubating with Accutase for 30 min at 37 °C and 
5% CO2. A series of 96-well plates (PerkinElmer CellCarrier Ultra) were coated 
with 0.1% polyethylenimine (Sigma-Aldrich, catalog no. 408727) in 0.1 M borate 
buffer pH 8.4 for 30 min at room temperature, washed five times with water and 
prefilled with 100 µl per well of neural coating medium comprising Brainphys 
medium (STEMCELL Technologies) with 1× B27 plus vitamin A, 1 µM thiazovivin, 
5 µg ml–1 puromycin, 250 µM dibutyryl cAMP (dbcAMP, Sigma-Aldrich), 40 ng ml–1 
brain-derived neurotrophic factor (BDNF, R&D Systems), 40 ng ml–1 glial cell 
line-derived neurotrophic factor (GDNF, R&D Systems), 200 µM ascorbic acid 
(Sigma-Aldrich) and 10 µg ml–1 natural mouse laminin (Sigma-Aldrich). A sample 
of cells were stained with 10 µg ml–1 Hoechst plus 1:500 acridine orange/propidium 
iodide solution and counted on a Celigo imager (Nexcelom Bioscience). A total 
of 50,000 cells per well were seeded into neural coating medium-filled 96-well 
plates in 100 µl per well of neural medium comprising Brainphys medium with 
1× B27 plus vitamin A, 1 µM thiazovivin, 5 µg ml–1 puromycin, 250 µM dbcAMP, 
40 ng ml–1 BDNF, 40 ng ml–1 GDNF, 200 µM ascorbic acid and 1 µg ml–1 natural 
mouse laminin. At 24 h after seeding, medium was exchanged for neural selection 
medium comprising Brainphys medium with 1× B27 plus vitamin A, 250 µM 
dbcAMP, 40 ng ml–1 BDNF, 40 ng ml–1 GDNF, 200 µM ascorbic acid, 1 µg ml–1 
natural mouse laminin and 2 µM arabinosylcytosine (Ara-C, Sigma-Aldrich). 
After 48 h, the neural selection medium was fully exchanged and after a further 
48 h the medium was fully exchanged with neural maintenance medium (NMM) 
comprising Brainphys medium with 1× B27 plus vitamin A, 250 µM dbcAMP, 
40 ng ml–1 BDNF, 40 ng ml–1 GDNF, 200 µM ascorbic acid and 1 µg ml–1 natural 
mouse laminin. Thereafter, every 48 h, half the medium was exchanged with 
NMM until day 21 posttransduction passage. In Batch 1, all medium exchanges 
were performed using a Hamilton Star liquid handler set to 5 µl s–1 for aspirate 
and dispense as part of the NYSCF Global Stem Cell Array® Team86. Passages were 
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fully automated and performed on a robotic cluster comprising a Thermo Fisher 
Scientific C24 Cytomat incubator, a Hamilton Star liquid handler, an Agilent 
microplate centrifuge, a Precise Automation PreciseFlex 400 Sample Handler and 
a PerkinElmer Opera Phenix. In Batch 2, although medium exchanges were fully 
automated, passages were performed manually.

At harvest, medium was removed using the Bluewasher (BlueCatBio) and cells 
were lysed for 5 min using RLT plus buffer (Qiagen), snap frozen on dry ice and 
stored at −80 °C. A replicate plate was fixed for immunofluorescence analysis by 
adding 32% paraformaldehyde (Electron Microscopy Sciences) directly to medium 
to a final concentration of 4% and incubated at room temp for 15 min. Cells were 
washed three times with HBSS (Thermo Fisher Scientific), stained overnight with 
mouse anti-Nestin 1:3,000 (Millipore, catalog no. 09-0024), chicken anti-MAP2 
1:3,000 (Abcam, catalog no. 09-0006) in 5% normal goat serum (Jackson 
ImmunoResearch) in 0.1% Triton X-100 (Thermo Fisher Scientific) in HBSS. 
Primary antibodies were counterstained with goat anti-mouse Alexa Fluor 555 and 
goat anti-chicken Alexa Fluor 647 and 10 µg ml–1 Hoechst for 1 h at room temp. 
Cells were washed three times with HBSS. Batch 1: nine fields (×40 magnification) 
were imaged per well (one well per condition per line) using the PerkinElmer 
Opera Phenix microscope. Batch 2: nine fields (×20 magnification) were imaged 
per well (two wells per hiPSC line) using the ArrayScan automated microscope 
(Thermo Fisher Scientific). Interwell variability in neuronal identity and maturity 
was assessed using automated image analyses. NESTIN-positive neural progenitor 
cells were demarcated from MAP2-positive postmitotic neurons (Extended Data 
Fig. 1). Variation between batches may reflect discrepancies in imaging methods, 
rather than biological differences in neuronal morphology or maturity.

Glucocorticoid treatment. Preliminary studies were conducted to identify optimal 
culture and glucocorticoid stimulation conditions. These pilot studies sought 
to evaluate the transcriptional effects of HCort and DEX on NGN2-neurons, 
and optimize the length of glucocorticoid treatment and concentrations. 
Neither quantitative PCR for six glucocorticoid regulatory genes (covering ten 
concentrations of DEX) nor RNA-seq (covering three concentrations of DEX) 
revealed significant gene expression differences following 72 h of exposure87, 
consistent with minimal upregulation of FKBP5 mRNA expression following 
DEX treatment of hiPSC neurons19. This is consistent with previous reports of 
DEX treatment of primary cultures, which found neurons to be significantly less 
responsive than astrocytes88. Together, our preliminary data uphold the view that 
astrocyte88 or endothelial89 response, rather than neuronal response, mediates 
brain-level effects of DEX treatment. As our preliminary experiments found a 
strong genome-wide effect of HCort treatment, we used HCort treatment for 
neuronal glucocorticoid exposure. Serum measurements of cortisol in patients 
with and without PTSD have been found to average around 492.52 nM90, 
intermediate between our 100 and 1,000 nM doses. HCort treatment medium 
was prepared by first dissolving HCort (Sigma-Aldrich, catalog no. H0888) in 
ethanol to make a 2.8 mM stock. HCort ethanol stock was then diluted to 0.2 mM 
in HBSS. Ethanol was equalized to 15 µM in control and all treatment media. DEX 
treatment medium was prepared by dissolving DEX (Sigma-Aldrich, catalog no. 
D1156) in HBSS6. The final treatment medium was prepared by diluting HCort 
or DEX stocks into NMM/RPMI, before applying to cells by fully exchanging 
medium. Neurons were treated with HCort for 24 h (baseline, 100 nM, 1,000 nM 
and 2,500 nM), PBMCs with DEX for 72 h (baseline, 2.5 nM, 5 nM and 50 nM). 
Baseline medium conditions are estimated to contain 58 nM of corticosterone 
from neuronal supplement B27 (Thermo Fisher), which may predispose neurons 
to a higher effective concentration for glucocorticoid stimulation91, and may 
bias responsive genes toward those that respond to severe stressors, rather than 
homeostatic or regulatory changes, such as circadian rhythms.

RNA extraction and quality control. For NGN2-neurons, RNA was harvested 
with an RNeasy Plus Micro Kit (Qiagen). For PBMCs, RNA was extracted from 
TRIzol-lysed PBMCs using the miRNAeasy Mini Kit (Qiagen). Following each 
extraction, RNA quantity was measured using a Nano Drop 2000 Spectrophotometer 
(Thermo Scientific) and RNA quality and integrity was measured with an Agilent 
2100 Bioanalyzer (Agilent). All RNA integrity numbers (RINs) in the current study 
were high: NGN2-neurons (8.8 ± 0.53) and PBMCs (7.5 ± 0.95).

RNA-seq data generation. A low-input RNA-seq protocol was applied for the 
generation of RNA-seq data from NGN2-neurons. Specifically, polyA enriched 
RNAs were subjected to RNA-seq library preparation using the SMART-Seq v.4 Kit 
(SSv.4; Takara) and sequenced using a paired-end 150 bp configuration with 30 M 
supporting reads per sample. For RNA-seq data generation from PBMCs, Ribo-zero 
rRNA deleted RNAs were subjected to RNA-sequencing library preparation using 
the Illumina TruSeq Stranded Total RNA kit (Illumina) and sequenced using a 
paired-end 150 bp configuration with 20 M supporting reads per sample.

RNA-seq data preprocessing. All RNA-seq FASTQ files underwent matching 
analytical procedures, as described previously. In brief, resulting short reads 
with Illumina adapters were trimmed and low-quality reads were filtered using 
TrimGalore92 (–illumina option). All high-quality reads were then processed 
for alignment using the hg38 reference and the ultrafast universal RNA-seq 

aligner STAR with default parameters93. Mapped bam files were sorted using 
Samtools and short read data were quantified using featureCounts94 with the 
following parameters: -T 5, -t exon and -g gene_id. Subsequently, all read counts 
were exported and all downstream analyses were performed in the R statistical 
computing environment. Raw count data was subjected to nonspecific filtering 
to remove low-expressed genes that did not meet the requirement of a minimum 
of two counts per million (CPM) in at least around 40% of samples. This filtering 
threshold was applied to NGN2-neurons and PBMCs separately. All expression 
values were converted to log2 reads per kilobase of transcript, per million mapped 
reads (RPKM) and subjected to unsupervised principal component analysis (PCA) 
to identify and remove outlier samples that lay outside 95% confidence intervals 
from the grand averages. This identified two outlier samples in NGN2-neuron 
Batch 1 and one outlier sample in Batch 2 that were excluded from our analysis.

Developmental specificity analysis. RNA-seq datasets from existing PM brain 
tissue and hiPSC models were integrated to validate the developmental specificity 
of our samples using a previously described approach40. In brief, a total of 16 
independent studies were collected covering 2,716 independent samples and 
12,140 genes. These samples cover a broad range of hiPSCs, neural progenitor cells, 
mature neurons, prenatal and postnatal brain tissues. All expression values were 
converted to log2 RPKM and collectively normalized using quantile normalization 
using the limma R package. Subsequently, for each independent sample present 
in our hiPSC neuron dataset, we performed pairwise correlation analysis (using 
Pearson’s correlation coefficients) across all independent samples and subsequently 
aggregated the correlation coefficients for each external study and/or cell type. 
Next, and as a complementary approach, all datasets were jointly analyzed and 
integrated using PCA (Extended Data Fig. 3).

Differential gene expression analyses. Transcriptional signatures were generated 
using a strategy adapted from Hoffman et al.40, using scripts available at www.
synapse.org/hiPSC_COS. Gene expression values were normalized using VOOM95. 
Confounders explaining a significant proportion of variance in gene expression 
were identified using variancePartition96 (that is, experimental batch, treatment, 
individual as a repeated measure (that is, interdonor effects), PTSD diagnosis and 
RIN) (Extended Data Fig. 2a). A significant batch effect was observed (Extended 
Data Fig. 2a–c), which was corrected for by constructing a linear model of batch 
and extracting the residuals (Extended Data Fig. 2d–f). Next, differential gene 
expression analyses were conducted using a moderated t test from the R package 
limma95. Models examining the HCort-dependent, PTSD-independent effect  
(Figs. 1–3) included adjustment for the possible confounding influence of PSTD 
diagnosis and RIN, while PTSD-dependent models (Figs. 4 and 5) included 
diagnosis as a main outcome. Due to the repeated measures study design, where 
individuals are represented by multiple independent technical replicates, the 
duplicateCorrelation function was applied in the limma analysis and gene level 
significance values were adjusted for multiple testing using the Benjamini and 
Hochberg method to control the FDR. Genes with FDR < 5% were considered 
significantly differentially expressed. To integrate differential gene expression results 
between batches, summary statistics from differential gene expression analyses 
to both glucocorticoid-dependent and PTSD-dependent responses in each batch 
were meta-analyzed using METAL97. Significant results across both studies were 
identified using a Benjamini–Hochberg-adjusted P value threshold (FDR < 0.05).

Neurite outgrowth analysis. To determine functional and mechanistic 
consequences of HCort treatment, NGN2-neurons were seeded as 1.5 × 104 cells per 
well in a 96-well plate coated with 4× Matrigel at day 5. At day 6, NGN2-neurons 
were treated with HCort for 24 h (0 nM (vehicle), 100 nM, 1,000 nM and 2,500 nM) 
as in previous experiments. At day 7, cultures were fixed using 4% formaldehyde/
sucrose in PBS with Ca2+ and Mg2+ for 10 min at room temperature (RT). Fixed 
cultures were washed twice in PBS and permeabilized and blocked using 0.1% 
Triton/2% normal donkey serum (NDS) in PBS for 2 h. Cultures were then 
incubated with primary antibody solution (1:1,000 MAP2 anti-chicken (Abcam, 
catalog no. ab5392) in PBS with 2% NDS) overnight at 4 °C. Cultures were then 
washed three times with PBS and incubated with secondary antibody solution (1:500 
donkey anti-chicken Alexa 647 (Life technologies, catalog no. A10042) in PBS with 
2% NDS) for 1 h at RT. Cultures were washed a further three times with PBS with 
the second wash containing 1 μg ml–1 4,6-diamidino-2-phenylindole. Fixed cultures 
were then imaged on a CellInsight CX7 HCS Platform with a ×20 objective (0.4 
numerical aperture) and neurite tracing analysis performed using the neurite tracing 
module in the Thermo Scientific HCS Studio v.4.0 Cell Analysis Software. A total of 
12–24 wells were imaged per condition across a minimum of two independent cell 
lines, with nine images acquired per well for neurite tracing analysis. A Kruskal–
Wallis test with a post hoc Dunn’s multiple comparisons test was performed on data 
for neurite length per neuron using Graphpad Prism. This analysis was performed in 
day 7 neurons to ensure optimal density to observe neurite outgrowth phenotypes, 
which are less quantifiable by these methods in more mature neurons.

Weighted gene coexpression network analysis and functional annotation. Signed 
coexpression networks were built for PBMCs and NGN2-neurons using WGCNA98. 
To construct a global weighted network for each cell type, a total of 20,101 and 
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16,146 postquality-control genes were used in PBMCs and NGN2-neurons 
respectively. The absolute values of Biweight midcorrelation coefficients (optimal 
for small sample sizes) were calculated for all possible gene pairs within each 
cell type, and resulting values were transformed using a β-power (β = 4 for 
NGN2-neurons and β = 7 for PBMCs) so that the final correlation matrices 
followed an approximate scale-free topology (Extended Data Fig. 6). To determine 
which modules, and corresponding biological processes, were most associated with 
HCort/DEX, singular value decomposition of each module’s expression matrix was 
used; the resulting ME), equivalent to the first principal component, represented 
the overall expression profiles for each module. Each module was enriched for 
GO biological processes, molecular factors, cellular components and molecular 
pathways using ToppGene99. All genes passing nonspecific filtering in the current 
dataset were used as a genomic background. Only gene sets that passed a multiple 
test adjustment using the Benjamini–Hochberg procedure (adj. P < 0.05) were 
deemed significant. ME values were correlated with dosage by Pearson correlation. 
Protein–protein association networks were constructed using STRING100. For 
protein–protein association analysis of WGCNA modules, genes with high module 
membership (>0.8) were selected for STRING analysis and computation of PPI 
enrichment P values. Networks were visualized by cytoscape101.

Gene coexpression module preservation analysis. Gene coexpression modules 
that were disrupted or created in response to glucocorticoids across NGN2-neurons 
and PBMCs, a permutation-based preservation statistic (Zsummary)2 with 200 random 
permutations was used to measure the (dis)similarity in correlation patterns for the 
genes within these gene sets: Zsummary > 10 indicates strong evidence of preservation, 
2 < Zsummary < 10 indicates weak-to-moderate evidence of preservation and 
Zsummary < 2 indicates minimal-to-no evidence of preservation. For this analysis, we 
specifically focused on dynamically regulated, glucocorticoid-responsive functional 
modules that were identified in either NGN2-neurons or PBMCs, respectively.

Integration of disease-associated genes and gene sets. Concordance of observed 
PBMC and neuron transcriptomic signatures to glucocorticoid stimulation 
(Figs. 1e and 2e), or between PTSD cases and controls (Fig. 4d) and previously 
reported psychiatric disorder and neurodevelopmental expression patterns102–108 
was determined (Extended Data Fig. 10). Psychiatric disorder enrichment was 
determined using genetic and genomic disease-related gene lists for PTSD, MDD, 
schizophrenia (SCZ), BD, ASD, alcohol use disorder, and inflammatory bowel 
disease (IBD)27. Glucocorticoid dysregulation of neurodevelopmental genes was 
examined using risk genes associated with epilepsy69, developmental delay70, 
autism spectrum disorder71–76, intellectual disability (ID)77,78, SCZ79,80 and fragile X 
mental retardation protein (FMRP) target81 genes. All gene sets were assessed by 
overrepresentation analysis109 using WebGestaltR110, with significant enrichment 
calculated using hypergeometric distribution. All P values from all gene sets were 
adjusted for multiple testing using the Benjamini–Hochberg procedure, using a  
P value < 0.05 threshold to determine significance. These gene lists are available in 
Supplementary Table 3.

Clustering of PTSD expression patterns. To assess whether significant gene 
expression patterns could predict PTSD, the differential log2CPM of 1,016 and 402 
PTSD-specific DRGs in NGN2-neurons following 100 nM and 1,000 nM of HCort, 
respectively, were plotted using pheatmap111. K-means clustering was applied 
with Euclidian distance using average linkage clustering and tested for observed 
clustering of PTSD(+) and PTSD(–) gene signatures (Fig. 4b).

Interaction analysis. To test the interaction of HCort concentration with PTSD 
diagnosis, the linear effect of the HCort by PTSD interaction term was modeled 
using limma, adjusting for RIN and donor as a repeated measure. Of the 740 
genes with significant Benjamini–Hochberg-adjusted P values <0.05, genes were 
identified that responded significantly to HCort in either cases or controls by 
performing one-way analysis of variance (ANOVA) on log2CPM normalized 
expression to increasing HCort exposure separately in PTSD cases and controls. 
Genes with a significant ANOVA P value in controls but not in PTSD cases as 
‘PTSD hypo-responsive’, genes with a significant ANOVA P value in both PTSD 
cases and controls, but with opposite directions of effect as ‘interactive’ and genes 
with a significant ANOVA P value to HCort in PTSD cases but not in controls were 
labeled as ‘PTSD hyper-responsive’ (Fig. 4e). We selected these three categories to 
maximize biological interpretability, and due to previous reports of glucocorticoid 
hypersensitivity in PTSD, suggesting hyper- and hypo-sensitivity of targets as 
physiologically relevant to PTSD. To assess spatial association of genes with the 
most significant interactive effects with known common variant effectors involved 
in PTSD, expression of PTSD GWAS3 variants was imputed using PrediXcan112 and 
mapped against the significance of the HCort by PTSD interaction term in our 
study (Fig. 5d).

To identify upstream drivers of the PTSD-specific HCort response signature, 
enrichment for TF targets, defined based on MSigDB C3 gene set groupings113, 
was performed using the FUMA pipeline114. TFs were tested for their overlap with 
genes previously reported in PM brains27 of individuals with PTSD and genes 
associated with CAPS scores in whole blood115. The significance of the number of 
TFs enriched in PTSD gene sets was tested using a binomial test.

Statistics and reproducibility. Sample sizes for this study were chosen based on 
comparisons with other idiopathic designs40,116,117. Using an isogenic within-donor 
design, we were adequately powered to resolve Hcort specific effects. No statistical 
method was used to predetermine sample size for case–control comparisons. 
Data was assumed to be normal due to log2-transformation of all expression data. 
RNA-seq sample data was excluded based on PCA of genome-wide log2RPKM 
values to identify outlier samples that lay outside 95% confidence intervals from 
the grand averages. This identified two outlier samples in NGN2-neuron Batch 
1 and one outlier sample in Batch 2 that were excluded from our analysis. All 
experimentation and quality control on hiPSC lines was performed with blinding 
to disorder status. Sorting of samples occurred with HCort treatment conditions 
laid out with increasing dosages from top to bottom for both sample groups. 
Control and case samples were randomized across plates. RNA-seq from samples 
were randomized for sequencing.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Owing to constraints reflecting the original patient consents, the hiPSCs will be 
made available by the authors upon reasonable request and IRB approval. RNA-seq 
files will be uploaded to the gene expression omnibus and will release following 
manuscript publication.

Code availability
All computational code is available at GitHub: https://github.com/BreenMS.
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Extended Data Fig. 1 | Immunostaining of hiPSC-derived NGN2-neurons. Immunostaining of Hoechst (white), GFP (green), MAP2 (red) and NESTIN 
(blue) across all participants prior to HCort treatment. Imaging was repeated after treatment with the 100 and 1000 HCort dosages. Study 1 and 2:  
Scale bar = 50 µm.
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Extended Data Fig. 2 | Adjustment of Batch effects. a, VariancePartition and PCA analysis on uncorrected data from two batches (batch 1, n = 30, batch 
2, n = 9 biologically independent individuals) indicating large batch effect. Boxplot data presented are minimum, 1st quartile, median, 3rd quartile and 
maximum. Example of gene with large batch effect across batch 1 (n = 30) and batch 2 (n = 9). b, VariancePartition, PCA, and example gene after batch 
correction for same batches as above.

Nature Neuroscience | www.nature.com/natureneuroscience

http://www.nature.com/natureneuroscience


Articles Nature Neuroscience

Extended Data Fig. 3 | Developmental specificity analysis. a, Pairwise correlation between NGN2s from our study with cell types across 16 independent 
studies. b, PCA analysis of cell types within all 16 studies with our NGN2-neurons.
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Extended Data Fig. 4 | Neuronal fate specificity analysis. a, Expression of hallmark pan-neuronal and neuronal subtype specific genes in NGN2-neurons 
and PBMCs. b, Average log2CPM expression of VGLUT1 and VGLUT2 in NGN2-neurons and PBMCs. c, Expression of GR and MR in NGN2-neurons (from 
n = 39 individuals) and PBMCs (from n = 40 individuals). Boxplot data are presented as minimum, 1st quartile, median, 3rd quartile and maximum.
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Extended Data Fig. 5 | Comparison of PBMC batches. a, Pairwise correlations between PBMC batches. b, Transcriptome-wide correlation between 
batches at 50 nM DEX dose. c, Pairwise correlations between PBMC batches and Breen et al23. d, Transcriptome-wide correlation between our study and 
Breen et al.23 at the 50 nM DEX dose.
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Extended Data Fig. 6 | Comparison of NGN2 batches. a, Hcort-responsive DEGs across independent batches. Transcriptome-wide concordance is plotted 
between dosages for each batch. b, Quantification of cell number with HCort treatment showing no significant cell density between doses. One-way 
ANOVA was performed in n = 39 biologically independent individuals treated with each dose. Data are presented as minimum, 1st quartile, median, 3rd 
quartile and maximum.
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Extended Data Fig. 7 | Weighted gene co-expression network analysis of (A) PBMCs and (B) NGN2-neurons. The β-power required to satisfy scale-free 
topology (SFT) and corresponding mean connectivity for gene co-expression network construction. Hierarchical gene cluster tree and module structure 
and gene-treatment color bands. The first color band underneath the tree indicates the detected modules and subsequent bands indicate treatment 
correlation, when red indicates a strong relationship and blue indicates a strong negative relationship.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Unsigned WGCNA Network. a, Unsigned Weighted gene co-expression network analysis (WGCNA) identified coregulated gene 
modules. Pearson correlation was used to assess changes in module eigengene (ME) values with increasing concentration of HCort (p-values are labeled 
above each boxplot). Correlation p-values were derived from a two-tailed t-distribution. Data are presented as minimum, 1st quartile, median, 3rd quartile 
and maximum. Each module was subjected to gene ontology enrichment analysis and the topmost significant enrichment terms and their associated 
Benjamini–Hochberg adjusted P-values are displayed. Top hub genes (kME > 0.6) within each module are displayed for quick interpretation of GR-
stimulated gene co-expression modules and candidate individual genes. b, Network visualization of protein-protein interactions within modules indicating 
clusters and network hubs. STRING analysis was used to identify the observed number of edges. Enrichment of observed edges was assessed against 
expected edges to determine a Protein Protein Interaction (PPI) p-value of p < 1.0e-16 for each network.
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Extended Data Fig. 9 | PTSD(+) specific responses to DEX in PBMCs. a, Genes that differ in their response to DEX in PTSD(+) donors compared to 
PTSD(-) donors, here termed differential response genes (DRGs), at an FDR threshold of 20% (nonsignificant) b, Unsupervised clustering of nominally 
significant PTSD DRGs.
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Extended Data Fig. 10 | Concordance of PBMC signature with NGN2 signature. Pairwise Pearson-correlations between transcriptome-wide signatures of 
PBMC and NGN2 batches.
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Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 

in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 

Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 

AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 

Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Glutamatergic NGN2-neurons were generated from hiPSCs in two batches (batch 1 n=15 vs 15; batch 2 n=4 vs 5). For NGN2-neurons, RNA was 

harvested with RNeasy plus micro kit (Qiagen). A low-input RNA-sequencing protocol was applied for the generation of RNA-sequencing data 

from NGN2-neurons. No software was used for data collection.

Data analysis All RNA-sequencing FASTQ files underwent matching analytical procedures. In brief, adapters were trimmed using Trim Galore, mapped using 

STAR v2.7.2a, counted using featureCounts from RSubRead v2.0.3.  Data was normalized using VOOM (Limma) v3.22.7, variance quantified 

using variancePartition v1.27.3, tested for differential expression using limma, and co-expression using WGCNA v1.71. Extensions of WCGNA 

were applied to implement preservation-based summary statistics. Meta-analysis was performed using METAL. Protein-protein interactions 

were mapped using STRING v11.5, and visualized using cytoscape v3.8.0. Gene set enrichment analysis was performed using WebGestaltR 

v0.4.4. Original code generated for analyses in this paper are published here: https://github.com/BreenMS

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 

reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 

- Accession codes, unique identifiers, or web links for publicly available datasets 

- A description of any restrictions on data availability 

- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All raw RNA-seq FASTQ files have been uploaded to the gene expression omnibus under accession number XXXXX (will release following manuscript publication).
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size A total of 49 individuals were recruited to yield well-matched and largely over-lapping (30 shared individuals) hiPSC and PBMC cohorts, 

comprised of combat veterans with (n=19 hiPSC donors and n=20 PBMC donors) and without (n=20 hiPSC donors and n=20 PBMC donors)) 

PTSD. Sample sizes for this study were chosen based on comparisons to other idiopathic designs. Using an isogenic within-donor design, we 

were adequately powered to resolve Hcort specific effects. No statistical method was used to predetermine sample size for case-control 

comparisons

Data exclusions We only include transcriptomic profiles from NGN2-neurons where donor genotype and RNA-seq were confirmed to match. All RNA-seq 

expression values were converted to log2 RPKM and subjected to unsupervised principal component analysis (PCA) to identify and remove 

outlier samples that lay outside 95% confidence intervals from the grand averages. This identified two outlier samples in NGN2-neuron batch 

1 and one outlier sample in batch 2 that were excluded from our analysis.

Replication For technical reasons, glucocorticoid treatment of NGN2-neurons (batch 1 n=15vs15, batch 2 n=4vs5) and PBMCs (batch A n=10vs10, batch B 

n=10vs10 ref23) were completed independently and then meta-analyzed together to adjust for batch effects. All attempts at replication were 

successful.

Randomization We randomized the RNA-sequencing of the current study to ensure data was not in batches.  We randomized around three blocking factors - 

diagnosis, concentration, and cell type. We randomized diagnosis across plates, but overall plate effect was also adjusted through 

residualization and stratification and meta-analysis.

Blinding Following stem cell reprogramming, the clinical origin of each sample was blinded to those performing neuronal differentiations, RNA 

purification, and RNA sequencing, and analysis. Diagnosis was blinded over the course of all experiments including neuronal differentiations, 

imaging, and HCort treatment.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 

system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Antibodies

Antibodies used Anti-NESTIN clone 10C2 (Millipore, MAB5326, 1:3000), Anti-MAP2 (Abcam, Ab5392, 1:3000)

Validation Anti-NESTIN Millipore is validated for immunocytochemistry in neural stem cells.  Anti-MAP2 Abcam is validated for 

immunocytochemistry in human.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Cultured PBMCs and fibroblast-reprogrammed hiPSCs

Authentication Samples were confirmed to key karyotypically normal using the Illumina Core Exome Genotyping Chip (Illumina, 20030770) 

and cnvPartition 3.2.0 (Illumina, Genome Studio). No cell lines displayed karyotypic abnormalities (no reported CNVs ?2.5 MB 

in size). All reported CNVs are shown in each certificate of analysis. hiPSC lines were confirmed to be viable post-thaw, 

achieving a minimum of 50% confluency within 10 days). Sample identity testing was performed using the SNPTrace assay, 

confirming correct sample association between parental fibroblast and hiPSC line. Gene expression analysis was using a 

custom Nanostring panel27 to confirm expression of pluripotency markers such as POU5F1, NANOG, and SOX2, and lack of 

expression of early differentiation markers such as AFP (Mesoderm), SOX17 (Endoderm), and NR2F2 (Ectoderm). A scorecard 

panel was used to confirm propensity to differentiate27. All hiPSC lines used in this study passed the above QC and have a 

certificate of analysis.

Mycoplasma contamination As part of the hiPSC validation process, all samples were tested for the absence of Mycoplasma (Lonza, LT07-710) and 

confirmed to be sterile (Hardy Diagnostics, K82). 

Commonly misidentified lines
(See ICLAC register)

n/a

Human research participants

Policy information about studies involving human research participants

Population characteristics All participants reported a DSM-IV criterion A combat trauma24; all experienced deployment to active military combat zones 

and experienced one or more significant combat-related traumas.  Individuals with and without PTSD did not have significant 

differences in childhood or pre-deployment trauma, deployment number or cumulative duration. Participants underwent 

psychological evaluation using the Structured Clinical Interview for DSM-5 (SCID)25 and the Clinician Administered PTSD Scale 

(CAPS)26 for determination of PTSD diagnosis and severity. Eligibility criteria and thresholds were based on CAPS for DSM-IV; 

PTSD(+) had a current CAPS-IV total score above 40 (frequency + intensity), whereas PTSD(-) participants were combat-

exposed veterans had a total score below 40. Although DSM-IV criteria for PTSD were used for inclusion, note that PTSD+ 

participants also met criteria for PTSD based on DSM-5. Diagnostic and clinical exclusions included: i) presence of moderate 

or severe substance use disorder within the past 6 months, ii) lifetime history of primary psychotic or Bipolar I disorders, iii) 

self-reported history of moderate or severe traumatic brain injury, iv) neurological disorder or major systemic illness, v) 

treatment with systemic steroids, and for PTSD(−) only, vi) current or recurrent major depressive disorder. Psychotropic 

medication was permitted, but dosage stabilization for at least two weeks was required. ~20% of individuals  across both 

groups are currently treated with psychiatric medications. Current oral steroid treatment was an exclusion based on the 

impact of systemic steroids on the HPA axis. Given the small sample size, there was no additional matching performed for 

clinical characteristics such as index trauma types, duration of the disorder, comorbidities, and psychiatric medications at 

time of recruitment. Available clinical information is summarized in Table 1 and presented in detail in Table S1.  Average age 

of participants with PTSD was 25.3 and controls was 32.5. 100% of the cohort was male. 

Recruitment Research participants were recruited through clinical care centers at the Bronx VAMC as well as from other research studies 

being conducted by Dr. Yehuda’s research team. Participants were also recruited through advertisements in local 

newspapers and on social media as well as through flyers and outreach to other Veteran organizations. A total of 49 

individuals were recruited to yield well-matched and largely over-lapping (30 shared individuals) hiPSC and PBMC cohorts, 

comprised of combat veterans with (n=19 hiPSC donors and n=20 PBMC donors) and without (n=20 hiPSC donors and n=20 

PBMC donors)) PTSD. Detailed information about donor breakdown in the hiPSC and PBMC studies, by experimental batch, in 

Table S1. Eligibility for participation was determined as previously described23. Participants were included serially in the 

order in which they consented until the enrollment targets were attained.  It is possible that the recruitment process may 

have created a self-selection bias in that participants are actively seeking health treatment at VA or those who are willing to 

volunteer to participate in research studies.

Ethics oversight Participants in this cross-sectional study were combat-exposed Operation Enduring Freedom, Operation Iraqi Freedom, and 

Operation New Dawn (OEF/OIF/OND) veterans with and without PTSD who provided written, informed consent. Approval of 

the protocol was performed by the veteran affairs human subjects committee and the Icahn School of Medicine at Mount 

Sinai (VA HS# YEH-16-03 and ISMMS HS#15-00886) and from whom a viable blood and/or fibroblast sample was provided 

and sufficient RNA for genome-wide expression analyses was extracted.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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