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DNA methylation of the FKBP5 gene is assumed to alter FKBP5 expression and hence the synthesis of the FK506 binding protein 51,
a central element of a genomic negative feedback loop for glucocorticoid receptor signaling. The present study aimed to replicate
and extend previously reported influences of FKBP5 genotypes, childhood maltreatment and depression on methylation levels of
five CpG sites in intron 7 of the FKBP5 gene in a large population-based sample. Besides the single nucleotide polymorphism (SNP)
rs1360780, associations of the FKBP5 methylation with 22 other, unlinked FKBP5 SNPs as well as associations between FKBP5
methylation levels and transcription levels were investigated. Using whole-blood methylation of 3965 subjects of the Study of
Health in Pomerania (SHIP) reduced methylation levels in TT allele carriers of rs1360780 (OR = 0.975, p =.005) and currently
depressed subjects (OR = 0.995, p = 0.005) were found. Further, an impact of two yet undescribed SNPs (rs6910300, rs7771727) on
methylation levels was observed. However, main and interactive effects for childhood maltreatment and lifetime major depressive
disorder observed in previous studies could not be replicated. Finally, FKBP5 methylation levels were not related to FKBP5
transcription levels in whole blood. Thus, the present study verified the associations of FKBP5 genotypes and state depression on
the FKBP5 methylation levels of five CpG sites in intron 7. However, FKBP5 methylation of these five CpG sites could not be validated

as a valuable clinical biomarker for biological long-term effects of childhood maltreatment or lifetime depression.

Neuropsychopharmacology (2019) 44:930-938; https://doi.org/10.1038/s41386-019-0319-6

INTRODUCTION

To date, the assessment of the psychobiological impact of
childhood maltreatment (CM) is limited to interviews and
questionnaires [1]. A reliable biomarker reflecting the biological
long-term impact of CM would be of high clinical interest. Based
on previous studies, altered methylation levels of the FKBP5 gene
could putatively serve as such a biomarker. The FKBP5 gene
expression and hence the synthesis of the coded FK506 binding
protein 51 (FKBP5) is activated by glucocorticoid receptor (GR)
signaling [2-5]. The cytoplasmatic FKBP5 protein acts as a co-
chaperone, binds to the GR and inhibits its translocation into the
nucleus [2, 4]. Hence, FKBP5 is a central element of a genomic
negative feedback loop by regulating the GR activity and cell
sensitivity towards cortisol stimulus [3, 6-8]. According to Klengel
et al. [5], the T allele of the single nucleotide polymorphism (SNP)
rs1360780 alters the chromatin interaction between the transcrip-
tion site and long-range enhancers in the FKBP5 gene. Hence, the
T allele has been associated with an increased synthesis of FKBP5,
a reduced GR sensitivity and thus higher glucocorticoid resistance
[2, 5,9, 10]

Combined with CM, the rs1360780 genotype was identified as
an important factor in gene-environment-interactions predicting
stress-related disorders like major depressive disorder (MDD)
[6, 11, 12] or posttraumatic stress disorder (PTSD) [7, 13].
Moreover, combined with stressful life events, associations of
rs1360780 with gray matter volume loss, particularly in the
hippocampus were reported [5 14-16]. Although interactive
effects between rs1360780 and CM in relation to mental disorders
are well documented [6, 7, 11], the putative underlying epigenetic
mechanisms are still elusive.

According to Klengel et al. [5], the enhanced risk of stress-
related disorders in T allele carriers is mediated by reduced DNA
methylation in glucocorticoid response elements of the FKBP5
gene after CM exposure. DNA methylation is an essential part of
gene regulation and associated with homoeostatic functioning
like genomic imprinting, silencing of repetitive DNA elements and
proper expression of genetic information [17-21]. Interactive
effects between the rs1360780 genotype and stressful life events
were reported to reduce the methylation levels [5, 9, 10, 211. In
addition, reduced methylation levels in intron 7 of the FKBP5 gene
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were associated with an enhanced cortisol secretion after stress
exposure such as caused by Holocaust exposure [10], preterm
birth [21], CM [5, 9] or even laboratory stress tests [22], and a
blunted FKBP5 expression [5, 9].

However, most studies focusing on the relations of methylation
levels, traumatic experiences and mental health symptoms were
based on patient samples and/or small sample sizes. As we have
available different layers of biological data (SNP information,
gene-expression and methylation of FKBP5) as well as detailed
information of phenotypes (lifetime MDD, current depressive
symptoms, CM exposure), we aim to shed light on the complex
mechanisms underlying the associations between the different
measurements. In addition, our data could give certainty
whether methylation levels were stronger associated with state
(lifetime MDD) or trait depression (current depressive symptoms).
Because of the lack of longitudinal data, we test for associations
assuming different biological models with either methylation or
depression as end point. In a first step, we investigated the direct
and interactive associations of CM, rs1360780 and depression on
FKBP5 methylation levels of five previously reported CpG sites
in intron 7 [5] and the mean methylation level across these sites in
two large general population-based samples using data from the
Study of Health in Pomerania (SHIP). We hypothesised the SNP
rs1360780 to have an impact on the methylation levels in intron 7
with even stronger effects in subjects with CM and depression.
Exploratory, we analysed the same associations including direct
and interactive effects for 22 other independent FKBP5 SNPs. In a
second step, we tested for interactive effects of SNPs, CM and
methylation on the end point state/trait depression. At last, we
exploratory analysed the direct and interactive effects of SNPs,
CM, methylation and depression on the FKBP5 transcription levels
in a subsample.

MATERIALS AND METHODS

Study population

We analysed data from the SHIP, a two-stage cluster sample of
adult German residents of north-eastern Germany randomly
drawn from local registries [23]. The baseline sample (SHIP-O:
1997-2001) comprised of 4308 Caucasians, ages 20-79 years.
Three follow-up assessments have been carried out (SHIP-1:
2002-2006, SHIP-2: 2008-2012, SHIP-3: 2015-2017). In parallel to
SHIP-2 (N = 2333), the study Life Events and Gene-Environment-
Interaction in Depression (SHIP-LEGENDE: 2007-2010) was con-
ducted. Out of the baseline sample (SHIP-0), 2400 subjects
participated in SHIP-LEGENDE which comprised detailed assess-
ments of life events and mental disorders. For 1841 subjects of
SHIP-2 (Table 2) and SHIP-LEGENDE full data for the present
analyses were available.

A second, independent cohort, SHIP-TREND-0 (N = 4420), was
drawn from local registries of the same area as SHIP-0 from 2008
till 2011. Note that the samples of SHIP-0 and SHIP-TREND-0 are
without overlap and sampled independently of each other.
For 2124 subjects of SHIP-TREND-O (Table 2), methylation status
was analysed. Genotyping of the SNP rs1360780 was done for all
of these subjects. For a random sample of 1000 subjects
(herein called “SHIP-TREND-OMICS”, excluding diabetics) compre-
hensive multi-omics characterisation and whole-genome chip
genotyping were performed. Hence, genotypes of the whole
FKBP5 gene were available for 959 subjects and FKBP5 transcrip-
tion levels were available for 938 subjects. Analysis of
OMICS data has been done with whole blood collected at one
time point.

SHIP and all analyses conducted in the present study were
performed in accordance with the Declaration of Helsinki,
including written informed consent of all subjects. The survey
and methods of the SHIP studies were approved by the
institutional review board of the University Greifswald.
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SNP-typing and imputation

The SHIP-2 sample was genotyped using the Affymetrix Human
SNP Array 6.0 (Affymetrix, Santa Clara, CA, USA). Sample
processing and array hybridisation were done in accordance with
the manufacturer’s standard recommendations. For further details
and imputation procedure, see Volzke et al. [23] and the
supplement. Genotyping of the SHIP-TREND-OMICS subsample
was performed using the lllumina HumanOmni 2.5-Quad (lllumina,
San Diego, CA, USA). DNA from whole blood was prepared using
the Gentra Puregene Blood Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol. Subsequent sample
processing and array hybridization were performed as described
by the manufacturer at the Helmholtz Center Munich. Again, for
further details and imputation procedure, see Voélzke et al. [23] and
the supplement.

To select further FKBP5 SNPs besides rs1360780, all SNPs of the
FKBP5 gene within 10 kB were pruned with R*<0.25 and were
checked for their minor allele frequency (MAF) and imputation
quality. For all SNPs, an imputation quality of at least 80% was
required. Further, for main effect analyses, SNPs were selected if
the MAF was higher than 5%. Hence, 23 SNPs (including
rs1360780) were selected for analyses (Table 1). However, as
larger group sizes are needed to test interaction effects, only a
subsample of 8 SNPs (rs1360780, rs6910300, rs3798346,
rs4713904, rs9368882, rs55987213, rs2817032, and rs2817035)
was used in the interaction analyses determined by a MAF higher
than 20%. The observed by expected variance ratio of the SNPs
used in the present study varied between 0.86 and 0.997 for SHIP-
0 and between .88 and .999 for SHIP-TREND-0 which indicates a
high imputation quality.

Whole-blood DNA methylation data

The methylation state of five CpG sites in the intron 7 of the FKBP5
gene was measured by MALDI-TOF mass spectrometry using
EpiTYPER by MassARRAY (Sequenom, San Diego, CA), using whole
blood as previously described [24]. For further details,
see supplement.

Whole-blood transcriptome levels

Sample collection and whole-blood RNA preparation were
described in detail elsewhere [25]. For a brief description, see
the supplement. For the present study, we extracted the transcript
level data of the gene FKBP5 (only one transcript available ID:
ILMN_1778444). We regressed the quantile normalised and log2
transformed transcript level quantification on technical covariates
(time of blood sampling, RNA integrity number as a measure of
RNA quality, RNA amplification batch), blood cell counts,
haematocrit, mean platelet volume, age, and gender and then
derived the residual variables. This residual variable was used for
association analyses.

Interview and psychometric data

Sociodemographic information and medical history were assessed
by a computer-assisted face-to-face interview. In both cohorts
(SHIP-2 and SHIP-TREND-0), CM was assessed using the Childhood
Trauma Questionnaire (CTQ) which indicates more severe CM by
higher scores in the CTQ sum score and five subscales (emotional/
physical/sexual abuse, emotional/physical neglect), respectively
[26]. The present study focused on the CTQ sum score, only
including the CTQ subscales as sensitivity analyses if the sum
score revealed significant results. Lifetime MDD was assessed
using the Munich-Composite International Diagnostic Interview
(M-CIDI) in SHIP-2, a highly reliable, standardised and structured
instrument assessing psychiatric disorders according to the DSM-
IV criteria [27, 28]. Moreover, the severity of depressive symptoms
was assessed using the Beck-Depression-Inventory-Il (BDI-II) [29].
In SHIP-TREND-0 the Patient Health Questionnaire (PHQ-9) was
used to assess both lifetime MDD (dichotomous evaluation) and
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Table 1. Minor allele frequencies of the FKBP5 SNPs for SHIP-2 and SHIP-TREND-OMICS
Minor allele frequency (%) Imputation quality
Common allele Minor allele Combined sample SHIP-2 SHIP-TREND-OMICS SHIP-2 SHIP-TREND-OMICS

rs1360780° C T 3045 30.04 31.37 1.00 1.00
rs4713904° T C 31.32 31.91 30.19 0.99 1.00
rs2817035% G A 30.27 30.77 29.30 0.95 0.99
rs2817032° T C 30.21 30.74 29.20 1.00 1.00
rs9368882° G A 26.80 27.49 25.50 0.98 0.99
rs6910300° G A 23.37 23.83 22.68 0.93 0.97
rs3798346° A G 23.25 23.66 2247 0.97 0.99
rs55987213° C T 20.64 20.42 21.06 0.99 0.99
rs12197246 G A 19.43 19.55 16.71 0.98 0.99
rs55694295 C T 18.93 18.82 19.13 0.99 0.99
rs12200498 G A 18.57 18.69 18.35 1.00 1.00
rs10947565 G A 18.48 18.58 18.30 0.99 0.99
rs6926133 C A 17.38 17.16 17.78 1.00 1.00
rs13215797 C T 16.81 16.25 17.88 0.77 0.92
rs9470079 G A 16.71 17.00 16.16 0.86 0.99
rs7740395 T C 16.59 16.08 17.57 0.96 0.99
rs4713899 G A 15.70 15.51 16.06 1.00 1.00
rs7771727 G A 13.75 13.66 13.92 0.99 1.00
rs72921231 T C 10.30 10.67 9.59 1.00 1.00
rs72913423 A G 10.09 10.35 9.59 0.99 1.00
rs72913412 G A 10.09 10.35 9.59 0.99 0.99
rs2294807 C T 10.05 10.32 9.54 1.00 1.00
rs74709645 C T 5.79 5.95 5.47 0.79 0.97
2SNPs used in the interaction effect analyses

current depressive symptoms (metric evaluation). To optimise the
comparability between the two cohorts, the metric PHQ-9
score was transformed into a BDI-ll score. The methodical
background of this procedure was described in detail by Wahl
et al. [30].

Statistical analyses

For descriptive statistics, metric variables were expressed in means
(M) and standard deviations (SD); categorical variables were
expressed in proportions. All regression analyses were focused on
the combined sample to maximise statistical power.

All statistical analyses were performed using STATA/SE 14.2
(STATA corp, College Station, Texas, USA). A nominal significance
level of p-value (p) =0.05 was used. A Bonferroni-correction was
used to correct for multiple testing. The corrected p-values for
each class of analyses are reported below and in the results
section. Effects were considered as valid if (1) the p-value of the
combined analysis (SHIP-2 + SHIP-TREND) reached the corrected
significance level and (2) the effects in both cohorts were in the
same direction, as a meaningful biological effect was assumed to
cause the same statistical effect direction independently of the
sample. Genetic association results were treated as meaningful
when the group of homozygote risk allele carriers for a SNP were
at least N=10 subjects. All p-values reported are two-tailed.
Analyses including the CTQ subscales instead of the sum score
were conducted only if there was a significant result using the
CTQ sum score.

Covariate list. All basic analyses were adjusted for age, gender

and cohort. However, as whole-blood DNA methylation levels
were used, an extended covariate list was used for sensitivity
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analyses, too (see Table S1). Therewith, potential influences of
smoking, waist circumference, white and red blood cell counts,
platelet counts and mean platelet volume, fibrinogen, glycated
haemoglobin, cystatin C, triglycerides and time of blood sampling
on the methylation levels of the five CpG sites were tested. Data
for the different cell types of white blood cells (monocytes/
lymphocytes/eosinophils/basophils/neutrophils) only were avail-
able for the SHIP-TREND-0 sample.

Hypotheses 1. We tested main effects of CM (CTQ sum score),
depression (lifetime MDD, BDI-Il score) and the SNP rs1360780 on
the methylation level of five distinct CpG sites of intron 7 of the
FKBP5 gene and the mean methylation level across these five sites.
In addition, the two-way interactions (CM X depression, CM x SNP,
depression X SNP) and the three-way-interactions (CM X depres-
sion x SNP) on the methylation levels were tested. As methylation
data are fractional data (between 0 and 1), a semiparametric
regression methodology developed to deal with fractional data
was used [31, 32]. This regression methodology does not rely on
distributional assumptions and only needs the specification of the
functional form of the predictive mean which was chosen to be
logistic in our case. The variance estimators are inherently robust
against heteroscedasticity and the regression coefficients are
easily interpretable as they can be expressed in odds ratios. All
hypotheses were tested on five CpG sites and the mean
methylation level across these sites. Hence, a Bonferroni-
corrected significance level of p=0.008 (six tests) was used to
adjust for multiple testing.

This set of analyses was repeated to test for altered methylation
levels associated with 22 other FKBP5 SNPs (Table 1). Direct effects
on the five CpG sites and mean methylation levels as well as
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two-way interactions (SNPs x CM, SNPs x depression) and three-
way interactions (SNPs x CM X depression) were tested. Note that,
due to a narrower MAF (>20%) required for the interaction effects,
only seven SNPs (rs6910300, rs3798346, rs4713904, rs9368882,
rs55987213, rs2817032 and rs2817035; Table 1) entered the
interaction analyses. Again, the semiparametric regression meth-
odology described above was used. A Bonferroni-corrected
significance level of p =3.79e-04 (132 tests) was used to adjust
for multiple testing because analyses were conducted on six
methylation outcomes (five CpG sites and the mean methylation
level) investigating the main effects of 22 other FKBP5 SNPs.

Hypotheses 2: Effects of methylation in predicting depression.
Using lifetime MDD as an outcome, logistic regression analyses
were calculated. For the severity of current depressive symptoms,
the BDI-Il score was used as an outcome in bootstrapped linear
regression analyses. The additive effect of integrating methylation
into the two-way-interactions (SNPs x methylation, CM x methyla-
tion), as well as the three-way-interactions (SNPs x CM x methyla-
tion), were checked, respectively, using a likelihood ratio test. All 8
SNPs appropriate to test interaction effects (rs1360780, rs6910300,
rs3798346, rs4713904, rs9368882, rs55987213, rs2817032,
rs2817035; MAF >20%) were used linearly. As two depression
outcomes (lifetime MDD and the BDI-Il score) were used and six
methylation variables (five CpG sites and the mean methylation
level), as well as eight FKBP5 SNPs, were included as predictors, a
Bonferroni-corrected significance level of p=5.21e-04 (96 tests)
was used.

Hypotheses 3: Main and additional effects of methylation on the
FKBP5 whole-blood transcription levels. Linear regression analyses
were calculated. Main effects of methylation as well as the
additive effect of integrating methylation into the two-way-
interactions (SNPs x methylation, CM x methylation, depression x
methylation), the three-way-interactions (SNPsXx CM X methyla-
tion, SNPs x depression x methylation, CM x depression x methy-
lation) and the four-way interactions (SNPs x CM x depression x
methylation) were analysed. Again, the eight SNPs appropriate to
test interaction effects were used. Further, note that the FKBP5
transcription levels were available only for subjects of SHIP-
TREND-OMICS. All analyses were adjusted for age and gender. As
six methylation variables (five CpG sites and the mean methylation
level), eight FKBP5 SNPs and two depression variables (lifetime
MDD and the BDI-ll score) were used, a Bonferroni-corrected
significance level of p=5.21e-04 (96 tests) was used.

Sensitivity analyses. All analyses including FKBP5 SNPs were
calculated twice, using the SNPs as linear and as categorical
variables, respectively. Categorical analyses are presented in the
supplement. Additionally, all analyses were performed also
adjusting for the extended covariate list in the regression model.

RESULTS

Descriptive statistics of the study samples are presented in Table 2.
As SHIP-2 is the 10-year-follow-up of SHIP-0 and SHIP-TREND-O is
an independent new baseline cohort, the SHIP-2 cohort was older
(Table 2) and the samples differed regarding somatic and blood
parameters (supplementary table S1). Methylation levels differed
between SHIP-2 and SHIP-TREND-0 on four of the five CpG sites
but did not differ significantly regarding the mean methylation of
intron 7. Descriptive statistics for SHIP-TREND-OMICS including
transcriptome data as well as comparisons between SHIP-TREND-
OMICS and SHIP-2 are presented in tables S2a-c.

Extended covariate list

Extensive associations between methylation levels and the tested
covariates were found: For SHIP-2, the mean methylation level was
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associated with all covariates, except of smoking, waist circumfer-
ence and cystatin C. In SHIP-TREND-O, the mean methylation level
was associated with age, gender, smoking, waist circumference,
serum triglycerides, and red and white blood cell count. The
influences of the covariates on the five CpG sites varied widely
between the cohorts (SHIP-2 and SHIP-TREND), summarised in
Tables S2a-S2c. The different cell types of white blood cells showed
no significant associations with the methylation levels (Table S3).
Due to these extensive associations, sensitivity analyses using the
extended covariate list were conducted for all analyses reported
below.

Hypotheses 1

Results are presented in Table S4. A Bonferroni-corrected
significance level of p=0.008 (six methylation variables) was
used. The SNP rs1360780 was associated with a reduced
methylation on CpG site 2 (OR=0.975, 95% Cl: 0.957-0.992,
p = 0.005). Additionally, the BDI-Il score was associated with a
reduced methylation (OR=0.995, 95% Cl: 0.992-0.999, p=
0.005) on CpG site 4 as well as a two-way-interaction between
the BDI-ll score and rs1360780 (OR = 1.007, 95% Cl: 1.002-1.012,
p=10.006, Fig. 1). The effect sizes of these associations were
similar in both cohorts (Table S4). All effects remained stable
adjusting the model for the extended covariate list. There were
neither direct effects of CM nor interactive effects of CM and
rs1360780 observable.

Regarding the other 22 independent FKBP5 SNPs a Bonferroni-
corrected significance level of p=3.79e-04 (six methylation
variables x 22 FKBP5 SNPs) was used. Using the linear SNP
variables, none of the tested models did reach the corrected p-
value. However, using the categorical SNP variables, main effects
of three SNPs (rs6910300, rs7771727, rs74709645) were observed
(supplementary results), presented in Fig. 2. As the SNP
rs74709645 had a very low MAF of 5.79% with only seven
homozygote risk allele carriers in the combined sample, we did
not present this finding as a reliable result. No significant
interactions were observed. All effects remained stable adjusting
the model for the extended covariate list.

Hypotheses 2: Effects of methylation in predicting depression
Analyses were calculated to investigate whether the integration
of the methylation variables to the interaction terms (methyla-
tion X FKBP5 SNPs, methylation x CM, methylation x FKBP5
SNPs x CM) improved the prediction of depression measured
by two outcome variables (lifetime MDD and the BDI-Il score). A
Bonferroni-corrected  significance level of p=521e-04
(2 depression outcomesx6 methylation variables x8 FKBP5
SNPs) was used. There were no significant effects using lifetime
MDD as the outcome variable, neither using the linear nor using
the categorical SNP variables. Using the BDI-Il score, an
improved prediction was observed by including the methylation
on CpG site 4 in the two-way-interaction with rs1360780 (chi® =
15.32, p=4.71e-04, increase in R% 0.37%), replicating the
interaction effect of rs1360780 and depressive symptoms on
CpG site 4 (described above), as well as by including the
methylation of CpG site 4 in the three-way-interaction with
rs1360780 and the CTQ sum score (chi’=27.72, p = 1.42e-05,
increase in R%: 0.69%). However, the improvements of prediction
by including two-way and three-way interaction terms, although
significant, were very small. Unexpectedly, there was an inverse
relation of BDI-Il and methylation only for CC-homozygote
carriers reporting high levels of CM (figure S1). In sensitivity
analyses, CTQ subscales were included into the three-way-
interaction. Only for emotional abuse, a significant effect was
observed in the combined sample (b=7.23, chi?=28.88, p =
8.27e-06). However, the interaction effect was positive in SHIP-2
(b=19.60) but inverse in SHIP-TREND-0 (b = —0.85). All results
were validated with the extended covariate list.
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Table 2. Descriptive statistics of SHIP-2 and SHIP-TREND

FKBP5 transcription level

Combined sample SHIP-2 SHIP-TREND-0 SHIP TREND- SHIP-2 vs. SHIP-2 vs.
OMICS TREND OMICS

Miss. M (SD) Miss. M (SD) Miss. M (SD) Miss. M (SD) p-value p-value
N 3965 1841 2124 959
Age (years) 0 54.20 0 57.26 0 51.55 0 50.01 4.19e-36 2.18e-40

(14.43) (13.36) (14.79) (13.66)
Gender (% male) 0 47.67 0 47.20 0 48.07 0 44.00 0.588 0.110
CPG Site 1 (%) 18 0.85 (0.07) 4 0.85 (0.07) 14 0.86 (0.07) 6 0.86 (0.07) 0.009 0.001
CPG Site 2 (%) 14 0.70 (0.10) 9 0.70 (0.11) 5 0.71 (0.10) 2 0.72 (0.09) 0.001 1.21e-06
CPG Site 3 (%) 40 0.89(003) 15 089(0.02) 25 0.88(003) 12 0.89(0.03) 3.55e-04 0.159
CPG Site 4 (%) 6 0.96 (0.02) 3 097 (0.02) 3 0.96 (0.02) 1 0.96 (0.24) 6.22e-07 3.90e-04
CPG Site 5 (%) 1 0.89 (0.09) 1 0.90 (0.09) © 0.89 (0.09) O 0.89 (0.09) 0.149 0.730
Mean Methylation (%) 7 0.86 (0.04) 3 0.86 (0.04) 4 0.86 (0.04) 2 0.86 (0.04) 0.185 0.001
rs1360780° (%TT) O 10.34 0 8.47 0 11.96 0 8.97 0.001 0.903
rs4713904° (%CC) 1165 9.54 0 9.56 0 9.49 0.211
rs2817035% (%AA) 1165 8.93 0 8.91 0 8.97 0.277
rs2817032° (%CC) 1165 8.86 0 8.80 0 8.97 0.207
rs9368882° (%AA) 1165 7.00 0 7.06 0 6.88 0.148
rs6910300° (%AA) 1166 4.79 1 495 0 4.48 0.625
rs3798346° (%GG) 1165 5.21 0 543 0 4.80 0.609
rs55987213° (%TT) 1165 4.18 0 413 0 4.28 0.841
rs12197246 (%AA) 1165 3.68 0 3.59 0 3.86 0.930
rs55694295 (%TT) 1165 3.46 0 3.26 0 3.86 0.691
rs12200498 (%AA) 1165 3.39 0 3.31 0 3.55 0.798
rs10947565 (%AA) 1165 3.32 0 3.31 0 3.34 0.946
rs6926133 (%AA) 1165 2.61 0 2.55 0 2.71 0.832
rs13215797 (%TT) 1165 2.58 0 2.40 0 292 0.293
rs9470079 (%AA) 1165 3.00 0 3.31 0 240 0.415
rs7740395 (%CC) 1165 2.64 0 2.39 0 3.13 0.315
rs4713899 (%AA) 1165 2.18 0 2.12 0 2.29 0.849
rs7771727 (%AA) 1165 1.61 0 1.63 0 1.56 0.932
rs72921231 (%CC) 1165 1.07 0 0.92 0 1.36 0.087
rs72913423 (%GG) 1165 1.04 0 0.81 0 1.46 0.061
rs72913412 (%AA) 1165 1.00 0 0.76 0 1.46 0.040
rs2294807 (%TT) 1165 1.00 0 0.76 0 1.46 0.40
rs74709645 (%TT) 1165 0.25 0 0.27 0 0.21 0.791
CTQ - sum score 294 43.10 124 43.48 170 42.78 41 42.34 0.058 0.012
(11.16) (11.10) (11.21) (10.98)

CTQ - emotional abuse 96 6.28 (2.50) 15 6.26 (2.45) 81 6.28 (2.50) 4 6.32 (2.53) 0.846 0.546
CTQ - physical abuse 86 576 (1.92) 8 5.81(1.95) 78 571(1.89) 6 5.66 (1.74)  0.094 0.036
CTQ - sexual abuse 86 5.25(1.40) 13 522(1.28) 73 5.30 (1.53) 1 5.22 (1.30) 0.080 0.171
CTQ - emotional 124 9.16 (4.41) 28 9.26 (444) 96 9.07 (4.38) 12 8.89 (4.26) 0.204 0.40
neglect
CTQ - physical neglect 116 7.14 (2.58) 28 7.28 (2.61) 88 7.02 (2.55) 11 6.80 (2.48) 0.002 2.89e-06
BDI-II 4 7.11(645) O 6.17 (7.13) 4 793 (568) O 781 (5.52) 6.99e-18 6.46e-10
Lifetime MDD (% yes) 38 17.32 16 15.95 22 18.51 8 17.35 0.035 0.359

21 0.001 (0.40)

CTQ Childhood Trauma Questionnaire, BDI-ll Beck Depression Inventory-Il, MDD major depressive disorder
2SNPs used in the interaction effect analyses
Bold values in table 2 are nominal significant associations

Hypotheses 3: Main and additional effects of methylation in
predicting the FKBP5 transcription levels

Main effects of the methylation levels and additive effects of
methylation levels in interaction models with 8 FKBP5 SNPs and
depression (lifetime MDD and BDI-ll) in predicting the FKBP5

SPRINGERNATURE

whole-blood transcription levels were analysed. A Bonferroni-
corrected significance level of p=5.21e-04 (6 methylation
variables x 8 FKBP5 SNPs x 2 depression variables) was used. No
significant main or additive effects were observed, neither using
the linear nor using the categorical SNP variables.
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Main and interaction effects of current depressive symptoms (BDI-Il) as well as the FKBP5 SNP rs1360780 on the FKBP5 DNA methylation

level. a Higher scores of the BDI-Il score are associated with reduced methylation on CpG site 4 (OR = 0.995, p = 0.005). b Box plots of methylation
on CpG site 2 over rs1360780. The minor T allele of rs1360780 is associated with reduced methylation on CpG site 2 (OR = 0.975, p = 0.005).
¢ Kernel density plots of methylation on CpG site 2 over rs1360780 in dependency of rs1360780 using Gaussian kernels. d 2D kernel density plots
of the bivariate BDI-methylation distribution on CpG site 4 using Gaussian kernels stratified for rs1360780 genotypes. For homozygote C allele
carriers of rs1360780, a higher BDI-ll score was associated with reduced methylation on CpG site 4 (OR = 0.991, p = 1.36e-04), but not for subjects

carrying the minor T allele (OR = 1.004, p = 0.428)

DISCUSSION

The aim of the present study was to rigorously test the validity and
generalisability of previous findings connecting FKBP5 SNP
genotypes and CM with FKBP5 gene hypomethylation leading to
increased FKBP5 transcription levels and to the burden of
depressive symptoms.

Klengel et al. [5] published a comprehensive study investigating
the associations of the rs1360780 genotype, FKBP5 methylation
levels, and psychiatric symptoms after the experience of CM. The
authors reported reduced methylation levels in intron 7 for carriers
of the T risk allele, for subjects reporting CM and even stronger
hypomethylation for subjects being both carriers of the T risk allele
and maltreated in childhood [5, 10, 16]. In extension, other studies
reported higher methylation levels for MDD patients with the
effect being even more attenuated in TT carriers [9, 16, 33].
Nevertheless, few putative covariates of gene methylation were
included in these studies. Our data revealed extensive associations
between FKBP5 methylation levels in intron 7 and somatic as well
as blood parameters (see Table S2).

Even though our data partly replicated the reduced methylation
levels in T allele carriers as well as inverse associations between
methylation levels and depressive symptoms, we could neither
replicate relations of methylation and CM nor between methyla-
tion and lifetime MDD. No main effect or interaction effects with
CM did reach significance level. Even though CTQ subscales did
reveal some significant results (results not presented), findings
were inconsistent between cohorts and regarding the CpG sites as

Neuropsychopharmacology (2019) 44:930 - 938

well as the effect directions. In general, in comparison to earlier
studies [5, 10], we report higher general methylation levels and
descriptively smaller differences. All effects identified were rather
small in terms of effect sizes. Furthermore, we note that previous
studies used statistical methods from the class of the general
linear model (e.g. ANOVA). However, it is well known that in
fractional data the variance is a function of the expectation [34],
invalidating theoretically the assumptions inherent to the general
linear model and questioning the statistical robustness of the
effect sizes reported earlier. In contrast, we use here a semi-
parametric methodology explicitly designed to analyse fractional
data [32], which expresses its effect sizes in odds ratios. As such,
our results have to be interpreted as changes in the odds that a
certain CpG-site is methylated, rather than differences in mean
methylation levels.

Predicting methylation levels in adulthood altered through CM
relies on long-lasting effects [35-39].

Besides studies reinforcing associations between altered FKBP5
methylation levels and CM [5, 9], others have focused on the fast
adaptability of methylation. Hence, Piyasena et al. [21] reported
the lower FKBP5 methylation levels of preterm compared to term
infants to be not observable anymore at one year of age
indicating an adaptation of methylation within the first year of
life. Even faster alterations of methylation were shown in
laboratory tests. In rodents, Lee et al. [40] observed reduced
methylation levels in neuronal and blood cells after 4 weeks of
providing water containing corticosterone. Winkler et al. [22]
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reported altered methylation levels in human leucocytes 24 h after
an ACTH-stress-test. Thus, DNA methylation might reflect both
short-term alterations to adapt to acute environmental changes as
well as long-term processes coded by genetic disposition and
long-lasting environmental influences like CM or lifetime MDD.

Previous studies used both lifetime MDD and depressive
symptoms to operationalise depression [9, 16, 33, 41]. Bustamante
et al. [41] reported CM to predict the severity of depressive
symptoms but did neither observe an association of FKBP5
methylation levels in intron 7 or intron 2 with CM nor with
depressive symptoms. Moreover, only lifetime MDD was related to
FKBP5 expression [41]. Although Roy et al. [33] reported MDD to
be associated with higher FKBP5 methylation levels in the
promoter region, effects were mainly carried by suicidal patients
who reported more severe depressive symptoms. We investigated
whether the associations between methylation levels and
depression would be mainly carried by state or trait depression.
According to previous studies, we observed an inverse association
between the severity of depressive symptoms and FKBP5
methylation levels. This association was influenced by the
rs1360780 genotype which is in line with Hohne et al. [9] who
reported higher FKBP5 methylation levels in intron 7 in TT carriers
with lifetime MDD. Nevertheless, our data did not reveal any main
or interactive effects including lifetime MDD.

Besides rs1360780, in addition to former research, the present
study investigated the impact of 22 other, unlinked FKBP5 SNPs on
the methylation levels in intron 7. Using the genotypes as
categorical variables, main effects of rs6010300 and rs7771727 on
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methylation levels were observed (supplement) with homozygote
carriers of the minor allele of rs6010300 and rs7771727 showing
reduced methylation levels. Nevertheless, as there is no previous
research including any of these SNPs and as there were no
interaction effects with CM or depression observed in our data, the
impact of the main effects of these SNPs stays unclear. The
rs1360780 genotype and reduced methylation levels were repeat-
edly reported to induce higher FKBP5 expression and higher cortisol
levels, also associated with higher stress levels [5, 9, 22]. However,
neither rs1360780 nor one of the three other SNPs found in the
explorative analyses had an interaction effect with methylation on
the expression levels in our data. Moreover, even the main effects
of methylation on FKBP5 expression were absent. Although
previous studies have implicated an inverse relation of methyla-
tion levels with FKBP5 expression, it remains uncertain if this
relation is observable in baseline levels, as used in the present
study, or only appears after acute stress reactions [5, 41-44].
Likewise, Klengel et al. [5] reported no baseline association
between methylation and expression levels in blood and neuronal
cells but observed an inverse correlation between methylation
levels and FKBP5 response to dexamethasone in neuronal cells
simulating acute stress [5, 42]. On the other hand, Needham et al.
[43] found the same inverse relation even at baseline. In addition,
Paquette et al. [44] described this baseline association to be even
stronger in TT carriers of rs1360780. None of the results could be
replicated in our data which is in line with results by Bustamante
et al. [41] who did neither observe an effect of CM on the
expression nor an association between methylation levels and
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FKBP5 expression. Although all these studies tried to investigate
the association between CT, DNA methylation of FKBP5 and
depression, they differed in their methylation sites, sample size,
ethnicity and sample composition.

Strength and limitations

Whereas previous studies used relatively small (patient) samples, the
present results were based on two large population-based cohorts
(SHIP) which were comprised of almost 4000 subjects. Although
previous studies focused on a few SNPs, mostly on rs1360780, we
used additionally 22 statistically selected FKBP5 SNPs. Moreover, we
investigated different associations of FKBP5 methylation with the
trait (MDD lifetime) and state depression (BDI-II). Finally, the present
study investigated direct effects between FKBP5 methylation and
transcription levels in the blood which is thought to be a
pathophysiological relevant step. Our population-based sample
reported relatively low rates of CM and less severe depressive
symptoms compared to clinical samples. Hence, we might have
missed effects due to severe CM and/or depression. As our data are
drawn from a general population sample, the distribution of
depressive symptoms and reported CM is relatively low compared
to clinical settings (in our clinical sample the average BDI-Il score is
about four to five times higher and the CTQ score about 1.5 times
higher). In a clinical setting you would also get information about
comorbid psychiatric disorders which are not available in our
population-based sample. Further, as our data was observational
and cross-sectional we cannot conclude causality, particularly
regarding the associations between methylation levels and depres-
sion. Finally, we did focus on the FKBP5 methylation levels in intron
7. However, an FKBP5 gene-wide methylation profile could help to
identify other putatively relevant methylation sites. Nevertheless, we
used only five CpG sites in intron 7 of the FKBP5 gene in human
blood cells. Few studies have been published comparing methyla-
tion levels in neuronal and blood cells. Whereas Klengel et al. [5]
reported similar methylation levels and similar associations between
methylation levels and transcription levels in both cell types, Ewald
et al. [45] reported low correlations between methylation levels CpG
sites of neuronal and blood cells. Accordingly, Lee et al. [40]
reinvestigated the neuronal and blood cells of rodents after 1 week
of recovery from being fed with water containing corticosterone
and observed a persisting reduction of methylation in both cells.
Importantly, after 4 weeks, blood methylation levels returned back
to baseline. We focused on direct and interaction effects but did not
included mediation analyses. Nevertheless, from a statistical point of
view requirements are hardly fulfiled as low to no direct
associations were observed between the FKBP5 SNPs and methyla-
tion levels and low to no direct associations were observed between
depression phenotypes and methylation levels (data not presented).
More research is needed to address these questions as well as to
replicate and extend our results using other CpG sites or whole-
genome methylation data.

Conclusion

Our large effort to validate and extend previous findings of the
FKBP5 methylation resulted in a few significant results only. Results
had very small effect sizes; most of the associations were specific
to one CpG site and were inconsistent between the cohorts
regarding the effect direction. Our results did not confirm any
robust effects of CM on methylation at five sites in intron 7 of the
FKBP5 gene nor interaction effects with FKBP5 SNPs. These results
make it unlikely that these five methylation sites could serve as a
biomarker for individual exposure to CM and related biological
consequences in the general population.
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