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Epidemiological, family and molecular genetic studies have shown 
that genetic predisposition as well as stressful or traumatic life events, 
especially in childhood, are important risk factors for psychiatric dis-
orders, including major depression and post-traumatic stress disorder 
(PTSD) and that these factors most likely have interactive, rather than 
additive, effects1. Although specific gene × environment interactions 
have been described2–5, the molecular basis of gene × environment 
interaction in mood and anxiety disorders remains obscure. FKBP5 
is an important functional regulator of the glucocorticoid receptor 
complex6. The glucocorticoid receptor is a pivotal nuclear receptor 
of the stress hormone system mediating the negative feedback of 
this axis to terminate the stress response after the end of a threat7. 
Dysregulation in this system has been described in stress-related 
psychiatric disorders and as a long-term consequence of exposure to 
early life trauma8,9. FKBP5 alters glucocorticoid receptor function by 
decreasing ligand binding and impeding translocation of the recep-
tor complex to the nucleus10,11. Furthermore, FKBP5 is part of an 
intracellular ultra-short negative feedback loop that regulates gluco-
corticoid receptor activity. Glucocorticoid receptor activation induces 
FKBP5 transcription via activation at predominantly intronic ster-
oid hormone response elements12, leading to increased transcription  
of FKBP5, entailing restrained glucocorticoid receptor activity.  
We and others have shown that polymorphisms in FKBP5 (haplotypes 
including rs1360780, rs9296158, rs3800373 and rs9470080) interact 

with early trauma or childhood abuse to predict adult PTSD, suicide 
attempts and major depression3,13–17. Here we identified a molecular 
mechanism for this gene × environment interaction by long-term 
epigenetic modifications.

RESULTS
rs1360780 moderates the risk for PTSD after early trauma
Previously, we found that the same FKBP5 polymorphisms that inter-
act with early trauma are also associated with altered induction of 
FKBP5 mRNA by glucocorticoid receptor stimulation in peripheral 
blood18. We hypothesized that the associated functional variant lies 
in or close to glucocorticoid response elements (GREs) in the FKBP5 
locus. Given that the originally genotyped variants are in high link-
age disequilibrium over the entire locus, we used genotype data from 
Illumina OmniExpress Single Nucleotide Polymorphism (SNP) arrays 
spanning the whole FKBP5 locus in 192 individuals of the Grady 
trauma project and imputed all currently known variants using the 
1,000 Genomes project data (http://www.1000genomes.org/)19. This 
resulted in 799 polymorphisms imputed with a quality greater than 
0.6 and an average quality score of 0.93. Linkage disequilibrium 
with rs1360780, rs9296158, rs9470080 and rs3800373 was evaluated 
using the tagger software implemented in Haploview version 4.2.  
Of the imputed polymorphisms, 48 had an r2 greater than 0.4 with 
at least one of the four polymorphisms mentioned above to interact 
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Although the fact that genetic predisposition and environmental exposures interact to shape development and function of the 
human brain and, ultimately, the risk of psychiatric disorders has drawn wide interest, the corresponding molecular mechanisms 
have not yet been elucidated. We found that a functional polymorphism altering chromatin interaction between the transcription 
start site and long-range enhancers in the FK506 binding protein 5 (FKBP5) gene, an important regulator of the stress 
hormone system, increased the risk of developing stress-related psychiatric disorders in adulthood by allele-specific, childhood 
trauma–dependent DNA demethylation in functional glucocorticoid response elements of FKBP5. This demethylation was linked 
to increased stress-dependent gene transcription followed by a long-term dysregulation of the stress hormone system and a 
global effect on the function of immune cells and brain areas associated with stress regulation. This identification of molecular 
mechanisms of genotype-directed long-term environmental reactivity will be useful for designing more effective treatment 
strategies for stress-related disorders.
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with early trauma and these variants spanned 192 kb of the locus 
(Supplementary Table 1). Of all genotyped and imputed variants 
tagging this association, rs1360780, the variant originally identified 
as being associated with differential induction of FKBP5 by gluco
corticoid receptor activation18, was the SNP in the tagging bin that was 
located closest to a functional GRE (see detailed description below).

In an expanded African-American cohort (N = 1,963) from the 
Grady trauma project (which includes 1,194 more individuals than 
were present in our original report3), we first confirmed and extended 
our previously reported interaction of FKBP5 rs1360780 and early 
trauma on adult PTSD symptoms. We not only observed a significant 
interaction of child abuse, determined by the Childhood Trauma 
Questionnaire (CTQ) and FKBP5 rs1360780, on current adult PTSD 

symptoms, as measured by the modified PTSD symptom scale (mPSS 
total score, F1963,2 = 4.40, P = 0.012), but also on lifetime PTSD, as 
assessed by the criterion standard diagnostic instrument, the clinician-
administered PTSD scale (CAPS, N = 519). In a logistic regression ana
lysis, both early trauma (P < 0.001) and the interaction of early trauma 
and the FKBP5 rs1360780 risk allele carrier status (P = 0.034) were 
significant predictors for lifetime PTSD without main genetic effect 
of FKBP5. The risk of suffering from lifetime PTSD was significantly 
increased by exposure to early trauma in FKBP5 risk allele carriers  
(χ2 = 28.6, degrees of freedom = 2, P < 0.001), but not in carriers of  
the protective genotype (χ2 = 2.02, degrees of freedom = 2, P = 0.36) 
(Fig. 1). These data lend further support to the robustness of the  
moderation of child abuse–related risk for adult PTSD by rs1360780.

rs1360780 affects FKBP5 chromatin shape and transcription
The glucocorticoid receptor transcriptionally regulates FKBP5 
mainly by distal intronic GREs20. rs1360780 is located in a functional 
enhancer region and 488 bp from a GRE in intron 2. To test whether 
this SNP itself has the potential to alter FKBP5 transcription, we 
cloned reporter gene constructs encompassing the consensus GRE 
site together with either the rs1360780 A/T risk allele or the C/G 
protective allele (Fig. 2a). The construct with the risk allele exhibited 
stronger activity than the construct with the protective allele, both 
in the absence of glucocorticoid receptor (1.4-fold, P < 0.001) and in 
the presence of activated glucocorticoid receptor (1.7-fold, P = 0.036) 
(Fig. 2b,c). These data are consistent with previously reported in vivo 
data showing a stronger correlation of FKBP5 mRNA and plasma 
cortisol in peripheral blood cells from risk genotype carriers as com-
pared with carriers of the protective allele18. In fact, the sequence 
containing the A/T risk allele of rs1360780 is predicted to form a 
putative TATA box, possibly enhancing gene transcription as com-
pared to the C/G allele. The A allele indeed exhibited a stronger TATA 
box binding protein (TBP) binding than the G allele (P = 0.009; Fig. 
2d). Data from chromatin immunoprecipitation experiments sug-
gest that this distal GRE comes into contact with RNA polymerase 
and, likely, the transcription start site (TSS), supporting a functional 
consequence of altered TBP binding in intron 2 on FKBP5 mRNA 

Figure 2  Genotype- and glucocorticoid 
receptor–dependent enhancer activities of intron 
2 sequences of FKBP5. (a) Representation of the 
reporter construct. The luciferase gene is driven 
by a basal human elongation factor-1 alpha  
(EF-1α, EEF1A1) promoter with a 802-bp fragment 
of FKBP5 intron 2 containing the putative GRE 
and rs1360780 cloned in front of the promoter. 
The rs1360780 risk allele A/T might form a 
TATA box–like sequence, which would enhance 
transcriptional activity. (b) Allele specificity of the  
reporter gene activity in glucocorticoid receptor–
free HEK 293 cells. The reporter activity was 
reduced for the protective allele versus the risk 
allele (***P < 0.001, Student’s t test, unpaired,  
two sided). (c) Stimulation with 50 nM dexametha
sone significantly enhanced intron 2–driven 
luciferase activity in glucocorticoid receptor–
expressing HeLa cells in a genotype-dependent 
manner. Reduced activity was observed for the 
protective allele versus the risk allele (*P = 0.036, 
Student’s t test, unpaired, two sided). Baseline luciferase activity in HeLa cells without dexamethasone stimulation did not reveal significant differences (data 
not shown). In the box plots, the box extends indicate lower quartile and upper quartile, and the whiskers denote sample minimum and maximum. The line in 
the box represents the median and dots represent outliers. (d) Relative binding of recombinant TBP to a double-stranded 60-mer oligonucleotide containing 
either the A or G allele of rs1360780. The A allele exhibited a stronger binding to TBP than the G allele. (**P = 0.009, Student’s t test, unpaired, two sided). 
The assay was run in triplicates, background activity was subtracted from the measurement reading. Data are expressed as mean ± s.e.m.
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Figure 1  FKBP5 × childhood abuse interaction on PTSD lifetime diagnosis. 
Shown is the interaction of child abuse and FKBP5 rs1360780 protective 
genotype (left) or risk allele carrier status (right) on percentage lifetime 
PTSD (CAPS). FKBP5 protective genotype: no abuse, N = 133; one type, 
N = 27; two types, N = 16; FKBP5 risk allele carriers: no abuse; N = 252, 
one type, N = 69; two types, N = 22 (n.s. P > 0.05, ***P < 0.001).
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transcription20. Taking advantage of the chromatin conformation cap-
ture technique, we found an rs1360780 genotype–independent inter
action of intron 7 with the TSS via three-dimensional loop formation 
(Fig. 3 and Supplementary Fig. 1a–d) and a 
genotype-dependent interaction of intron 2  
and the TSS in a homozygote risk (AA) allele 
carrier, but not a carrier of the protective 
(GG) genotype. These results support the 
theory that the functional effects reported 
for the FKBP5 haplotype on FKBP5 mRNA 
and protein levels could be mediated by the 
different chromatin conformation and, thus, 
transcriptional effects of the two opposite 
alleles of rs1360780 (ref. 18).

Consistent with the ultra-short negative 
feedback between FKBP5 and glucocorticoid 
receptor activation, this genotype-mediated 
increased FKBP5 transcription has been shown 
to be associated with glucocorticoid receptor 
resistance in healthy controls3,15 and with a 
decreased efficiency of negative feedback of 
the stress hormone axis accompanied by pro-
longed cortisol release21. We sought to unravel 
the molecular mechanism by which a genetic 
predisposition to react more strongly to a stres-
sor in the short term interacts with exposure to 
childhood trauma to increase the risk of devel-
oping psychiatric disorders in the long term.

DNA demethylation in FKBP5 in 
traumatized individuals
Epigenetic changes, especially changes in DNA 
methylation, have been reported as long-lasting 
consequences of early trauma22–24, and gluco-
corticoid receptor activation has been shown 
to induce local changes in DNA methylation at 
GREs, including in the murine Fkbp5 locus25,26. 
We hypothesized that excessive cortisol release 

following early life stress exposure in FKBP5 risk allele carriers would lead 
to epigenetic changes in the GREs of FKBP5, resulting in lasting disrup-
tions of the ultra-short feedback loop that balances FKBP5 and glucocorti-
coid receptor activity, entailing dysregulation of the stress hormone system, 
and ultimately increasing the risk for certain psychiatric disorders.
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Figure 3  Long-distance interaction of GREs in FKBP5. Chromatin 
conformation capture confirmed a genotype-dependent interaction of 
the FKBP5 TSS (TSS) with intron 2 and intron 7 in lymphoblastoid cell 
lines. (a) Top, FKBP5 genomic locus with the TSS indicated by an arrow 
and intron 2 and intron 7 indicated by black boxes. The upright thin 
lines represent EcoRI cutting sites of genomic DNA. Bottom, chromatin 
conformation capture interaction data. Amplicon primers are indicated by 
small arrows, and the fragments containing the TSS, intron 2 and intron 7  
are emphasized by gray boxes. Data from quantitative PCR are plotted 
as relative crosslinking frequency on the y axis. A specific interaction 
was detected as the local peak in interaction frequencies. Thus, intron 7 
showed a stronger interaction with the TSS than with fragments upstream 
and downstream of the intron 7 fragment in both cell lines. Moreover, we 
observed a strong local peak for the interaction of the TSS with intron 2, 
but only in the cell line carrying the risk (AA) genotype. This confirmed the 
physical interaction of the TSS with intron 7 and intron 2 in a genotype-
dependent manner. (b,c) Three-dimensional interaction of intronic GREs 
in intron 2 and 7 of FKBP5 with the TSS. FKBP5 mRNA transcription is 
induced by cortisol via a three-dimensional interaction and loop formation 
of predominantly distal enhancer regions (blue) harboring GREs with the 
core promoter site (PolII = RNA polymerase II). The interaction of intron 2 
with the TSS in risk allele carriers leads to an increased FKBP5 induction in 
response to glucocorticoid receptor activation (represented by a red arrow).

Table 1  Sample description of Grady trauma project cohort and Conte Center cohort
Subjects with ≥2 childhood 

traumas (sexual and  
physical) according to TEI

Controls with no childhood 
trauma (sexual and  

physical) according to TEI
P value, χ2 or 

ANOVA

Grady trauma project cohort N = 30 N = 46
Age (mean ± s.d.) 41.46 ± 11.67 years 40.97 ± 11.86 years 0.860
Age minimum 19 years 18 years
Age maximum 59 years 61 years
Gender (female/male) 22/8 36/10 0.783

Race (N)
  African American 27 45 0.150
  Caucasian 2 0
  Mixed 1 0
  Other 0 1

mPSS total (mean ± s.d.) 26.72 ± 13.56 3.35 ± 3.53 <0.001
BDI total score 21.27 ± 12.50 4.80 ± 4.63 <0.001
CAPS score current 75.21 ± 58.74 16.35 ± 22.72 <0.001
CTQ total score 76.97 ± 20.14 29.76 ± 4.94 <0.001
CTQ sexual abuse score 17.27 ± 6.18 5.11 ± 0.38 <0.001
CTQ emotional abuse score 17.07 ± 5.06 6.17 ± 2.25 <0.001
CTQ physical abuse score 15.83 ± 5.60 6.11 ± 1.22 <0.001
Number of adult trauma (TEI) 4.10 ± 2.15 1.12 ± 1.29 <0.001

Conte Center cohort N = 56
Age mean (mean ± s.d.) 28.45 ± 6.98
Age minimum 18
Age maximum 45
Gender (female/male) 56/0

Race (N)
  African American 31
  Caucasian 17
  Mixed 2
  Other 6

BDI total score (mean ± s.d.) 9.13 ± 11.14
CTQ total score 51.98 ± 22.90
CTQ sexual abuse score 9.00 ± 5.86
CTQ emotional abuse score 12.34 ± 7.01
CTQ physical abuse score 10.23 ± 5.26

BDI, Beck Depression Inventory; TEI, Traumatic Events Inventory.
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To investigate the possibility that FKBP5 ×  
early trauma interactions are mediated by 
epigenetic modifications, we performed DNA 
methylation analysis by pyrosequencing of 
bisulfite-treated genomic DNA extracted 
from peripheral blood cells from individuals 
selected from the Grady trauma project. 
DNA from individuals having experienced 
both sexual and physical child abuse were 
compared with DNA from individuals 
without any childhood trauma (N = 76; 
high trauma cohort, N = 30; control cohort,  
N = 46; Table 1). We screened the CpG 
island in the vicinity of the TSS, as well as 
the regions around functional GREs20 in the 
putative promoter region and introns 2, 5 and 
7 for the extent of CpG methylation (Fig. 4a 
and Supplementary Table 2). We observed 
significant DNA methylation higher than 
5% in regions close to the GREs in the pro-
moter region (30–100%), intron 2 (30–93%) 
and intron 7 (29–100%), but not in the CpG 
island or the two GREs in intron 5 (<5%).  
In intron 7, but not in the two other regions, 
two methylated CpGs were located in consen-
sus GRE sequences.

We next tested the effects of FKBP5 geno-
type (rs1360780 risk allele carrier model) 
and exposure to childhood abuse (CTQ  
categorical scale), as well as their interaction, 
on the extent of DNA methylation in these 
three regions, summarizing the percentage 
methylation of these 16 CpGs into seven bins 
of one to three CpGs to a mean methylation 
score according to their spatial proximity 
to the consensus GRE sites (Fig. 4b and 
Supplementary Fig. 2). The analyses were corrected for age and gen-
der as covariates and multiple testing. In one bin of intron 7 (bin 2), 
but not the other bins, significant early trauma (F73,1 = 8.2, P = 0.006), 
genotype (F73,1 = 34.33, P < 0.001) and interaction effects between 
genotype and early trauma (F73,1 = 31.01, Pcorr < 0.001) on meth-
ylation were observed. This bin contains three CpGs, with one CpG 
located in the consensus GRE in intron 7 (Supplementary Fig. 2). An 
average decrease of 12.3% in DNA methylation in these three CpGs 
was detected in child abuse–exposed risk allele carriers compared to 
the other three groups (Supplementary Fig. 3). When correlating 
levels of child abuse measured using the log-transformed total CTQ 
score and the subscores for physical, emotional and sexual abuse on 
this scale, with the mean methylation of this CpG bin in intron 7, we 
found significant differences in the correlation coefficients between 
the risk allele carriers (N = 55) and the protective genotype carriers 
(N = 19) (R = −0.646, P < 0.001 for risk allele and R = 0.414, P = 0.078 
for protective genotype carriers and total CTQ with a Fisher z score 
of –4.23 and P = 7.0 × 10−5; Fig. 5 and Supplementary Table 3). 
Heterozygous individuals carrying one risk allele did not differ from 
homozygous risk allele carriers (Supplementary Fig. 4). This empha-
sizes the effects of early trauma severity on FKBP5 demethylation in 
risk allele carriers, but not in protective genotype carriers.

To test whether the observed effects of child abuse may have been 
confounded by the increased exposure to more recent types of trauma 
in the abused group (Table 1), we explored the correlation of intron 7  

bin 2 DNA methylation and the number of exposures to adult trauma 
separately in risk alleles carriers with or without child abuse. We did 
not observe a correlation of exposure to adult trauma with intron 
7 bin 2 DNA methylation in either the childhood abuse risk allele 
group (R = 0.020, P = 0.933, N = 20) or the control risk allele group 
(R = 0.018, P = 0.917, N = 35). This suggests that the observed effect 
of early trauma on DNA methylation is independent of subsequent 
exposure to trauma (Supplementary Fig. 5).

We next investigated the relationship of severity of early trauma and 
FKBP5 DNA methylation in a second female-only cohort recruited 
as part of a separate study investigating the effects of early trauma 
on biological markers4,27 (Table 1). In this cohort, we correlated the 
log-transformed total CTQ score as well as the subscores for physical,  
emotional and sexual abuse with the mean DNA methylation of the 
three CpGs in the second bin of intron 7. In FKBP5 risk genotype carri-
ers (N = 33), we observed a negative correlation between the methyla-
tion score and the total CTQ score (R = −0.273, P = 0.124), the physical 
abuse subscore (R = −0.397, P = 0.022) and the emotional abuse sub-
score (R = −0.397, P = 0.022), but not the subscore for sexual abuse  
(R = 0.118, P = 0.514) (Fig. 5). In carriers of the protective genotype  
(N = 23), these correlations were either absent or positive 
(Supplementary Table 3). The difference in correlations was 
significant for the physical abuse subscore (Fischer z score = −2.33,  
P = 0.019). These data from an independent sample support the notion 
of allele-specific demethylation of CpGs close to and in functional 
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GREs in intron 7 of the FKBP5 gene with early trauma exposure. The 
difference in effect size and relative contributions of different trauma 
types is likely a result of the fact that this second cohort was exposed 
to less overall trauma, including childhood abuse, than the cohort 
from the Grady trauma project (Table 1). In addition, the replication 
cohort was ethnically diverse, but the effects of childhood abuse on 
DNA methylation were consistent across the two main ethnic groups, 
European and African Americans.

To rule out the possibility that trauma- or psychiatric disease–
related differences in immune cell fractions confound the reported 
results28, we reran the analysis in 41 women of the replication cohort 
(21 risk allele carriers, 20 protective genotype carriers) in whom we 
also had data on the relative amount of the main immune cell subtypes 
(CD14-positive monocytes and neutrophils, CD4- and CD8-positive 
lymphocytes, and CD16- and CD56-positive NK cells). Using these as 
covariates, we found that the differences in correlations between CTQ 
scores and intron 7 methylation in the two genotype groups remained 
substantial. For physical abuse, the corrected correlations were  
R = −0.476 in risk allele carriers and R = 0.40 in carriers of the protec-
tive genotype, with a significant z score of 2.78 (P = 0.005). In addi-
tion, we did not observe any correlations between the relative amount 
of immune cell subtypes and intron 7 DNA methylation, suggesting 

that possible trauma-related differences in these cell types are not 
likely to confound our results. However, we cannot exclude the effect 
of immune cell subtypes that were not specifically tested.

Demethylation of FKBP5 in neuronal cells
Our data therefore point to an allele-specific, early trauma exposure–
dependent demethylation of CpGs close to and in GREs in intron 7 
of FKBP5 (Supplementary Fig. 1a–d). To determine whether this 
demethylation could be related to excessive glucocorticoid receptor 
activation and might also be seen in tissues other than peripheral 
blood, including neuronal tissue, we used a multipotent human hippo
campal progenitor cell line in which exposure to dexamethasone has 
been shown to be accompanied by a reduction in cell proliferation 
and neuronal differentiation29. Cells were exposed to dexamethasone 
during both the proliferation and differentiation phases, similar to 
previous studies29. The percentage of DNA methylation across CpGs 
in introns 2 and 7 in these neuronal progenitor cells was comparable 
to that in peripheral blood cells. Exposure to dexamethasone led to a 
highly significant (P < 0.001) DNA demethylation in CpGs in intron 7,  
but not intron 2 (Fig. 6a). In fact, the CpG bin in intron 7 that was 
affected by early trauma in FKBP5 risk allele carriers showed the 
strongest DNA demethylation following glucocorticoid receptor  
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stimulation in hippocampal progenitor cells (average of 17.1% 
demethylation in these three CpGs, P < 0.001 for differentiation 
phase, which includes proliferation). The observed demethylation 
in intron 7 remained unchanged after 20 days in culture in steroid- 
devoid medium, supporting a stable epigenetic memory of  
glucocorticoid-induced demethylation (Fig. 6b). Moreover, gluco
corticoid receptor activation by dexamethasone treatment after 
proliferation and differentiation did not result in demethylation in 
intron 7 bin 2, suggesting a sensitive period of time for glucocorticoids- 
mediated epigenetic changes (Fig. 6c).

The existence of a sensitive time period for these epigenetic effects 
was also apparent from data from human blood cells, as only exposure 
to child abuse, but not later trauma, predicted FKBP5 demethylation 
(see above), and there was a lack of correlation of serum cortisol levels 
and DNA methylation in blood samples from both human cohorts 
taken at the same time point (Grady trauma project, R = 0.083, P = 0.489,  
N = 72; Conte replication cohort, R = 0.069, P = 0.603, N = 59; 
Supplementary Fig. 6). These data further substantiate the conclu-
sion that these specific CpGs in intron 7 are sensitive to stable, gluco-
corticoid receptor–mediated demethylation during a vulnerable time 
period and that our findings of early trauma–and genotype-dependent  
demethylation also pertain to tissues beyond peripheral blood.

Functional effects of intron 7 demethylation
We then investigated whether the observed changes in DNA methy
lation in intron 7 alter the glucocorticoid responsiveness of FKBP5 
in vitro and in vivo. We inserted 515 bp of intron 7, encompassing the 
three functional GREs, into a CpG-free reporter plasmid30 (Fig. 7a)  
and assessed its activity in HeLa cells as a function of insert 

methylation. No effect of methylation was observed in the absence 
of glucocorticoid receptor activation, which is consistent with the 
absence of correlation between intron 7 methylation and base-
line FKBP5 expression in peripheral blood cells (data not shown). 
However, methylation significantly attenuated the response to 50 nM 
dexamethasone (relative induction = 19-fold in unmethylated versus 
13-fold in methylated construct, P = 0.035; Fig. 7b). These data indi-
cate that methylation of CpGs surrounding the functional GREs in 
intron 7 decreases the induction of FKBP5 by glucocorticoid receptor 
activation without affecting baseline activity.

To test whether intron 7 DNA methylation alters the ultra-short 
feedback loop between glucocorticoid receptor and FKBP5, and 
thereby alters glucocorticoid receptor sensitivity, we correlated the 
mean methylation score of intron 7 bin 2 with glucocorticoid recep-
tor sensitivity measured ex vivo in peripheral blood monocytes in 32 
individuals from the replication cohort. We observed a strong nega-
tive correlation between the half-maximal inhibitory concentration 
(IC50) for dexamethasone-mediated inhibition of lipopolysaccharide-
induced interleukin 6 production in these cells (N = 32, R = −0.531, 
P = 0.002), which is a measure of glucocorticoid receptor sensitivity. 
This suggests that, as expected, less methylation of intron 7 CpGs is 
associated with higher induction of FKBP5 by glucocorticoid receptor 
activation, especially in risk allele carriers, representing an enhance-
ment of the ultra-short feedback loop leading to increased glucocor-
ticoid receptor resistance (Fig. 7c).

Global effect on gene transcription and brain structure
FKBP5 risk allele carrier status and early trauma exposure lead to 
demethylation of intron 7 CpGs in FKBP5, which further amplifies 
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genotype-dependent differences in the FKBP5 and glucocorticoid 
receptor ultra-short feedback loop and, thus, glucocorticoid receptor  
sensitivity. FKBP5 genotype–dependent differences in the global reg-
ulation of glucocorticoid receptor–sensitive genes should therefore 
be amplified in trauma-exposed risk allele carriers compared with 
protective genotype carriers. To test this hypothesis, we examined 
the effects of FKBP5 rs1360780 genotype × environment interaction 
on peripheral blood mRNA expression of glucocorticoid receptor– 
responsive genes, as measured by gene expression arrays, in 129 
individuals (child abuse + risk allele, N = 40; child abuse + protective 
genotype, N = 15; no child abuse + risk allele, N = 60; no child abuse +  
protective genotype, N = 14)15. In all 129 individuals, 1,627 tran-
scripts showed a significant correlation (P < 0.05) with plasma cortisol  

concentrations, suggesting that they are responsive to glucocorticoid 
receptor activation. We found significant differences in the cor-
relation of 76 of these transcripts with cortisol plasma levels  
when stratifying by FKBP5 genotype in individuals with child 
abuse (Fisher z score ≥ 1.96; Supplementary Table 4). For these  
76 transcripts, the mean absolute correlation coefficient with plasma 
cortisol was R = 0.23 in the risk allele carriers with child abuse (that is,  
those exhibiting a demethylation of FKBP5 intron 7) as compared 
with R = 0.74 in the carriers of the protective genotype with child 
abuse (in which intron 7 methylation remained largely stable). This 
indicates a relative glucocorticoid receptor resistance in the trauma-
exposed FKBP5 risk allele versus protective genotype carriers. These 
76 transcripts did not show a genotype-dependent difference in 
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Figure 7  Functional effects of FKBP5 intron 7 
methylation. (a) Representation of the reporter 
construct. A 514-bp fragment of FKBP5 intron 
7 containing three putative GREs was cloned in 
front of the EF-1α promoter and the luciferase 
gene, acting as transcriptional regulator. Only 
the FKBP5 insert can be methylated in vitro 
by MSssI, as the vector is CpG free. Circled 
M denotes putative methylation sites. Two of 
them are located in consensus GRE sequences. 
(b) Stimulation by 50 nM dexamethasone was 
attenuated by DNA methylation (*P = 0.035, 
n.s. P = 0.146, Student’s t test, unpaired, 
two-sided). Baseline luciferase activity without 
dexamethasone stimulation did not reveal 
significant differences (P > 0.05; data not 
shown). In the box plots, the box extends 
indicate lower quartile and upper quartile, 
and the whiskers denote sample minimum 
and maximum. The line in the box represents 
the median and dots represent outliers. 
(c) Methylation in intron 7 was correlated 
with dexamethasone-mediated inhibition of 
lipopolysaccharide-induced interleukin 6 
production (DEX IC50) in peripheral blood 
monocytes ex vivo (R = −0.531, P = 0.002). 
This correlation was stronger in rs1360780 risk 
allele carriers (N = 19, R = −0.691, P = 0.001) 
than carriers of the protective genotype (N = 13,  
R = −0.119, P = 0.698). This suggests that 
lower DNA methylation in intron 7 leads to 
stronger FKBP5 induction and to glucocorticoid 
receptor resistance. (d) Exposure to early 
trauma enhanced FKBP5 genotype–dependent 
differences in glucocorticoid receptor–dependent  
gene expression in peripheral blood. Top,  
R scores of the correlation of peripheral  
blood gene expression and cortisol for the  
76 transcripts with significant genotype-
dependent correlation differences in  
individuals with high levels of early trauma 
(cases, N = 55) and stratified by FKBP5 
genotype (risk allele: N = 40, CTQ total  
score = 67.88 ± 14.71; protective genotype: 
N = 15, CTQ total = 72.44 ± 17.68). For all 
transcripts, the correlation with cortisol, and 
therefore the presumable responsiveness to the 
glucocorticoid receptor, was higher in FKBP5 
protective genotype carriers (black squares) 
with a mean R of 0.74 than in carriers of the 
risk allele (open squares), with a mean R of 0.23. Bottom, correlation between gene expression levels and cortisol of the same transcripts, but in 
individuals that were not exposed to early trauma (controls, N = 74; risk allele: N = 60, CTQ total = 28.42 ± 2.96; protective genotype: N = 14,  
CTQ total = 28.79 ± 3.21). In this group, no genotype-dependent differences of the correlation were observed, with mean R scores of 0.31 and  
0.35 for risk and protective genotypes, respectively. x axis represents individual transcripts 1 to 76.

np
g

©
 2

01
3 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



40	 VOLUME 16 | NUMBER 1 | JANUARY 2013  nature NEUROSCIENCE

a r t ic  l e s

correlation coefficients in individuals that were not exposed to child 
abuse (Fig. 7d), suggesting that exposure to early trauma enhances 
the FKBP5 genotype–dependent effect of glucocorticoid receptor 
sensitivity, most likely by epigenetic mechanisms. The genes most 
strongly affected by FKBP5 genotype for their correlation with 
plasma cortisol levels in trauma-exposed individuals showed a signi
ficant over-representation (WikiPathways, P < 0.01) of transcripts 
in the T cell receptor signaling pathway (Padjusted = 5.15 × 10−7), 
the TGF-β signaling pathway (Padjusted = 0.0007), the Wnt signaling 
pathway and pluripotency (Padjusted = 0.0044), and the inflamma-
tory response pathway (Padjusted = 0.0099)31. These findings suggest 
that the combination of FKBP5 risk allele carrier status and early 
trauma exposure alters the stress hormone–dependent regulation of 
several genes in peripheral blood cells, and might thereby enhance 
the reported association of early trauma with immune and inflam-
matory dysregulation, further promoting system-wide symptoms of 
stress-related disorders32,33.

Structural imaging data from a subset of the replication cohort 
revealed that peripheral blood FKBP5 methylation significantly cor-
related with the volume of the right hippocampal head (N = 34, R = 
−0.484, Pcorr = 0.014; Supplementary Fig. 7). Despite the smaller N val-
ues for the structural imaging data in the less-traumatized replication 
cohort, these preliminary data suggest that FKBP5 demethylation is not 
only associated with an altered sensitivity of peripheral glucocorticoid 
receptors and more global changes in immune cell gene expression, 
but also with morphological changes in the brain indicative of a higher 
stress hormone system reactivity, thereby bridging the gap between 
abuse-related peripheral methylation changes and effects in the CNS.

DISCUSSION
Here we provide evidence for an epigenetic mechanism that mediates the 
combined effects of environmental exposure in early life and a genetic 
polymorphism on the risk of developing stress-related psychiatric dis-
orders. According to this mechanism, genetic variations shaped by evo-
lution can determine the environmental adaption during the lifetime 
of an individual via epigenetic processes. Our data suggest the follow-
ing scenario for an FKBP5 × child abuse interaction (Supplementary 
Fig. 1a–d): genetic differences lead to divergent chromatin conforma-
tions and interactions of long-range enhancers with the TSS, resulting 
in a differential transcriptional activation of FKBP5 by glucocorticoid 
receptor activation in response to childhood abuse. These changes in 
chromatin structure include regions around distal GREs and, together 
with increased cortisol levels and thus glucocorticoid receptor binding, 
lead to changes in DNA methylation in intron 7, further increasing the 
differential responsiveness of FKBP5 to glucocorticoid receptor acti-
vation. When installed during developmentally critical periods, these 
epigenetic changes remain stable over time. This model describes how 
epigenetic mechanisms stabilize and, in an environment-dependent  
manner, further amplify differential activities that were originally 
bestowed on the enhancer complex by genetic differences.

On a systems level, these molecular changes further tighten the 
ultra-short feedback loop between FKBP5 and the glucocorticoid 
receptor leading to glucocorticoid receptor resistance. Enhanced 
FKBP5 responsiveness would not only lead to long-term changes in 
stress hormone system regulation, but also to alterations of neuronal 
circuits, as reflected by structural changes in the hippocampus, and 
other glucocorticoid receptor responsive systems, as reflected by global 
gene expression changes in the immune system, resulting in a higher 
risk for trauma-associated psychiatric, immune and metabolic disor-
ders in exposed adults. The fact that the interaction of FKBP5 geno-
type and early trauma can predispose an individual to both PTSD and 

depression indicates that this interaction is likely associated with stress 
sensitivity in general, crossing current diagnostic borders. Our find-
ings appear to be of particular relevance for the developing organism, 
as the effects on DNA methylation seemed to be restricted to exposure 
to childhood trauma and were not influenced by traumatic experi-
ences in adulthood or current cortisol levels, suggesting that there is a 
sensitive period in early development for these epigenetic effects. The 
importance of disinhibition of FKBP5 for mood and anxiety disorders 
is supported by rodent models showing that enhanced transcription of 
Fkbp5 in the amygdala is required for stress-, neuropsin- and EphB2-
dependent induction of anxiety-like behavior in mice34. In addition, 
stress responsiveness is impaired in Fkbp5 knockout animal35,36.

In our studies, we focused on adverse environmental exposures. 
It is, however, possible that the described polymorphisms define not 
only risk versus resilience, but possibly environmentally reactive 
versus less reactive individuals. This would imply that the so-called 
risk-allele carriers may also profit more from positive environmental 
change. Our results provide insight into the molecular mechanisms 
and consequences of this gene × environment interaction, facilitat-
ing a better understanding of the pathophysiology of stress-related 
psychiatric disorders by including genetic and environmental infor-
mation in the diagnosis, and potentially aiding in the development 
of new treatments targeting this mechanism.

Methods
Methods and any associated references are available in the online 
version of the paper.

Accession numbers. Data from the microarray experiment are depo
sited at the GEO repository, GSE42002.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
Human samples. The initial patient cohort that we investigated is part of a larger 
study investigating the roles of genetic and environmental factors in predicting 
response to stressful life events in a predominantly African-American, highly 
traumatized, urban population of low socioeconomic status and now counts 
over 4,000 participants3,37–39. All procedures in this study were approved by the 
Institutional Review Boards of the Emory University School of Medicine and 
Grady Memorial Hospital. The samples for the replication study of 56 female sub-
jects were recruited as part of the larger Conte Center Study for the Psychobiology 
of Early-Life Trauma4,27. The study was approved by the Institutional Review 
Board of Emory University School of Medicine.

Psychometric instruments. PTSD symptomatology was assessed by the mPSS as 
described previously3. The CAPS was used to assess current and lifetime PTSD 
diagnosis3. BDI was used to assess depressed mood in all individuals with the 
21-item self report3. The CTQ was used as a continuous measure of childhood 
abuse and neglect in all individuals using the 28-item version of the CTQ40. For 
child abuse stratification, we used the subscales for sexual and physical abuse.

For the gene x environment interaction analyses, participants were dichot-
omized into two groups for each of the two categories of abuse (presence or 
absence of severe physical or sexual abuse according to CTQ). Cut-off scores of 
≥13 for sexual abuse and ≥13 for physical abuse were used to define exposure 
to severe abuse in each of the categorized subjects. Finally, we created a 3-level 
categorical composite variable across the two abuse types, grouping participants 
into those with no severe exposure to any childhood abuse (scores less than cut-
off for both types of abuse) and those with one or two exposures.

For the DNA methylation analyses, we divided participants into two groups 
for each of the three categories of abuse according to the presence or absence of 
moderate-to-severe physical, emotional or sexual abuse. Cut-off scores of ≥8 for 
sexual abuse, ≥13 for emotional abuse and ≥10 for physical abuse were used to 
define exposure to moderate to severe abuse in each of the categorized subjects. 
Finally, we created a categorical composite variable across the three abuse types, 
grouping participants into those with no moderate to severe exposure to any 
childhood abuse (scores less than cut-off for all types of abuse) and those with 
moderate to severe exposure to at least two types of abuse.

To allow for comparisons with previous studies3, we also used the TEI, which 
assesses lifetime history of trauma exposure to a range of traumatic events, includ-
ing childhood sexual and physical abuse, and was assessed in all individuals. The 
TEI child abuse variable was highly concordant with the categorizations using 
the CTQ. To summarize the level of exposure to trauma other than child abuse,  
we summed the total number of different types of non-child abuse trauma expo-
sure (TEI) reported by each subject. In this cohort, the different types of non–child 
abuse trauma were experience at an average of 22.6 ± 10.6 years (mean ± s.d.)  
of age, and we refer to this type of trauma as adult trauma.

DNA and RNA collection and extraction. For genotyping, DNA was extracted 
either from saliva (Oragene DNA, DNA Genotek) or whole blood as described 
previously for the Grady trauma project3, and from whole blood for the Conte center 
sample4. For pyrosequencing, genomic DNA was extracted from peripheral blood 
using the Gentra Puregene Blood Kit (Qiagen) as described previously18. DNA qual-
ity and quantity was assessed by a NanoDrop 2000 Spectrophotometer (Thermo 
Scientific) and Quant-iT Picogreen (Invitrogen). For peripheral blood mRNA, blood 
was drawn between 8:00 and 9:00 a.m. into Tempus RNA tubes (Applied Biosystems) 
and stored at –20 °C until RNA extraction. RNA was isolated using the Versagene 
kit (Gentra Systems) and quantified using the Nanophotometer, and quality checks 
were performed on the Agilent Bioanalyzer as described previously15.

Genotyping. In the Grady trauma cohort, genotype of rs1360780 was evaluated  
using TaqMan SNP genotyping assays (Applied Biosystems) and Sequenom  
i-plex assays (Sequenom). For imputation of SNPs in the FKBP5 locus, we used 
genotypes from the Illumina OmniExpress array. In the Conte center cohort and 
the human hippocampal progenitor cell line, rs1360780 was evaluated using a 
TaqMan SNP genotyping assay3.

Methylation analysis by bisulfite pyrosequencing. Methylation analysis by 
pyrosequencing of bisulfite-treated genomic DNA was performed by varionos-
tic GmbH (http://www.varionostic.de/). Genomic DNA was bisulfite converted  

using the EZ DNA Methylation Gold Kit (Zymo Research). Amplicons 
were generated from bisulfite DNA covering four intronic glucocorticoids- 
responsive elements, the CpG island around the TSS and one region upstream 
of the TSS (Fig. 4a and Supplementary Table 5). Sequencing was performed on 
the Q24 System with PyroMark Q24 analysis software in CpG (Qiagen). Data 
were analyzed using IBM SPSS Statistics, Version 17, as indicated. For subsequent 
analysis of DNA, we combined single CpG measures to bins, assuming that the 
DNA methylation around a transcription factor binding site is a functional unit. 
We divided the CpGs in the sequenced regions of FKBP5 into putative functional 
units according to their relative location to consensus GRE sites and chose the 
pyrosequencing primers accordingly. For example, in intron 7, three consensus 
GRE sites are described and their spatial relations to the CpG sites, the ampli-
con and sequenced regions are depicted in Supplementary Figure 2. CpGs in  
bin 1 are upstream of the 3 GREs, CpGs in bin 2 are surrounding and contained 
in the first consensus GRE, and the CpG in bin 3 is located in the third GRE.  
No CpGs were close to the second GRE.

Statistical methods. The gene × environment interaction results with the mPSS 
score as outcome were obtained from 1,963 African-American subjects with com-
plete FKBP5 genotype (rs1360780), CTQ and mPSS data and include individuals 
for which a gene × environment interaction had already been reported3, adding 
1,194 new individuals. In this analysis, we restricted ethnicity to African American 
only, whereas, in the previous study, individuals from other ethnic backgrounds 
were also included (less than 10%). In addition, 519 individuals were examined 
using the CAPS for lifetime PTSD diagnosis, with 368 individuals not included 
in the previous study3. Child abuse was defined using the categorical CTQ child 
abuse variable as described above. The FKBP5 SNP rs1360780 was analyzed using 
a risk allele carrier model. A general linear model was used to analyze the effects 
on mPSS total score, with the 3-level categorical CTQ sexual and physical abuse 
variable described above, rs1360780, their interaction term, as well as age and 
sex as predictors. Controlling for current depressive symptom severity (using 
the BDI) and total types of trauma exposure (TEI) did not change the results.  
A logistic regression was used to analyze the effects of lifetime PTSD as assessed 
by the CAPS, with the categorical CTQ child abuse variable, rs1360780, in a risk 
allele carrier model, their interaction term, as well as age and sex as predictors. 
For post hoc analysis, a contingency table in the two risk genotype carrier groups 
tested for effects of severity of child abuse (CTQ child abuse 3 level variable) on 
the presence of lifetime PTSD.

SNPs within 304-kb segment containing the FKBP5 locus (Chr6, 35553493–
35858276, version hg18) were selected from the OmniExpress Human SNP 
array (Illumina). Genotypes of these SNPs in 192 subjects from the Grady 
trauma projects were used to impute all variants in this locus detected in the 
1000 Genomes projects19 version release June 2010 in Yorubans using Impute 
v.2 (ref. 41). The proximity of SNPs to GREs was assessed using data presented 
previously20, as well as ChIP-Seq data for the region of imputation from the 
ENCODE project (http://genome.ucsc.edu/cgi-bin/hgTrackUi?g=wgEncodeTf
BindingSuper)42.

To examine DNA methylation of the FKBP5 locus, we selected an extreme 
subset of individuals from the Grady trauma project that had experienced at 
least both physical and sexual child abuse (N = 30) versus individuals that had 
not experienced any child abuse according to the TEI and CTQ and with no cur-
rent or lifetime PTSD or depression (N = 45). For data analysis, the percentage 
of DNA methylation was summed for CGs lying in the same sequencing primer 
(Fig. 4a,b and Supplementary Table 5) and used as the dependent variable in 
a general linear model that included trauma exposure, FKBP5 risk allele carrier 
status, their interaction term, and age and sex as predictors. We corrected for 
multiple testing using a Bonferroni correction for the seven CG bins as well as 
three tests (main effect for trauma status, FKBP5 risk allele carrier status and their 
interaction) with an alpha level of 0.05/21 (P < 0.0023) considered as statistically 
significant. In a second type of analysis, DNA methylation was correlated to the 
severity of child abuse using the log10-transformed continuous CTQ score in both 
the Grady Trauma Project and the Conte center project.

Bonferroni corrections were applied three times. First, when testing the DNA 
methylation in the seven CpG bins as outcome for main SNP effects, main envi-
ronment effect and interaction effects that is a total of 21 tests, second when test-
ing correlations between DNA methylation of bin 2 in intron 7 with volumetric 
magnetic resonance imaging data. Here the correction was for the four brain 
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regions (hippocampal head, body, tail and amygdala), but not each hemisphere, 
as the volumes across hemispheres are highly correlated. Third, we corrected 
for multiple testing when performing the pathway analyses for gene–expression 
where WikiPathways automatically corrects for the number of pathways tested. 
For these analyses, the corrected P values – Pcorr are presented.

RNA expression microarray and data analysis. RNA was amplified and hybrid-
ized onto Illumina HT-12 v3.0 arrays (Illumina) as described previously15. Raw 
microarray scan files from the Illumina BeadScan confocal laser scanner were 
exported using the Illumina Beadstudio program and loaded into R. The data 
were transformed and normalized using the variance stabilizing normalization43. 
A total of 15,877 probes passing the filter criteria of Illumina probe detection  
P < 0.01 in 5% of the individuals were used for subsequent analysis. The expression 
profiles were further normalized using ComBat, an empirical Bayes method for 
batch correction. Association analysis was performed using general linear models 
in R. The significance of association was estimated by two-tailed P values using 
the ANOVA F test. Correlations were calculated using the Pearson correlations 
functions in R. Pathway analysis was done using WebGestalt, a WikiPathways 
tool with Bonferroni correction for multiple testing. Global mRNA expression 
data were assessed in individuals from the Grady trauma project. From a total 
of 396 with mRNA expression measures, we selected cases (N = 55, physical 
and sexual abuse, mPSS score > 20) and controls (N = 74, no childhood abuse,  
mPSS < 20). These groups were subsequently stratified by FKBP5 genotype into 
risk allele carrier status. To determine which transcripts are regulated by gluco-
corticoids, we regressed the gene expression profiles against the baseline cortisol 
levels, adjusting for age and gender in all 129 subjects. A total of 1,627 transcripts 
were significantly regulated by glucocorticoids with P < 0.01. For these tran-
scripts, Pearson correlations between expression levels and baseline cortisol levels 
were calculated separately for cases and controls, further stratified by the FKBP5 
genotype carrier model (that is risk versus protective allele). The correlations 
between the two genotype groups were converted into z score differences for cases 
and controls. z score differences of <1.96 indicate significance at P = 0.05.

Reporter plasmid construction and transient transfection. The functional 
effect of differential methylation in intron 2 and intron 7 of FKBP5 was ana
lyzed using a CpG-free luciferase reporter construct30 For intron 2, an 802-bp 
fragment containing the functional GRE was amplified from human genomic 
DNA with primer Intron2-F1 (containing a SpeI restriction site) and Intron2-
R1 (containing a SbfI restriction site). The reporter plasmid was digested with 
SpeI and PstI to release the original CMV enhancer fragment. The PCR ampli-
con was digested with SbfI and SpeI, purified and subsequently ligated into the 
SpeI and PstI sites of the vector. The amplicon contains the single-nucleotide 
polymorphism rs1360780, and constructs with the A/T risk allele and the G/C 
protective allele were established (Supplementary Table 5). For intron 7, a 515-bp  
fragment was amplified from human genomic DNA with primer Intron7-F1 
(containing a SpeI restriction site) and Intron7-R1 (containing a SbfI restriction 
site). The amplicon was ligated into the vector backbone as described above.  
All constructs were verified by sequencing (for additional information on primers 
and plasmids, see Supplementary Table 5). In vitro methylation of the reporter 
constructs by M.SssI CpG Methyltransferase (NEB) was carried out according to 
the manufacturer’s instructions. Successful methylation was confirmed by restric-
tion digest with PmlI (NEB), whereby linearization of the plasmids is blocked by 
CpG methylation. Methylated and unmethylated constructs were subsequently 
transfected into HEK-293 and HeLa cells (cultured in DMEM, supplemented 
with 10% fetal bovine serum, 1% sodium pyruvate and 1% antibiotic-antimycotic 
(vol/vol, Invitrogen)) using ExGen 500 in vitro Transfection Reagent (Fermentas) 
with Gaussia luciferase control vector for normalization of transfection efficacy. 
Firefly and Gaussia luciferase activity was measured in triplicates on a Tristar LB 
941 luminometer with automatic injection system (Berthold Technologies). HEK 
293 cells do not express the glucocorticoid receptor and are insensitive to dexa
methasone stimulation. HeLa cells were transfected with the same constructs and 
successfully stimulated for 24 h with 50 nM dexamethasone. Data were analyzed 
using IBM SPSS Statistics, Version 17 as indicated.

TBP-DNA binding assay. To validate the protein DNA interaction of TBP with the 
genomic sequence at rs1360780, we used the EpiQuik General Protein-DNA Binding 
Assay Kit (P-2004, Epigentek) with 60-mer double-stranded oligonucleotide  

probes (Supplementary Table 5). The single-stranded oligonucleotides were 
resuspended in an equimolar concentration in 1× TE buffer and annealed by heat-
ing the mixture to 95 °C for 10 min and gradually cooling to 20 °C. The assay was 
performed according to the protocol of the manufacturer with 5 ng of purified 
recombinant TBP protein (PR-703, Jena Biosciences). We used antibody to TBP 
(ab818, 1 µg ml−1) and horseradish peroxidase–conjugated antibody to mouse 
(ab6820, 0.5 µg ml−1) from Abcam. Absorbance was measured at 450 nm at 20 °C 
on a Tecan Genios Pro microplate reader (Tecan). The assays were performed 
in triplicates. Background absorbance was subtracted from the measurement 
reading. Specificity of the interaction was tested according to the manufacturer’s 
protocol by addition of fivefold excess of non–biotin-labeled oligonucleotide to 
the reaction.

Chromatin conformation capture. Chromatin conformation capture was car-
ried out as described previously44. We used two human lymphoblastoid cell lines 
obtained from healthy individuals homozygous for the FKBP5 SNP rs1360780 
GG and AA genotypes, respectively. Cells were cultured in RMPI with stable  
l-glutamine (Biochrom) supplemented with 10% fetal bovine serum and 1% 
antibiotic-antimycotic (Life Technologies). Crosslinking and cell lysis were per-
formed as described44. Nuclei were digested using 400 U of EcoRI. Subsequent 
re-ligation, de-crosslinking and purification were conducted according to the pro-
tocol. DNA samples were adjusted to 20 ng µl−1 using the Quant-iT dsDNA BR 
Assay Kit and the Qubit 1.0 Fluorometer (Life Technologies). Digestion efficiency  
and sample purity was assessed as described previously44. Primers were designed 
with an anchor primer in the fragment containing the TSS and in potential 
interacting fragments in and around introns 2 and 7 of FKBP5 using Primer3. 
Quantitative PCR was carried out using the Roche LightCycler 480 SYBR Green I  
Master on a Roche LC480 according to the instructions of the manufacturer 
(Roche). A 176-kb BAC clone (RP11-282I23) containing the complete FKBP5 
genomic sequence was obtained as a PCR control template from the BACPAC 
Resources Center of the Children’s Hospital Oakland Research Institute. The BAC 
clone was cut with EcoRI and re-ligated by T4 DNA ligase. All primer pairs were 
tested on a standard curve of the BAC control library and yielded PCR efficien-
cies >1.7. The presence of a single PCR product was confirmed by agarose gel 
electrophoresis and melting curve analysis. Cycling conditions were: 95 °C for 
5 min, 40 cycles of 95 °C for 15 s, 60 °C for 15 s, 72 °C for 20 s. Quantitative PCR 
data were normalized to GAPDH as a loading control and ERCC3 to control for 
interaction frequencies between samples. GAPDH cycling conditions were 95 °C 
for 5 min, 40 cycles of 95 °C for 10 s, 60 °C for 15 s, 72 °C for 20 s. ERCC3 cycling 
conditions were 95 °C for 5 min, 40 cycles of 95 °C for 15 s, 62 °C for 10 s, 72 °C 
for 25 s. Data analysis was carried out according to44 and is presented as relative 
crosslinking frequency. The primers used for the chromatin conformation capture 
interaction studies are listed in Supplementary Table 5.

Cell culture of multipotent human hippocampal progenitor cells. Multipotent, 
human hippocampal progenitor cells (HPC03A/07, provided by ReNeuron) 
were grown in reduced modified media (RMM) as described previously29. 
To maintain proliferation, we added 10 ng ml−1 human bFGF (Peprotech),  
20 ng ml−1 human EGF (Peprotech) and 100 nM 4-hydroxytamoxifen (4-OHT; 
Sigma-Aldrich). To induce differentiation, HPC03A/07 cells were washed and 
cultured in RMM media without EGF, bFGF and 4-OHT. To assess changes in 
FKBP5 methylation status in proliferating human hippocampal progenitor cells, 
we cultured HPC03A/07 cells in 25-cm2 tissue culture flasks (Nunclon) for 72 h  
with 1 µM dexamethasone. To assess changes in FKBP5 methylation under  
differentiation conditions, we treated HPC03A/07 cells for 72 h under prolifera-
tion conditions in RMM media containing EGF, bFGF and 4-OHT. After the 
72-h proliferation phase, cells were washed twice for 15 min in RMM media 
without EGF, bFGF and 4-OHT, and subsequently cultured for another 7 d in 
media with 1 µM dexamethasone, but without growth factors. DNA was extracted 
using the Qiagen DNeasy Blood and Tissue kit (Qiagen) according to the  
manufacturer’s instructions. Data were analyzed using IBM SPSS Statistics, 
Version 17, as indicated.

Ex vivo glucocorticoid receptor sensitivity. To assess glucocorticoid receptor 
sensitivity, we used an ex vivo assay that estimates the degree of suppression 
of interleukin 6 secretion by the synthetic glucocorticoid, dexamethasone, in 
peripheral leukocytes, as described previously45,46.
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Endocrine measures. Serum cortisol levels were assessed in samples drawn at the 
same time as the whole blood samples used for DNA methylation analysis. Blood 
draws were performed between 8:00 and 9:00 a.m. in the Grady trauma project 
and at 12 p.m. in the replication sample. Cortisol levels were measured using a 
standard radioimmunoassay kit (Diagnostic System Laboratories).

Neuroimaging. Individuals were scanned in the Biomedical Imaging Technology 
Center at Emory University School of Medicine using a 3.0T Siemens Magnetom 
TIM Trio Scanner (Siemens Medical Solutions). We acquired high-resolution  
T1-weighted image scans with isotropic 1-mm resolution using a three-
dimensional spoiled gradient echo acquisition protocol with sagittal volume exci-
tation to achieve contrast and resolution sufficient for structural analysis. All images 
were corrected for non-uniformity47, registered into standard stereotaxic space using 
the MNI template48, and normalized for signal intensity to harmonize gray-white 
matter contrast across subjects. For the amygdala and hippocampal segmentation, 
a segmentation protocol was employed with shown reliability and validity49.
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