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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Tallie Z Baram DNA methylation in peripheral tissues may be a relevant biomarker of risk for developing mental disorders after
exposure to early life adversity. Genes involved in HPA axis regulation, such as FKBP5, might play a key role. In

Keywords: this study, we aimed to identify the main drivers of salivary FKBP5 methylation in a cohort of 162 maltreated and

DNA methylation non-maltreated children aged 3-5 years at two measurement timepoints. We combined data from a targeted

Early-life .adYersity bisulfite sequencing approach for fine-mapping 49 CpGs in regulatory regions of FKBP5 and epigenetic scores for

Glucocorticoids A s . .

FKBPS exposure to alcohol, cigarette smoke, and glucocorticoids derived from the EPICv1 microarray.

HAM-TBS Most variability of methylation in the FKBP5 locus was explained by estimated cell type proportions as well as
epigenetic exposure scores, most prominently by the glucocorticoid exposure score. While not surviving
correction for multiple testing, we replicated previously reported associations of FKBP5 methylation with CM.
We also detected synergistic effects of both rs1360780 genotype and the glucocorticoid exposure score on FKBP5
hypomethylation. These effects were identified in the 3'TAD, a distal regulatory region of FKBP5 which is not
extensively covered in Illumina arrays, emphasizing the need for fine mapping approaches. Additionally, the
epigenetic glucocorticoid exposure score was associated with childhood maltreatment, maternal mental disor-
ders, and pregnancy complications, thereby highlighting the role of glucocorticoid signaling in the epigenetic
consequences of early adversity.

These results underscore the need to assess cell type heterogeneity in targeted assessments of DNA methylation
and show the impact of exposures beyond just childhood maltreatment such as glucocorticoid exposure.

1. Introduction of the biological embedding of CM (Parade et al., 2021). Epigenetic

changes are reversible changes on DNA and histones that are sensitive to

Exposure to childhood maltreatment (CM) has consistently been environmental cues, including the social environment (Aristizabal et al.,
linked to an increased risk for developing psychiatric disorders later in 2020).

life and epigenetic mechanisms have previously been proposed as means The major neuroendocrine response to stress is the activation of the
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hypothalamic pituitary adrenal axis (HPA axis) by stimulation of corti-
cotropin releasing hormone and vasopressin from the paraventricular
hypothalamus area, which leads to the stimulation of ACTH secretion in
the pituitary and increases the secretion of glucocorticoids (GCs) from
the adrenal cortex. Via the glucocorticoid receptor (GR), GCs are
responsible for the termination of the axis activation through a negative
feedback loop exerted on the central axis components. Therefore,
increased exposure to GCs during stressful events, such as CM, has been
proposed as one of the mechanisms of how early-life stressors can induce
changes in DNA methylation (DNAm, Klengel et al., 2014). Due to their
role in mediating and adapting the response to early stressors, the genes
of the HPA axis have been considered central candidates to study
epigenetic modifications following GC exposure induced by early life
stressors such as CM (Jiang et al., 2019). One of these genes is FKBP5,
which has been extensively studied in the context of gene-environment
interactions and CM (Matosin et al., 2018; Normann and Buttenschgn,
2020).

The gene encodes the FK506 binding protein 51 (FKBP51) that serves
as a negative regulator of GR function. GR activation induces FKBP5
expression, thus providing an ultra-short feedback loop for GR sensi-
tivity (Zannas et al., 2015). This activation is mediated by several
glucocorticoid response elements (GREs), located across the locus,
including in introns 2, 5, and 7.

DNAm changes in peripheral tissues (DNA from blood and saliva)
have been reported for the FKBP5 locus with exposure to adverse
childhood experiences, both in children as well as adults (Matosin et al.,
2018). Childhood adversity has been linked to decreased levels of DNAm
at regulatory elements, especially in the context of genetic variations in
FKBP5 that have been associated with increased transcriptional
response. For these genetic variants, gene-environment interactions
have been reported, with mostly the combination of the alleles corre-
lated with enhanced transcription and exposure to CM also being asso-
ciated with increased risk for psychiatric disorders in a transdiagnostic
way (Matosin et al., 2018). On rs1360780, the most commonly inves-
tigated single nucleotide polymorphism (SNP) on FKBP5, the T allele is
linked to increased transcription and greater risk for psychiatric disor-
ders and is therefore considered the risk allele. It has been proposed that
these gene-environment interaction effects are mediated by the com-
bined genetic and epigenetic changes that likely lead to even greater
activation of FKBP5 with GC and altered downstream effects on many
relevant cellular pathways, including BDNF and dendritic spine density
(Klengel et al., 2013; Matosin et al., 2018, 2023). It is thought that the
CM-associated demethylation is driven by GCs. In fact, Wiechmann et al.
(2019) described differential DNAm in several enhancers co-localizing
with GR binding sites after acute administration of the GC agonist
dexamethasone and this effect was moderated by the rs1360780 geno-
type. These sites overlapped in part with the ones previously found to be
associated with CM, but extended well beyond them, as a more extensive
fine-mapping approach was used (Roeh et al., 2018).

These studies provide first evidence that CM and GC exposure are
linked to alterations in FKBP5 DNAm and that these changes may be
related to individual differences in stress-response brain networks and
thus risk for disease (Kremer et al., 2024; Muehlhan et al., 2020; Tozzi
et al., 2018). In a recent study for example, FKBP5 demethylation in
DNA from peripheral blood was related to an anxiety-associated
reduction of gray matter volume in the ventromedial prefrontal cor-
tex, a brain area that is involved in emotion regulation, mental health
risk, and resilience as well as the responsivity of prefrontal-limbic cir-
cuits in relation to daily stressors (Kremer et al., 2024). This makes
FKBP5 DNAm in peripheral tissue an interesting biomarker candidate
for stress-related psychiatric disease.

However, several important points have not been addressed by prior
work: First, many existing studies on FKBP5 DNAm and CM or psychi-
atric disease only inspect two specific CpGs in intron 7, and the choice of
any additional CpGs on FKBP5 is often driven by availability on DNAm
microarrays rather than biological interest. It is very important to have
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sufficient coverage of CpGs in key regulatory regions, which is not al-
ways given when using array-based technologies (Wiechmann et al.,
2019). For example, the effects of stress-related GC signaling on FKBP5
transcription can be regulated via the demethylation of
glucocorticoid-responsive elements (GREs), which are distributed across
regions distal to the transcription start site, such as intronic enhancers
(Paakinaho et al., 2010). Additionally, CTCF binding sites are present in
the topologically associating domains (TADs) at the distal (3") and
proximal (5’) end of the gene, where they form architectural chromatin
loops which facilitate interactions between promoter and enhancer
(Wiechmann et al., 2019). The specific positions of GREs and CTCF
binding sites are only sparsely featured on commercially available ar-
rays. Thus, a more fine-grained approach to mapping epigenetic regu-
lation across FKBP5 is needed.

Second, DNAm patterns are cell type specific (Loyfer et al., 2023).
Even between samples of the same tissues, cell type composition varies
and leads to different DNAm signals. However, if no cell counts are
available, cell type composition of samples can only be estimated from
epigenome-wide measurements such as Illumina methylation micro-
arrays. But epigenome-wide arrays and specific sequencing of FKBP5
DNAm are rarely available simultaneously and many FKBP5-specific
analyses have not taken cell type composition into account.

Third, DNAm is sensitive to a wide range of other pre-and postnatal
exposures such as substance exposure in utero or maternal stress and
depression (Maitre et al., 2022). These adverse exposures are also more
common in unfavorable environments where postnatal CM is more
likely to occur (Austin et al., 2022; Lebel et al., 2019). Therefore, pre-
natal exposures might be important confounders when assessing the
effects of CM on DNAm. For example, epigenetic scores of prenatal
cigarette smoke (Richmond et al., 2018) and alcohol exposure
(Portales-Casamar et al., 2016) have previously been shown to be
elevated in maltreated children (Martins et al., 2021) and are linked to
worse developmental outcomes (Dufford et al., 2021).

Maternal psychiatric disorders and maternal stress exposure during
pregnancy can be linked to altered brain structure (Mandl et al., 2024)
and increased behavioral and emotional problems (Wu et al., 2022) in
the offspring. Mechanistically, this may be related to increased exposure
of the fetus to maternal circulating cortisol (Provencal and Binder,
2015). Increased prenatal exposure to synthetic GCs has been associated
with offspring psychological and developmental disorders in several
studies of antenatal corticosteroid treatment in women at risk of preterm
birth (Ninan et al., 2022; Raikkonen et al., 2020, 2022).

Exposure to prenatal GCs also correlates with epigenetic changes:
Placental FKBP5 DNAm was shown to be lower in mothers who had been
exposed to the synthetic GC betamethasone (Czamara et al., 2021). On
an epigenome-wide level, Provencal et al. (2020) identified 496 CpGs
that showed long-lasting methylation changes after dexamethasone
treatment in a human hippocampal progenitor cell line as well as acute
changes in human peripheral blood samples with the same treatment.
The authors used these CpGs to construct an epigenetic score for
glucocorticoid exposure via elastic net regression, selecting 24 CpGs that
significantly predicted dexamethasone effects in human blood samples.
The effects of dexamethasone treatment in human blood on DNA
methylation were used to determine the weights for each CpG. The
resulting epigenetic score (from here on referred to as the GC exposure
score) was correlated with maternal depression and anxiety as well as
prenatal synthetic GC exposure in cord blood samples, with lower
methylation levels associated with higher exposure, suggesting that it
may be an indicator of glucocorticoid exposure across tissues. In a
further study, the GC exposure score was linked to worse mental health
outcomes in mid-to-late childhood (Suarez et al., 2020). This makes the
GC exposure score a potentially useful biomarker for tracking the
epigenetic and biological impact of increased GC exposure. But as of yet,
there is no integrative analysis linking CM to epigenetic alterations in
FKBP5 while considering the impact of prenatal exposures and of
GC-responsive signaling across the epigenome.
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To address these issues, we performed targeted bisulfite sequencing
optimized for the FKBP5 locus (HAM-TBS, Roeh et al., 2018) as well as
epigenome-wide DNAm assessment using the Illumina EPICv1 arrays in
saliva DNA samples at two repeated measurement times points in the
Berlin Longitudinal Child Study. This is a cohort of children with (n =
83) and without maltreatment (n = 79), aged three to five years at
baseline with extensive phenotyping and biological assessments (Winter
et al., 2022). This allowed us better characterize FKBP5 DNAm as a
potential biomarker of risk by exploring the associations of CM with
FKBP5 DNAm in the context of prenatal exposures (as defined by DNAm
exposure scores), variability in cell type composition, as well as endo-
crine and immune measures, and genotype.

2. Materials & methods
2.1. Study population

The Berlin Longitudinal Child Study (Berlin LCS) cohort (Dammering
et al., 2021; Entringer et al., 2020; Joseph et al., 2023; Martins et al.,
2021; Winter et al., 2022) consists of 173 children, aged 49 months on
average (SD = 9.48) at the first visit. Maltreated children were recruited
via child protection services and other help centers in the Berlin area.
Non-maltreated children were recruited from the community.

As previously described (Winter et al., 2022), children who were
exposed to maltreatment were identified by using the maltreatment
classification system (MCS, Manly et al., 1994). The case definition
criterion was exposure to at least one maltreatment event with sufficient
severity. The severity of each maltreatment event was evaluated on a
five-point scale ranging from mild (1) to severe or life-threatening
maltreatment (5). Cut-offs of the scores were used to include children
in the maltreatment group (emotional maltreatment >2, physical abuse
>1, physical neglect >2). The control group included 87 children that
had not been exposed to maltreatment as verified using the MMCI.
Psychopathology and exposure to stressors and critical life events were
assessed with the Preschool Age Psychiatric Assessment (PAPA, Egger
and Angold, 2004). Information about parental mental disorders, pre-
term birth, and pregnancy complications was collected via self-report
questionnaires filled out by the caregivers. Family socioeconomic sta-
tus (SES) was assessed using a modified version of the Winkler and
Stolzenberg Index (Lange et al., 2007).

From the baseline visit onwards, children were assessed every six
months for two years with extensive psychometric and biological as-
sessments. In addition, DNA from saliva samples was collected at five
time points over the course of the study. In the study presented here, we
used available saliva samples from baseline (T0, n = 162, maltreated =
83, controls = 79) as well as the one-year follow up time point (T2, n =
117, maltreated = 54, controls = 63). Demographics for participants at
both time points are summarized in Table 1. While the sample was
initially matched for age, sex, and maltreatment, the number of dropouts
between TO and T2 was higher among the maltreated group (33% in the
maltreated group vs 21% in the non-maltreated group).

Approval for the study was obtained from the ethics committee of
Charité — Universitatsmedizin Berlin. All procedures are in accordance
with the Ethical Principles for Medical Research as established by the
Medical Association Declaration of Helsinki. After the procedures were
fully explained, written informed consent was obtained from all par-
ticipants. Children gave consent by painting or signing a form that was
appropriate for the children’s age range. Caregivers received monetary
compensation for participation and children received a small gift. Where
required, caregivers received diagnostic results and referral for psy-
chosocial or medical follow-up.

2.2. Saliva samples & biodata assays

As described in Entringer et al. (2020), during each clinical visit,
saliva samples were collected via oral swabs which are specially
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Table 1
Demographics of the study population.
Maltreated Non- p
maltreated
Sample size TO 83 (51.2%) 79 (48.8%) /
T2 54 (46.2%) 63 (53.8%) /
Sex TO m=44,f= m=41,f= 1.00
39 38
T2 m=28,f= m=232,f= 1.00
26 31
Mean age (years) + TO 4.38 + 0.84 4.08 + 0.73 0.018
SD T2 5.37 + 0.84 5.07 £ 0.75 0.044
Mean SES index + TO 9.47 + 4.52 16.04 + <0.001
SD 3.66 (<2.2¥107'9)
T2 9.46 + 4.45 16.25 + <0.001
3.65 (1.828*1071%)
Any psychiatric TO 48 (57.8%) 15 (19.0%) <0.001
diagnosis (%) (9.198%10~7)
T2 32 (59.3%) 9 (14.8%) <0.001
(1.771¥107%)
Mean cortisol levels TO 15.16 + 12.84 + 0.05
(AUCg) + SD 0.84 0.73
T2 13.09 + 14.21 + 0.33
0.84 0.75
Mean CRP levels TO 7.68 + 0.83 7.60 + 0.69 0.49
(AUCg) + SD T2 7.62 £+ 0.82 7.54 + 0.65 0.55
Mean proportion of TO  33.92% 33.37% 0.41
CD34 cells T2 35.94% 34.08% 0.02
Mean proportion of TO 0.08% 0.13% 0.48
CD14 cells T2 0.24% 0.16% 0.42
Mean proportion of TO  57.41% 58.28% 0.33
buccal cells T2  54.78% 57.27% 0.007
rs1360780 genotype CT/TT CcC
(%) (risk)

TO 78 (48.1%)
T2 54 (46.2%)

83 (51.2%) 0.94
63 (53.8%) 0.34

Note. Maltreatment status (maltreated vs. non-maltreated) was assessed with the
MCS (Manly et al., 1994). Psychiatric diagnosis (none vs. any) was determined
using the PAPA (Egger and Angold, 2004). Socioeconomic status was assessed
using the modified Winkler and Stolzenberg Index (Lange et al., 2007) and re-
flects low (score 3-8), middle (9-14), or high (15-21) family SES. Group dif-
ferences between maltreated and non-maltreated children were tested via
Fisher’s exact tests or t-tests when appropriate. Nominally significant group
differences are highlighted in bold.

designed for small children (Salimetrics) at 9am, 10am, and 11am. The
samples were immediately stored at —80 °C. Genomic DNA was
collected using ORAgene kits (OG-250 and OG-500, DNA Genotek) at
the 9am timepoint. An automated and standardized procedure based on
magnetic beads for 2x 400 pl saliva samples with the PerkinElmer
Chemagic360 system was used for DNA extraction. Salivary C-reactive
protein (CRP) was measured at one of the three timepoints using a
commercial kit (Salimetrics) with a sensitivity of 10 pg/ml, intra-assay
and inter-assay coefficients of variation of 6% and 13%. CRP data
were log-transformed for further statistical analysis. Salivary cortisol
was measured at all three timepoints on the day of assessment using a
commercial ELISA kit (Salimetrics) with a sensitivity of 0.007 pg/dL.
Intra-assay and inter-assay coefficients of variation were 7% and 11%,
respectively. The area under the curve with respect to ground (AUCg)
based on flow-rate corrected levels was chosen as the main cortisol
readout since it was best correlated with baseline (9am, r = 0.59, p =
6.66*10’16) and peak (10am, r = 0.76, p < 2.2*10’26) cortisol levels.
Cortisol outliers with >3 standard deviations from the mean were set to
three standard deviations from the mean, which was the case for six
samples.

2.3. DNAm data from the EPICv1 array

The Infinium MethylationEPIC v1.0 BeadChip (Illumina Inc) was
used to measure DNA methylation, as described previously (Martins
et al, 2021). Cell type proportions were estimated using the
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deconvolution method described by Smith et al. (2015) and are shown in
Table 1. These estimates obtained from DNAm patterns of the EPICv1
array were used to account for cell type proportions (buccal, CD14. and
CD34 cells) in all statistical models in this study. CD34 is most
commonly known as a marker for hematopoietic stem cells (Krause
et al.,, 1996), which are unlikely to make up large parts of a saliva
sample. We therefore also estimated cell type composition of our sample
using a different reference panel for generic epithelial tissues by Zheng
et al. (2018) that relies on the Houseman algorithm in the EpiDISH R
package. Based on the Zheng panel, we identified proportions of
57.60-54.42% buccal cells (very similar to the proportion of buccal cells
identified with the Smith panel), 42.20-45.22% immune cells, and
0.20-0.36% fibroblasts. The proportions of Zheng-based immune cells
were strongly correlated with the Smith-based proportions of CD34 cells
at TO (Spearman correlation, rho = 0.86, p < 2.2-16) and T2 (Spearman
correlation, rho = 0.77, p < 2.2-16). The correlations of estimated cell
type proportions between the Smith and Zheng panels are depicted in
Supplementary Fig. Al. Based on the correlation structure, the label
“CD34” in this dataset is most likely a marker for diverse immune cells.

From the EPICv] array data, we also computed epigenetic scores for
prenatal tobacco exposure based on findings from Richmond et al.
(2018) and prenatal alcohol exposure based on Portales-Casamar et al.
(2016) as described in Martins (2022) to use as covariates in all statis-
tical analyses. 13 out of the 15 original CpGs (86.77%) were available in
the EPICv1 data for the smoke exposure score and 617 out of 658 CpGs
(93.77%) were available for the alcohol exposure score. The prenatal
smoke exposure score was validated in the Berlin LCS cohort in a pre-
vious publication, where it was significantly elevated in individuals with
documented prenatal smoke exposure (Martins et al., 2021). Addition-
ally, we computed the epigenetic GC exposure score from Provencal
et al. (2020). 21 out of the 22 original CpGs (95.45%) were available in
the current dataset. The original score only contains negative CpG
weights and reflects hypomethylation upon GC exposure. Therefore, the
score was multiplied with —1 for easier interpretation with a higher
score denoting higher GC exposure.

2.4. Amplicon selection and targeted bisulfite sequencing of the FKBP5
locus

Targeted-bisulfite sequencing (HAM-TBS) is a method to measure
methylation levels which is based on bisulfite conversion coupled with
targeted enrichment via PCR, sequencing, and subsequent quantifica-
tion. Targeted bisulfite sequencing of the FKBP5 locus in the Berlin LCS
samples was performed according to the procedure described by Roeh
et al. (2018). Here, amplicons of 28 regions covering 302 CpGs within
important regulatory sites, including GREs as well as CTCF binding sites
and the transcription start site of the FKBP5 locus had been optimized
for HAM-TBS.

For this study, we selected eleven of these 28 amplicons covering
regulatory regions of interest (FKBP5 enhancers, intron 5, intron 7 as
well as CTCF binding sites in the proximal 5’ and distal 3'TAD). Ampli-
cons were selected to cover previously described GREs from Klengel
et al. (2013) and the GR ChIP-Seq from the ENCODE project (The
ENCODE Project Consortium, 2012). Additionally, amplicons covering
CTCF binding sites were selected using HI-C peaks, CTCF-ChIA-Pet in-
teractions from a lymphoblastoid cell line (GM12878, Tang et al., 2015),
and CTCF ChIP-Seq information from the ENCODE project (Tang et al.,
2015). Amplification failed for the PCR target FKBP5 PCR 13.1 which
was excluded from further analysis. The selected amplicons and the
number of CpGs covered are described in Supplementary Table Bland
their overlap with GREs and CTCF binding sites is depicted in Fig. 1.

Bisulfite treatment was performed on triplicates of each sample (3 x
50 ng) using the EZ DNA Methylation Kit (Zymo Research, Irvine, CA).
Triplicates were then pooled to run one PCR amplification per amplicon,
resulting in 150 ng of DNA used per sample. In the following, 1-5 pl of
bisulfite-converted DNA were used for each PCR amplification
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employing Takara EpiTaq HS Polymerase (Clontech, Saint-Germain-en-
Laye, France) with 49 amplification cycles. PCR amplicons were quan-
tified with the Agilent 2200 TapeStation (Agilent Technologies, Wald-
bronn, Germany). The eleven different amplicons were then pooled in
equimolar quantities for each sample. Primer dimers and high molecular
DNA fragments were removed with AMPure XP beads (Beckman
Coulter, Krefeld, Germany) using a double size selection (200-500 bp).
Libraries were prepared for each sample with the TruSeq DNA PCR-
Free HT Library Prep Kit (Illumina, San Diego, CA) according to the
manufacturer’s instructions. Each library was quantified using the
Qubit® 1.0 (Thermo Fisher Scientific Inc., Schwerte, Germany), then
normalized to 4 nM and pooled. Library concentrations and fragment
sizes were checked via Agilent’s 2100 Bioanalyzer (Agilent Technolo-
gies, Waldbronn, Germany) and quantitative PCR using the Kapa HIFI
Library quantification kit (Kapa Biosystems, Wilmington, MA). Paired-
end (PE) sequencing was performed on an Illumina MiSeq Instrument
(Illumina, San Diego, CA) using MiSeq Reagent Kit v3 (Illumina, San
Diego, CA: 2 x 300 cycles) with the addition of 30% PhiX Library.

2.5. Processing of the sequencing data

The first step of quality control of the reads was performed using
FastQC (Andrews et al., 2015). Adapter sequences were trimmed using
Cupadapt (Martin, 2011). Reads were aligned against a bisulfite con-
verted reference (Human GRCh37/hg19) restricted to the amplicon se-
quences using Bismark v0.18.2 (Krueger and Andrews, 2011).
Paired-end reads were subsequently stitched with an in-house Perl
script, which also removes low-quality tails of overlapping paired-end
reads. Methylation levels for all CpGs, CHGs, and CHHs were quanti-
fied using the methylKit R package (Akalin et al., 2012). Quality control
of the DNAm levels included the detection of PCR artefacts, the removal
of samples with insufficient bisulfite conversion rate (<95%) as well as
the exclusion of CpGs with coverage lower than 1000 reads. We were
able to assess DNAm levels at 86% of the originally selected CpG sites
after QC. The final dataset consisted of 49 CpGs from eleven amplicons
in 162 samples (out of 165 original samples) at baseline and 117 samples
(out of 120 original samples) at follow-up. All statistical analyses are
based on beta values transformed to percentages (range = 0-100%).
Mean DNAm levels for each of the covered CpGs are detailed in Sup-
plementary Table B2.

2.6. Genotyping

Genotyping was performed with the [llumina GSA-24 v2.0 BeadChip
as previously described (Martins et al., 2021). From this data, we used
the genotype of rs1360780, a functional variant within the FKBP5 locus,
which has been widely studied in relation to stress reactivity, MDD, and
PTSD (Binder et al., 2004; Kang et al., 2019; Klengel et al., 2013). The
SNP did not deviate from Hardy-Weinberg-Equilibrium (p = 1) with
observed genotype frequencies CC: 100, CT:80 and TT:16. Genotypes
were grouped into CC and CT/TT for downstream analyses. As described
in Martins et al. (2021), the first three genetic principal components
explaining 35% of total genetic variance were extracted and used as
covariates in subsequent analyses to adjust for population structure.

2.7. Statistical analysis

All statistical analyses were performed in R version 4.4.1 (R Core
Team, 2023) and RStudio version 2024.04.2 + 764 (Posit team, 2024).
In order to disentangle the contributions of individual predictors to
variance in FKBP5 DNAm, we performed a variance partitioning analysis
via the variancePartition R package (Hoffman and Schadt, 2016). After
excluding participants and CpGs with missing data, 39 CpGs from 149
individuals remained. Linear models including all available predictors
(age, sex, CM, psychiatric diagnosis, SES, maternal psychopathology,
pregnancy complications, stressful life events, genotype, cortisol and
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Fig. 1. Genomic locations of HAM-TBS amplicons.

Note. Genome browser view of FKBP5. Track a): transcripts located within the locus. Track b): locations of CTCF factor-mediated chromatin interactions (ChIA-PET
data) extracted from lymphoblastoid cell line (GM12878, Tang et al., 2015). Track c) and d): transcription factor binding (CTCF & GR) obtained from chromatin
immunoprecipitation (ChIP) experiments in multiple cell lines from the ENCODE project. Track e): positions of targeted bisulfite sequencing amplicons chosen for
this project. Panels f) — n): exact positions of sequenced CpGs via HAM-TBS (top track) and via EPICv1 microarray (bottom track) per amplicon.
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CRP levels, GC exposure score, prenatal smoking and alcohol exposure
scores, estimated cell type proportions, and the first three genetic
principal components), a time effect, and a random subject effect were
run, returning the adjusted partial R? for each predictor and covariate
per CpG.

To replicate previous effects from the literature (CM, psychiatric
diagnosis, and genotype) on FKBP5 DNAm, we ran linear regression
models for each predictor of interest with methylation beta values per
CpG as outcome. Raw p-values were corrected over all 49 CpGs using the
Benjamini-Hochberg method (Benjamini and Hochberg, 1995) and the
false-discovery rate (FDR) was set to 0.05. All regression models were
adjusted for the following covariates: age, sex assigned at birth, the first
three genetic principal components, estimated cell type proportions
(CD34, CD14, and buccal), and epigenetic scores for prenatal exposure
to cigarette smoke and alcohol, in line with previous analyses of the
epigenome-wide data in this cohort (Martins et al., 2021). Age, sex, and
the estimated cell type proportions were chosen as covariates since they
have been shown to explain variance in DNA methylation in pediatric
saliva samples (Middleton et al., 2022). The principal components were
controlled for to adjust for ancestry and genetic effects on DNAm.
Additionally, epigenetic scores predicting prenatal alcohol exposure and
prenatal smoke exposure were added as covariates. These exposures are
associated with altered DNAm patterns (Portales-Casamar et al., 2016;
Richmond et al., 2018) and both exposure scores were significantly
elevated in maltreated children in the Berlin LCS cohort (Martins et al.,
2021), making them potential confounders. We also performed sensi-
tivity analyses for the effects of CM where we added SES as an additional
covariate to make sure that the CM effects were not due to SES differ-
ences between the maltreated and non-maltreated group.

Linear models were specified for each time point (TO and T2). We
also analyzed effects over time via ANOVA by comparing null models
with a time effect to full models containing time and the predictor of
interest. Additive interaction between CM and genotype was examined
by testing whether adding genotype to the CM models significantly
improved the model. Multiplicative interaction was tested by comparing
a model with CM and genotype effects to a model containing a CM x
genotype interaction term.

We then investigated effects of the epigenetic GC exposure score on
FKBP5 DNAm. We again used linear regression models with the GC
exposure score as a predictor and the same outcomes and covariates as
specified before. Additive and multiplicative interactions between ge-
notype and GC exposure were analyzed as described previously for the
CM-by-genotype effects. Next, we tested for associations of the GC
exposure score with maternal mental disorder, self-reported pregnancy
complications, maltreatment, psychopathology, and exposure to
stressors and critical life events via linear regression models, correcting
for the aforementioned covariates. P-values of the resulting twelve
regression models were FDR-corrected for multiple testing.

Finally, we examined the correlation structure between estimated
cell type proportions, the epigenetic exposure scores, cortisol, and CRP
at both timepoints using Spearman correlations. We also computed
Spearman correlations between the epigenetic exposure scores at both
timepoints when residualized for the estimated cell type proportions.

3. Results

This study used a subset of children from the Berlin Longitudinal
Child Study (Entringer et al., 2020) with available salivary DNA at
baseline (TO, n = 162) and the one-year follow up (T2, n = 117). Age,
SES, and the occurrence of psychiatric diagnoses differed significantly
between maltreated and non-maltreated children at both timepoints, as
depicted in Table 1. On average, the maltreated group was older, had
lower SES, and more psychiatric diagnoses.

As described above, HAM-TBS amplicons were selected to cover
GREs and CTCF binding sites within the FKBP5 locus (see Fig. 1). We
first performed a variance partitioning analysis to determine drivers of
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DNAm across functional regions of FKBP5, then aimed to replicate
previous effects of CM and genotype, and further investigated associa-
tions of the GC exposure score with FKBP5 DNAm, cortisol and CRP
levels, and stress-related phenotypes.

3.1. Drivers of variability in FKBP5 DNAm

To gain more insight into drivers of variability in FKBP5 DNAm, we
included all available predictors into linear models over time, and
summarized the percentage of variance (partial R%) explained by each
predictor for each CpG in Fig. 2. The total amounts of variance that could
be explained by all predictors varied strongly from 6.15% in the prox-
imal enhancer to 66.07% in the 3'TAD. Estimated cell type proportions
explained the largest proportions of variance (0.14-34.20%), followed
by DNAm-based scores of (prenatal) exposures (0.16-29.38%). The
variance explained by cell type proportions was mostly driven by CD34
cells (0.02-16.99%) and buccal cells (0.02-16.71%), while CD14 cells
only explained up to 1.41% of variance. Since the mean proportion of
CD14 cells was smaller than 1% at both timepoints (see Table 1), their
small contribution to FKBP5 variability is expected. Among the epige-
netic exposure scores, the GC exposure score explained the largest per-
centage of variance (0.001-28.28%), followed by prenatal alcohol
exposure (0.001-6.06%) and prenatal smoke exposure (0.002-4.06%).
The effects of cell type proportions and prenatal exposures were espe-
cially strong in the 3'TAD. In comparison, maltreatment explained a
much smaller proportion of variance (0.00-2.48%), with most variance
explained in CpGs located in the 5 and 3'TAD and in the proximal
enhancer.

3.2. Replication of previously reported associations

3.2.1. Association of maltreatment and psychopathology with FKBP5
DNAm

We first investigated differential DNAm between maltreated children
(n = 83) and non-maltreated controls (n = 79). From the 49 CpGs
covered by the HAM-TBS approach, nine CpGs showed nominally sig-
nificant differential DNAm at baseline, but none of them survived FDR
correction for multiple testing (see Supplementary Table B3). The un-
corrected hits were distributed across the distal and proximal TAD, the
proximal enhancer, intron 5, and intron 7, with the majority of hits
located in intron 5 and the proximal enhancer. CpGs within intron 5
were hypermethylated in maltreated compared to non-maltreated chil-
dren while the other functional regions were hypomethylated in mal-
treated children. Hypomethylation of FKBP5 intron 7 has been
associated with childhood adversity in multiple studies in both adults
and children (e.g. Klengel et al., 2013; Parade et al., 2017; Tyrka et al.,
2015), specifically in two CpGs (chr6:35558488 and chr6:35558514 on
hg19). One of these CpGs (chr6:35558488) was also quantified in this
project. While maltreated and non-maltreated children did not differ
significantly here, this CpG was still hypomethylated in maltreated
compared to non-maltreated children. In the present study, a different
CpG in intron 7 (chr6:35558438) was nominally hypomethylated in
children with CM. This site had also shown hypomethylation after
exposure to the GC antagonist dexamethasone in adult peripheral blood
samples (Wiechmann et al., 2019).

When investigating the effects of CM on FKBP5 DNAm at the second
timepoint one year later (T2), two CpGs in the distal 3’'TAD were
nominally hypermethylated in maltreated children, but did not survive
FDR correction. There was no overlap between differentially methylated
CpGs at TO and T2. When fitting a linear model over time, eight CpGs
showed nominally significant CM effects, six of them overlapping with
the significant CpGs from TO. None of these CpGs remained significant
after FDR correction. While the CM effects at TO were distributed across
all sequenced functional regions, the CM effects across time were
restricted to the 3'TAD, proximal enhancer, and intron 5. Additional
correction for SES did not alter the effects of CM on FKBP5 DNAm to a
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Fig. 2. Drivers of variance in FKBP5 DNAm.
Note. Percentage of explained variance (partial R?) for all predictors per sequenced position. The R? estimates result from linear regression models including all
predictors, time, and a random subject effect to account for intra-individual variability from TO to T2.

large degree. Most of the identified hits remained marginally significant
when SES was added as a covariate. The results of the SES-controlled

analyses are described in detail in Appendix C.

Next, we tested for differentially methylated CpGs between children
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Fig. 3. Genotype-dependent CTCF binding site methylation.
Note. Two CpGs within the 3'TAD (chr6:35490608 and chr6:35490619) showed significantly lower methylation levels in carriers of the risk allele (CT/TT, shown in
dark red) as compared to carriers of the protective genotype (CC, shown in pink). Both CpGs were highly correlated with r = 0.83 (Spearman correlation, p

< 2.2%¥10719),

CC (n=79) CT/TT (n=75)

Genotype



V.N. Karlbauer et al.

3.2.2. Association of SNP rs136780 with FKBP5 DNAm

We next tested for association of rs1360780 within the FKBP5 locus
with DNAm in functional regions of FKBP5 at baseline. After multiple
testing correction, two CpGs in the distal 3’'TAD region remained
significantly hypomethylated in carriers of the risk genotype (CT/TT), as
visualized in Fig. 3. These two CpGs were located at positions
chr6:3549608 (partial adj. RZ = 0.07, adj. p = .030) and chr6:3549619
(partial adj. R% = 0.06, adj. p = .045). The CpG at chr6:3549608 was also
nominally associated with CM in this study (see Supplementary Table
B3). In the linear model fitted over time including TO and T2, both
significant CpGs from TO were among the significant hits and survived
FDR correction. Results are shown in Supplementary Table B5. More-
over, we tested for interaction effects of CM and genotype at TO, with no
interaction passing multiple testing correction (see Supplementary
Table B6). Nine CpGs in the TADs, intron 5 and 7, and the proximal
enhancer showed nominally significant additive interaction effects at
TO. All CpGs with additive interactions of rs1360780 genotype and CM
overlapped with main effects of CM identified in section 3.2.1 (see
Supplementary Table B3), including the previously discussed CpG in
intron 7 (chr6:35558438). In the multiplicative interaction model, one
CpG in the 3'TAD (chr6:35490800) and one CpG in the intron 5 intronic
enhancer (chr6:35570224) showed marginally significant interaction
effects of CM and genotype.

3.3. Glucocorticoid exposure

3.3.1. Association of the epigenetic GC exposure score with FKBP5 DNAm

The epigenetic GC exposure score showed three significant associa-
tions at TO surviving FDR correction as detailed in Supplementary Table
B7. All surviving hits were located in the 3'TAD at positions
chr6:35490599 (partial adj. R? 0.09, p (FDR) 0.004),
chr6:35490608 (partial adj. R? = 0.12, p (FDR) = 0.0004), and
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chr6:35490619 (partial adj. R? = 0.12, p (FDR) = 0.0005). All corrected
significant hits from TO were at least nominally significant and had the
same direction of association at T2. The model fitted over time showed
seven significant hits with four CpGs in the 3'TAD remaining significant
post FDR correction, among them the surviving TO hits. In all models,
the majority of significant CpGs demonstrated consistent hypo-
methylation with increased predicted GC exposure.

When testing for additive interaction between rs1360780 genotype
and glucocorticoid exposure, two CpGs survived FDR correction. Both
additive hits were again located in the 3'TAD at positions
chr6:35490608 (partial adj. R? GC exposure score = 0.13, partial adj. R?
genotype = 0.08, p (FDR) = 0.025) and chr6:35490619 (partial adj. R?
GC exposure score = 0.12, partial adj. R? genotype = 0.06, p (FDR) =
0.043) and overlapped with the significant main effects of genotype and
GC exposure at TO. As depicted in Fig. 4, carrying the risk allele (CT/TT)
as well as having a higher GC exposure score was associated with
hypomethylation in the 3'TAD. Results at T2 are summarized in Sup-
plementary Table B8. Multiplicative interaction models resulted in no
significant results at TO or T2.

3.3.2. Associations of the epigenetic GC exposure score with maternal and
childhood phenotypes

In order to assess which other phenotypes track with the epigenetic
GC exposure score, we tested for associations of GC exposure with
maternal and childhood phenotypes (see Table 2) using the same
covariates as in the FKBP5 methylation models (age, sex, genetic prin-
cipal components, estimated cell type proportions, prenatal alcohol
exposure and prenatal smoke exposure scores). At TO, the score was
associated with lifetime maternal mental disorders, self-reported preg-
nancy complications, and childhood maltreatment. Additionally, there
were nominally significant associations with preterm birth at TO and
childhood maltreatment and maternal psychopathology at T2. In all

CTCF_PCR_17_35490619

genotype
cc
== CTATT

1.5
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Fig. 4. Genotype-glucocorticoid interaction.

1.5
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Note. FDR-corrected significant additive effects of GC exposure and rs1360780 genotype in the 3'TAD at TO. Carrying the risk allele (CT/TT, shown in dark red) and

an increased GC exposure score were associated with hypomethylation.
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Table 2

Associations of the glucocorticoid exposure score with maternal and child
phenotypes at TO and T2.

Phenotype Time Beta  Adj. partial p p
point R? (FDR)

Any maternal psychiatric TO 0.05  0.02 0.007  0.040
diagnosis

Any maternal psychiatric T2 0.06  0.09 0.020  0.060
diagnosis

Pregnancy TO 0.05 0.10 0.005  0.040
complications

Pregnancy complications T2 0.01 0.03 0.784 0.947

Preterm birth TO 0.05 0.08 0.039  0.084

Preterm birth T2 0.00 -0.05 0.873  0.947

Maltreatment TO 0.04 0.04 0.011 0.044

Maltreatment T2 0.04 0.03 0.042 0.084

Any psychiatric diagnosis TO 0.00 —0.01 0.917 0.947

Any psychiatric diagnosis T2 0.03  0.00 0.137  0.205

Number of stressful life TO 0.00 —-0.01 0.947  0.947
events

Number of stressful life T2 0.01 0.02 0.098  0.168
events

Note. Beta = beta coefficients of the main phenotype in the regression model,
adj. partial R? = adjusted partial R for predictor of interest, p = unadjusted p-
values, p (FDR) = FDR-corrected p-values. FDR-corrected significant effects are
highlighted in bold. All associations are based on linear regression models
including age, sex, genetic principal components, estimated cell type pro-
portions, prenatal smoke exposure, and prenatal alcohol exposure and are FDR-
corrected for multiple testing over all 12 models. Maternal psychiatric diagnosis
(none vs. any) was assessed via self-report questionnaires. The number of
experienced stressful life events was assessed using the PAPA (Egger and Angold,
2004). Stressful life events included contextual stressors such as parental sepa-
ration/divorce, parental arrest, or living in an unsafe neighborhood, and critical
life events beyond CM such as having been hospitalized, having experienced the
death of loved ones, or having been in a vehicular accident.

these, higher exposure levels were associated with higher predicted GC
levels as indicated by positive betas. We detected no correlations with
child psychopathology or exposure to stressful life events. Results are
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Fig. 5. Correlation of exposure scores across timepoints.
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summarized in Table 2.

3.3.3. Correlations of the epigenetic GC exposure score and biodata

We further investigated the correlation structure between the
epigenetic GC exposure score, epigenetic scores of prenatal smoking and
alcohol exposure, estimated cell type proportions, saliva CRP, and
cortisol using Spearman correlations (Fig. 5a). As expected, proportions
of CD34 and buccal cells were strongly inversely correlated with each
other (r = 0.92-0.95, p = 1.11*10~%’- 5.37*107>2). CRP at T2 was
correlated with the proportion of CD14" cells (r = 0.25, p = .01).
Cortisol levels at TO were significantly correlated with prenatal smoking
(r = 0.23, p = .03) and alcohol exposure scores (r = 0.25, p = .04), but
not with the GC exposure score (r = —0.19, p = .15), suggesting that this
score indeed reflects past (prenatal) exposure and not current levels. The
epigenetic exposure scores were significantly correlated with each other
at the same timepoint, but only weakly correlated within individuals
across timepoints. As soon as we corrected the epigenetic exposure
scores for estimated cell type proportions, correlations between time-
points became much higher (Fig. 5b), indicating that most time-point-
dependent differences in the epigenetic exposure scores could likely
be attributed to changes in cell type composition over time.

Notably, the GC exposure score was strongly negatively correlated
with the epigenetic scores for prenatal alcohol and smoking exposure.
However, all exposure scores were positively associated with CM status,
as we have shown here for the GC exposure score (see Table 2) and as has
also been demonstrated for alcohol and smoking exposure in Martins
et al. (2021). The most likely explanation for this correlation structure is
an interaction of CM and alcohol exposure on the GC exposure score.
This is further explored in Appendix D1 and Supplementary Figure D1.
Potential reasons for this interaction pattern are discussed in detail in
Appendix D2.

4. Discussion

FKBP5 DNAm in peripheral tissues may be a relevant biomarker of
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Note. Panel a): Correlation matrix of epigenetic exposure scores, estimated cell type proportions, and biodata at TO and T2. Panel b): Correlation matrix of epigenetic
exposure scores residualized for estimated cell type proportions at TO and T2. All depicted coefficients are Spearman correlations. Nominally significant correlations

(uncorrected p < .05) are denoted with *.
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risk following exposure to early life adversity (Kremer et al., 2024) and
thus warrants detailed exploration of influencing factors. In the present
study, we aimed to identify the main drivers of FKBP5 DNAm in mal-
treated and non-maltreated children across 49 CpGs in regulatory re-
gions of FKBP5, including proxies of prenatal exposures. We find that
most variability of DNAm in saliva in this locus is explained by estimated
cell type proportions as well as the epigenetic GC exposure score. CpG
sites in the functionally relevant 3'TAD and upstream enhancers seem to
be most influenced by the tested variables. These sites are not exten-
sively covered in Illumina arrays, which demonstrates the benefits of
fine mapping approaches. While not surviving correction for multiple
testing, we replicate previously reported associations of FKBP5 DNAm
with CM. We also identify stable effects of rs1360780 genotype and the
GC exposure score on DNAm in the 3'TAD. Our work again highlights the
importance of assessing cell type heterogeneity in targeted assessments
of DNAm and the need to document prenatal exposures or include
epigenetic scores reflecting such exposures when investigating the ef-
fects of CM on DNAm.

4.1. Drivers of variance in FKBP5 DNAm

In a variance partitioning analysis, we first investigated the per-
centages of variance (partial R%) explained by all available predictors
ranging from cell types to prenatal exposures to maternal and child
phenotypes. Estimated cell type proportions and DNAm-based scores of
smoking, alcohol, and GC exposure emerged as major contributors to
variance in FKBP5 DNAm. Compared to that, much less variance was
explained by CM and psychiatric diagnosis. These findings demonstrate
that factors like estimated cell type proportions, which are usually seen
as covariates or technical confounders, can have a much larger impact
on DNAm than the actual effects of interest. Most studies either quantify
DNAm via microarrays such as the EPIC BeadChip or via targeted
sequencing of selected CpGs. It is rare to have both methods available
simultaneously. This study shows that it is crucial to combine informa-
tion from several epigenetic data modalities since estimated cell type
proportions and epigenetic exposure scores, assessed using epigenome-
wide DNAm arrays, also impact DNAm within specific candidate genes.

4.2. (Non-)replication of previous effects

We tested for effects of CM on FKBP5 DNAm over 49 CpGs in
different regulatory regions. While we were able to detect differences
between maltreated and non-maltreated children in nine CpGs, none of
the significant hits survived correction for multiple testing or remained
significant at the second timepoint. However, several of the nominally
significant CpGs at TO were located in introns 5 and 7, the same regions
that have shown CM effects in previous studies (Klengel et al., 2013;
Parade et al., 2017; Tyrka et al., 2015; Wiechmann et al., 2019). Based
on our sensitivity analyses, the nominally significant CM effects are
unlikely to be confounded by differences in SES between maltreated and
non-maltreated children. The methylation signature of psychopathology
was similar, but not identical to that of CM, with three out of six
nominally significant hits overlapping in the proximal enhancer at TO
and two out of three CpGs overlapping in the 3'TAD at T2. Further
research is needed to fully disentangle the effects of adversity and
symptomatology on FKBP5 DNAm.

There are several possibilities why the CM effects on intron 7
methylation detected in Parade et al. (2017) and Tyrka et al. (2015)
could not be replicated in this study, even though we also investigated
saliva samples in a cohort of young children. First, this might be an issue
of statistical power: Both Parade et al. (2017) and Tyrka et al. (2015)
had larger sample sizes, but only tested two CpGs in intron 7, resulting in
a much lower multiple testing burden. Moreover, our analyses were
corrected for important potential confounders such as estimated cell
type composition and prenatal exposure to smoking and alcohol, which
have been linked to CM (Martins et al., 2021) and which have been
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shown to explain large amounts of variance in FKBP5 DNAm in this
study. Potentially, the effects of CM on saliva FKBP5 DNAm are less
apparent in a fine-mapping approach across several regulatory regions
when proper statistical controls are considered.

While we were unable to fully replicate the effects of CM on FKBP5
DNAm in intron 7, we observed FKBP5 hypomethylation in rs1360780
risk allele carriers, as previously reported for adult blood samples in
Klengel et al. (2013) and Wiechmann et al. (2019). Hence, this effect
was stable across different tissues and age groups. The direct genotype
effects were identified at CTCF binding sites the 3'TAD, a region at the
distal end of FKBP5. Meanwhile, CM and rs1360780 genotype demon-
strated marginally significant additive interaction effects in introns 5
and 7 where gene-environment interactions have also been observed by
Klengel et al. (2013) and Wiechmann et al. (2019).

4.3. Glucocorticoid exposure

In this study, we examined the associations of a multi-tissue epige-
netic score for GC exposure with both FKBP5 DNAm and maternal and
childhood phenotypes. To our knowledge, this score has not previously
been investigated in relation to CM and FKBP5 DNAm. We found that the
GC exposure score explained up to 26% of variance in FKBP5 DNAm,
was strongly associated with hypomethylation of the 3'TAD, and dis-
played additive interaction with the rs1360780 genotype. Unlike effects
of CM or psychopathology, the GC exposure effects were stable over time
and survived correction for multiple testing. The large impact of the GC
exposure score on FKBP5 DNAm is especially interesting due to the role
of the gene in HPA axis regulation: Prior research has shown that GC
signaling induces FKBP5 hypomethylation (Klengel et al., 2013;
Wiechmann et al., 2019) which then increases FKBP5 gene expression
and alters regulation of the GC receptor.

To get a better picture on which stressors exactly correlate with the
GC exposure score, we tested for associations of the score with maternal
and childhood stressors. GC exposure was associated with maltreatment
status and maternal psychopathology, but not with the number of
experienced stressful life events and contextual stressors. There was also
no correlation between the GC exposure score and current cortisol
levels. Therefore, the score more likely reflects long-term effects of
chronic stress exposure rather than an acute stress response. The score
was additionally correlated with preterm birth and self-reported preg-
nancy complications, indicating that multiple “hits” can increase GC
exposure in pre- and postnatal periods and replicating previous associ-
ations with prenatal factors (Provencal et al., 2020). Given that the GC
score is associated with both CM and FKBP5 DNAm, even though there
are only few direct effects of CM on FKBP5, one might hypothesize that
CM leads to increased GC exposure, which then in turn induces alter-
ations in FKBP5 DNAm. Consequently, the epigenetic GC exposure score
might be a useful biomarker for tracking the effects of stress exposure on
DNAm in further studies.

4.4. Biological relevance of the distal 3'TAD

The associations of rs1360780 and the GC exposure score with
DNAm were only identified in the 3'TAD of FKBP5. This region is located
at the very distal end of the gene and is usually not investigated in FKBP5
DNAm studies, especially when targeted sequencing approaches are
used. So, why were effects on DNAm observed specifically here? In
general, TADs consist of CTCF binding sites which form architectural
chromatin loops. Using 4C sequencing data, Wiechmann et al. (unpub-
lished) have proposed a model of FKBP5 TAD function: The structural
loopings in the TAD aid the formation of promoter-enhancer in-
teractions. Both GC stimulation and carrying the rs1360780 risk allele
lead to the stabilization of chromatin loops in the TAD. This induces
higher rates of interaction between enhancer and promoter, as well as
more interaction between the proximal TAD and the gene body. As a
consequence, more FKBP5 mRNA is expressed. Given this model, it
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makes sense that the GC exposure score and rs1360780 genotype
showed individual and interaction effects specifically in this region. Our
fine-mapping approach to quantifying FKBP5 DNAm (HAM-TBS)
covered 17 CpGs in the 3'TAD, while the Illumina EPICv] microarray
only covers three. Therefore, our sequencing approach provided better
fine-mapping of a regulatory region that shows biological relevance for
the effects of GC exposure. The distal 3'TAD of FKBP5 remains a region
of interest for further investigations.

4.5. Limitations

This study has several limitations: First, the sample size is limited
with N = 162 at baseline. The sample size is even further reduced at the
one-year follow-up (N = 117) with higher dropout rates among mal-
treated children. This means we are underpowered to detect smaller
effects. In addition to larger samples, further follow-up measurements
are necessary to assess the long-term effects of CM.

Second, many previous studies on FKBP5 and CM have derived their
results based on peripheral blood samples (e.g. Klengel et al., 2013;
Wiechmann et al., 2019), while this investigation was performed on
saliva samples. However, Smith et al. (2015) have investigated DNAm
patterns across saliva, blood, and post-mortem brain samples and were
able to demonstrate that saliva DNAm is more variable than blood or
brain DNAm. It is therefore unclear how well this study’s findings on
drivers of FKBP5 DNAm generalize to other tissues.

While the cell type composition of the saliva samples explained a
large proportion of variance (0.14-34.20%) in this study, cell type
proportions were not directly measured, but estimated from EPICv1
microarray data given a reference panel (Smith et al., 2015). Further
studies, for example experimental work using sorted cells or single-cell
quantification of DNAm, are needed to further disentangle cell type
specific effects of CM on DNAm in FKBP5 and beyond.

5. Conclusion

To summarize, this study identified estimated cell type proportions
and prenatal exposures to cigarette smoke, alcohol, and glucocorticoids
as the main drivers of DNAm across different functional regions of
FKBP5. This emphasizes the relevance of considering epigenome-wide
covariates even for candidate gene methylation studies. These findings
also highlight the distal 3'TAD, a region not usually assessed in FKBP5
studies, and underscore GC exposure as a potential link between early
adversity and altered FKBP5 DNAm. In conclusion, our results show the
key importance of considering a wide range of exposures and adversities
in DNAm studies: Not only maltreatment, but the entire early-life
exposome affects DNAm and can steer individuals towards trajectories
of health or disease.
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