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The oxytocin receptor gene (OXTR) is of interest when investigating the effects of early adversity on DNA methylation. However,
there is heterogeneity regarding the selection of the most promising CpG sites to target for analyses. The goal of this study was to
determine functionally relevant clusters of CpG sites within the OXTR CpG island in 113 mother-infant dyads, with 58 of the mothers
reporting childhood maltreatment (CM). OXTR DNA methylation was analyzed in peripheral/umbilical blood mononuclear cells.
Different complexity reduction approaches were used to reduce the 188 CpG sites into clusters of co-methylated sites. Furthermore,
associations between OXTR DNA methylation (cluster- and site-specific level) and OXTR gene expression and CM were investigated
in mothers. Results showed that, first, CpG sections differed strongly regarding their statistical utility for research of individual
differences in DNA methylation. Second, cluster analyses and Partial Least Squares (PLS) suggested two clusters consisting of
intron1/exon2 and the protein-coding region of exon3, respectively, as most strongly associated with outcome measures. Third,
cross-validated PLS regression explained 7% of variance in CM, with low cross-validated variance explained for the prediction of
gene expression. Fourth, substantial mother-child correspondence was observed in correlation patterns within the identified
clusters, but only modest correspondence outside these clusters. This study makes an important contribution to the mapping of the
DNA methylation landscape of the OXTR CpG island by highlighting clusters of CpG sites that show desirable statistical properties
and predictive value. We provide a Companion Web Application to facilitate the choice of CpG sites.

Translational Psychiatry (2023)13:265; https://doi.org/10.1038/541398-023-02548-6

INTRODUCTION
Both human and animal work have shown that oxytocin is
involved in the development and regulation of social traits and
behaviour (e.g. [1-3]) as well as social cognition (e.g. [4, 5]). The
brain oxytocin system is sensitive to environmental cues, including
those acting in early developmental periods [6]. It has been shown
that function of oxytocin neural pathways can be influenced by
early life stress [6, 7], and that oxytocin receptor function across
the lifespan is influenced by the degree of parental care [7].
Therefore, epigenetic processes are increasingly being studied as
mechanism underlying this developmental programming of
oxytocin system regulation [8-10].

In humans, research has focused on DNA methylation (as one of
the important processes involved in the regulation of

transcription) in the oxytocin receptor gene (OXTR) promoter
region, which appears to be functionally important for the
regulation of OXTR transcription [11]. For instance, low socio-
economic status [12] as well as the degree of maternal care during
childhood [13] were associated with increased OXTR DNA
methylation in adulthood. With the focus on the effects of
childhood maltreatment (CM), higher OXTR DNA methylation was
observed in maltreated children compared with non-exposed
children [14]. However, some associations between childhood
abuse and increased OXTR DNA methylation became non-
significant after correction for multiple testing [15, 16] and null-
findings were also reported [17]. A recent longitudinal investiga-
tion of mother-infant dyads showed that low maternal engage-
ment was associated with increased variance of infant saliva-
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derived OXTR DNA methylation from five to 18 months, indicating
reductions and increases over time [18]. This study provided first
evidence that OXTR DNA methylation might be dynamic in children
but relatively stable in motherhood [18]. With regard to further
investigations in mother-infant dyads, one study reported signifi-
cantly higher overall OXTR DNA methylation in mothers with
persistent perinatal depression (PD) [19], while another study
observed significant associations between CM experience and
altered site-specific OXTR DNA methylation in mothers [20]. However,
no differential OXTR DNA methylation was detected in children of
mothers with PD or CM experience [19, 20]. Finally, a recent meta-
analysis comprising 15 independent samples concluded that early
adversity is related to higher OXTR DNA methylation levels [8].
However, the effect was very small (r=.02) and only significant in
the set of studies using nonclinical samples or in those that assessed
DNA methylation in blood samples [8]. Nevertheless, as the authors
note, there is large heterogeneity between these studies regarding
methodology and genomic regions that were analyzed, which
impedes meta-analytic inference [8].

Transcription of the OXTR is controlled by a promoter whose
CpG island constitutes 2519 basepairs including 188 CpG sites
[11, 21], representing a large search space for possibly functionally
relevant CpG sites. The majority of studies targeted single or only
a few (about 20) individual CpG sites either in the so-called MT2
area (e.g. [14, 18]) containing 27 CpG sites with putative functional
relevance [11] or in the protein-coding region of exon 3 (e.g.
[13, 19]) (see [17, 20] for exceptions; see Supplementary Table 1
for a detailed overview of previously investigated CpG sites). This
heterogeneity in selecting CpG sites within the OXTR CpG island
reflects a lack of consensus concerning the best sites to target for
DNA methylation analysis [8].

The current study thus aimed at determining functionally
relevant clusters of CpG sites within the OXTR CpG island in
mother-infant dyads. The entire CpG island comprising 188 CpG
sites was analyzed with targeted deep bisulfite sequencing [22].
Different complexity reduction approaches were used to reduce
the amount of 188 CpG sites into functionally relevant clusters of
co-methylated CpG sites. Furthermore, the association between
OXTR DNA methylation (on level of cluster and single CpG sites)
and OXTR gene expression levels as well as CM experiences were
investigated in the maternal subsample.

MATERIAL AND METHODS
Participants and study procedure
Women who gave birth at the maternity ward of the Ulm University Hospital
between October 2013 and December 2015 were invited to participate in
the project My Childhood - Your Childhood. Exclusion criteria for study
participation were age under 18 years, insufficient knowledge of the
German language, and severe health problems of mother or child during
pregnancy or labour. Out of 5426 mothers invited, 533 mothers gave written
informed consent and sociodemographic characteristics were assessed.
Immediately after parturition, 45 ml umbilical cord blood was collected into
CPDA-buffered tubes (Sarstedt S-Monovette, Nirmbrecht, Germany). Within
in the following week, peripheral blood was drawn from the mothers.
Maternal CM exposure was assessed with the German short version of the
Childhood Trauma Questionnaire (CTQ; [23]) including five subscales (i.e.
emotional, physical and sexual abuse, emotional and physical neglect). Using
a specific cut-off [24], mothers with mild to severe CM experiences in at least
one CTQ subscale were categorized as CM + . Mothers without a history of
CM were categorized as CM-. The epigenetic analyses were conducted in a
subset of study participants including 117 mothers (n =59 CM-, and n =58
CM +) and 113 infants (for subset selection and more details of the cohort
see [20]). The study followed the principles of the Declaration of Helsinki and
was approved by the local ethics committee of Ulm University.

DNA methylation analysis

DNA was isolated from peripheral blood mononuclear cells (PBMCs) from
the mothers and umbilical blood mononuclear cells (UBMCs) from the
newborns as described elsewhere [20]. Sodium bisulfite conversion of
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500 ng of genomic DNA from each subject was performed using the EZ
DNA Methylation-Gold™ Kit (Zymo, USA). DNA methylation levels at
specific genomic sites were investigated by targeted deep bisulfite
sequencing following the protocol by Moser et al. [22]. We focused on
regulatory regions of the OXTR gene: A CpG island comprising 188 CpG
sites [11, 21] and 21 CpG sites at a potential enhancer element in intron 3
[15] (for detailed description of chromosomal positions see Supplementary
Table 1). The following pair-end sequencing was performed on a MiSeq
system (lllumina; San Diego — USA) using the lllumina MiSeq reagent Kit v2
(500 cycles- 2x250 paired end) in collaboration with the BioChip Labor of
the Center of Medical Biotechnology (ZMB, University Essen/ Duisburg).
See Supplementary Material for gene-specific primer sequences (Supple-
mentary Table 2) as well as quality controls in terms of mean sensitivity
(Supplementary Table 3) and standard curves to demonstrate linearity
(Supplementary Fig. 1) for the different assays.

For sequence analysis, FASTQ files from all sequencing reads were
generated to enable software analysis using amplikyzer2 [25, 26]. Quality
control led to the exclusion of seven CpG sites in genomic regions of two
overlapping amplicons that did not show perfectly matched DNA
methylation values (CpG 73-77; 87,88; see Supplementary Table 1 for
chromosomal positions). The excluded CpG sites showed low DNA
methylation values (M = 2.43%) and low variability (SD = 1.44%). CpG sites
influenced by OXTR single nucleotide polymorphisms (introduction,
disruption or shift in a CpG site) were excluded from analysis (CpG §;
15a; 59; 72a; 83; 92; 128; E13). In addition, one CpG located in primer
binding region (enhancer region) was excluded from statistical analysis.
Thus, the final dataset for statistical analyses consisted of 183 CpG sites in
the OXTR promoter and 19 CpG sites in the enhancer region. Furthermore,
samples with missing values in at least one or more CpG sites were
excluded, which resulted in the exclusion of seven mothers and thirteen
infants. Thus, the final dataset comprised 110 mothers and 100 infants.

Gene expression analysis

Gene expression data was available from a previous study by Ramo-
Fernandez et al. [20]. In brief, total RNA from a subset of mothers (n = 67)
was extracted from PBMCs using the Qiagen RNeasy Kit (QIAGEN, Hilden,
Germany). Subsequently, cDNA synthesis was conducted using the cDNA
reverse transcription kit (Thermo Fisher Scientific, Germany) followed by
real-time quantitative PCR analyses of the OXTR on a QuantStudio 6 gPCR
platform (Life Technologies, USA) using the appropriate Tagman gene
expression array (Hs00168573_m1; Thermo Fisher Scientific). According to
the program NormFinder [27], succinate dehydrogenase complex, subunit
A, flavoprotein variant (SDHA) and importin 8 (IPO8) were selected as gene
expression references. Relative mRNA expression levels of OXTR were
defined with the 2-ACt equation, with ACt = (mean Ct of the target) -
(geometric mean of the Ct of the reference genes SDHA and IPO8). The
resulting fold-change values - an estimate of relative mRNA expression
levels — were used for statistical analyses.

Statistical analysis

Cluster analysis. Two complementary approaches were used to identify
data-driven clusters of similarly methylated CpG sites in the maternal as
well as child cohort. First, hierarchical agglomerative clustering was
performed on a matrix of Euclidean distances using Ward’s method. The
number of clusters was identified based on the elbow method for within-
cluster sums of squares and the silhouette method using the R package
factoextra (v1.0.7). Second, an algorithm called Density-Based Spatial
Clustering of Applications with Noise (DBSCAN) was used with the R
package DBSCAN (v1.1.8; [28]). While the hierarchical agglomerative
clustering approach clusters all data points until all are in the same
cluster, DBSCAN only clusters data points based on two prespecified
hyperparameters (minPts, the minimum cluster size, and g, the radius
around a given data point that is searched for other points). This allows
distinguishing between clusters of CpG sites and single CpG sites that do
not belong to a coherent cluster, which are summarized into a “noise”
category. The hyperparameter € was chosen by selecting different values
for minPts [3, 5, 8,12] and identifying the knee in each plot of k-nearest-
neighbour distances between all points. The y-axis value at the knee is the
chosen hyperparameter €. Both clustering approaches were performed on
z-standardized data.

Partial least squares prediction of mRNA expression and trauma. In the

subsample of mothers, the variance at each CpG site was compared to the
assay sensitivity on this site using a chi’ test and 109 degrees of freedom.
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CpG sites were excluded from machine learning analysis if their variance
was not significantly larger than the assay sensitivity. We used Partial Least
Squares (PLS) to identify latent components in the CpG methylation data
which are maximally predictive of mRNA expression, CTQ scores, and
trauma versus control group membership. The PLS algorithm has one
hyperparameter, which is the number of latent components that should be
extracted. This hyperparameter was tuned in a 5-fold inner cross-validation
loop and the performance of the resulting model assessed using a 5-fold
outer cross-validation loop. This procedure was repeated two times to
counteract the effect of random fold slicing, leading two a 2x5x5 cross-
validation procedure. For mRNA expression and CTQ, PLS regression was
performed with root-mean-squared error (RMSE) as the performance
metric for parameter tuning, while R? is reported as it is easier to interpret
for most readers. For trauma group membership, PLS discriminant analysis
was performed with accuracy (percentage of correct classifications) as the
performance metric. Significance of the models was assessed by randomly
permuting the respective outcome 1000 times and calculating the
proportion of performance metrics below (RMSE) and above (accuracy)
the empirical (non-permuted) value. To inspect how single CpG sites load
on the identified latent components, we refitted PLS models with the
optimal number of components without cross-validation. PLS was
performed using the R packages caret (v6.0-90; [29]) and pls (v2.8-0; [30]).

Multivariate mediation. We tested whether CpG sites can be clustered
according to their propensity to mediate the effect of traumatic
experiences on mRNA expression in mothers. To this end, we employed
the principal directions of mediation (PDM) approach in Matlab (2020a),
which has been recently developed and tested in neuroimaging
applications to identify mediating brain networks [31, 32]. PDMs are
orthogonal latent components on which the CpG-wise DNA methylation
values can be projected. These components are chosen to maximize the
mediation effect of trauma on mRNA expression via CpG methylation.
Similar to principal component analysis, the first component will mediate
the largest portion of the indirect effect, followed by the second
component and so on. This method can be understood as an extension
of PLS to mediation models.

First, the dimensionality of DNA methylation data was reduced to 20
components using single value decomposition in correspondence with the
method developers, as using all single CpG sites led to unstable results. By
default, 5 PDMs are built. Plotting the indirect effect mediated via each
component can be used to identify how many PDMs should be extracted,
analogous to the scree plot in principal component analysis.

Analysis of differentially methylated positions and regions. In addition to
cluster- and component-based analyses, we also examined 202 CpG sites
independently to identify differentially methylated positions (DMPs) and
differentially methylated regions (DMRs) in association with group status,
CTQ and OXTR mRNA expression in the subsample of mothers. To test for
DMPs, we used the R package limma (v3.46.0; [33]) and further conducted
separate t-tests or linear models for each CpG as sensitivity analyses. For
the analysis of DMRs, we used the R package DMRcate (v2.4.1; [34]) to
identify regions of CpG sites within a range of 500 base pairs (bp) in
association with the respective measure of interest, and the R packages
edgeR (v3.32.1; [35]) and bsseq (v1.26.0; [36]) for preparation of the DNA
methylation data. Further exemplary sensitivity analyses included adjust-
ment for maternal age and varying the bp range in the DMR analysis.

Script Accessibility.  All analysis scripts can be accessed on: https:/
github.com/MaurizioSicorello/OXTRmeth_analyses.

RESULTS

Qualitative description of OXTR DNA methylation

Sections of the OXTR gene differed strongly in their statistical
adequacy for research on individual differences in DNA methylation
(Fig. 1). The section of exon 1, which lies upstream of the MT2 region,
had extremely low DNA methylation levels and dispersion, while also
being characterized by a considerable number of outliers (Mdn =
0.00, IQR = 0.01, mean skew = 4.61). Both median and interquartile
range (IQR) were well below the median sensitivity of the assay
across all CpG sites (Mdn =0.02, IQR = 0.1, range = 0.0002-0.07). In
contrast, CpG sites in the MT2 region exhibited desirable statistical
properties for clinical studies, including higher median levels, higher
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dispersions, and symmetrical distributions (Mdn =0.10, IQR=0.15,
mean skew = 0.58). These desirable properties extended to an early
section of intron 1 outside the MT2 region. Then, within intron 1,
median levels and dispersions dropped again to very low levels, a
pattern extending into downstream sites including exon 2, intron 1,
and roughly 10% of exon 3, albeit with low levels of outliers
compared to exon 1. A next section within exon 3 was characterized
by maintained low median levels, but a marked number of extreme
outliers. A last large section of exon 3 had desirable statistical
properties, including higher median levels and dispersions. The same
qualitative pattern was found in children (Supplementary Fig. 2). For
sections of the potential OXTR enhancer element see Supplementary
Fig. 3A (mothers) and Supplementary Fig. 3B (children).

For CpG-wise summary statistics, e.g. univariate statistical
features and associations with childhood trauma and OXTR mRNA
expression, including flexible thresholds and Bayes factors, see
Supplementary Table 1 or the web application.

Correlation of DNA methylation between CpG sites

Visually, there was a clear cluster of highly correlated CpG sites
within exon 3 (Fig. 2; CpGs 143-193 in both mothers and children).
The average correlation within this block was r=.76 for mothers
and r=.81 for children, demonstrating substantial redundancy.
Correlations were also very high in a subsection of intron 1 (CpGs
53-65), with average r=.79 for mothers and r=.80 for children,
albeit the limit of the cluster was visually less clear and could also
comprise sections of exon 2. Overall, there was high correspon-
dence between correlation patterns in mothers and children
(r=.75), but visual inspection revealed this large effect was mainly
due to extremely high mother-child correspondence in the exon 3
(r=.93) and intron 1 (r=.87) clusters described above, while the
CpG correlation patterns outside these clusters exhibited only
modest mother-child correspondence (r=.32). This indicates a
high concordance of OXTR DNA methylation patterns within these
two clusters for different developmental stages (adult vs. child)
and different tissues compared to the patterns outside these
regions.

Cluster analysis

The results of the agglomerative hierarchical clustering analysis
based on the mother cohort are shown in Fig. 3. The silhouette
and elbow method suggested the existence of three clusters. One
cluster consisted entirely of the protein-coding section in exon 3,
for which we already observed high within-cluster correlations
(blue dendrogram cluster, CpGs 142-192; see section above). A
second cluster consisted of adjacent CpG sites of intron 1 (74%)
and exon 2 (26%; yellow dendrogram cluster). Since this clustering
approach clusters all data points until they are in the same cluster,
all remaining CpG sites are clustered into a third cluster (grey
dendrogram cluster). The complementary DBSCAN clustering
approach also suggested a three-cluster solution that assigned
92% of data points to the same clusters as the hierarchical
clustering procedure and remained stable when different
hyperparameters were used (Supplementary Fig. 4). Importantly,
the DBSCAN procedure suggests the third cluster is an outlier
category for data points which cannot be sensibly clustered.
Hence, taken together, visual inspection of correlations, hierarch-
ical clustering, and DBSCAN suggest two clusters mainly consist-
ing of intron1/exon2 segments and the protein-coding segment
of exon 3, respectively. Comparing these clustering solutions to
solutions based on the child sample showed an overlap in CpG-to-
cluster assignment of 98% for the hierarchical clustering approach
and 100% for DBSCAN (Supplementary Figs. 5, 6).

Clustering based on associations with childhood
maltreatment and gene expression

In the subsample of mothers, thirty-six CpG sites were excluded
due to insufficient variance, leaving DNA methylation of 166 CpG
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Fig. 1 Chromosomal position of OXTR promoter region with corresponding DNA methylation levels (mothers). Chromosomal position of
all fragments of the OXTR CpG island for mothers are illustrated using graphical outputs generated by the UCSC Genome Browser (GRCh37/
hg19; https://genome.ucsc.edu) and Geneious Prime 2020 software (https://www.geneious.com). The gene is presented in 5’ - > 3’ orientation
from left to right. Amplicons are highlighted with respect to their genomic orientation. All CpG sites are illustrated with green bars, CpG island
in light green (with CpG1 and CpG 188 labeled), MT2 area in blue, and exons in grey colour (transcription start site is marked by the red arrow).
A region including several transcription factor binding sites for EGRI (OREG1492306 according to the UCSC Genome Browser; also known as
NGFIA) is indicated in yellow. Common SNPs with a minor allele frequency >5% according to the UCSC Genome Browser are illustrated with
pink bars. Genomic regions of OXTR SNPs that introduce, disrupt or shift methylation sites are highlighted (these CpG sites were excluded
from statistical analyses). Boxplots showing DNA methylation across the investigated CpG sites. The box covers the DNA methylation data of
each CpG site between the 25th to 75th quantile, the whiskers show the range of values falling within 1.5-fold the interquartile range. The
horizontal line (red) represents the DNA methylation detection limit for targeted deep bisulfite sequencing (OXTR promoter: 1,96%). Note: **
The values in the range of amplicon 7 are not different due to epigenetic heterogeneity but rather due to technical variability.
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Fig. 2 Correlation between OXTR DNA methylation at different CpG sites for mothers and children. All CpG sites of the OXTR CpG island
(comprising three exons and two introns) and a potential enhancer element were included. In addition, the correspondence between

correlation patterns in mothers and children is shown.

sites as predictors. The cross-validated PLS regression explained statistically significant cross-validated classification accuracy
8.74% of variance in OXTR expression, which was statistically not (55.60%, p=.122). For all three models, the cross-validated
significant (p =.092). Variance explained for continuous CTQ performance was optimal with only one latent component
scores was 7.00% and statistically significant (p =.040), albeit (Supplementary Figs. 7-9). The loadings of DNA methylation at
the model with trauma as a binary outcome did not yield a single CpG sites on the latent components predicting gene
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Fig. 3 Hierarchical agglomerative clustering solution for OXTR DNA methylation in mothers. All CpG sites of the OXTR CpG island
(comprising three exons and two introns) and a potential enhancer element were included.

expression and CTQ show that the clusters identified above
(intron1/exon2 and protein-coding section of exon3) contribute
most strongly to this latent dimension together with several CpG
sites within MT2 (Fig. 4). For the binary trauma outcome, the same
result was found for the exon 3 section, while the other two
sections did not contribute (Supplementary Fig. 10). Notably, we
repeated the PLS regression procedure with outcome variables
created from a random normal distribution. The results indicate
that high intercorrelations within the identified clusters might
contribute to their high loadings, even in the absence of a
meaningful external criterion (Supplementary Fig. 11).

Multivariate mediation

For the mediation of CTQ on gene expression via DNA methylation
patterns in the mother cohort, the scree plot for the mediation path
suggested up to four mediating components. The mediation path
via the first component had a small-to-moderate effect size, but the
confidence intervals were extremely large, indicating that much
larger samples are needed to provide sufficiently precise estimates
with this method (mediation path = —.25, 95% Cl = [—.75, .30]).
Similar results were found for binary trauma as the predictor
(mediation path = —.27, 95% Cl = [—.68, .46)).

Analysis of differentially methylated positions and regions

The analysis of single CpG sites in association with CM using the
group status of 110 mothers revealed three significant DMPs after
correcting for multiple testing (False Discovery Rate (FDR) < .05;
Supplementary Table 4), which are located in the protein-coding
section of exon 3 (CpGs 172, 173 and 177). Results somewhat
differed using the CTQ scores as measure of CM (Supplementary
Table 5), showing one significant DMP located in exon 1 (CpG 18)
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and one in the protein-coding section of exon 3 (CpG 135). For the
association between DNA methylation and mRNA expression of
OXTR (n = 69), we did not find any significant DMPs (Supplemen-
tary Table 6). Results were comparable when adjusting for
maternal age or when using Welch's t-tests (CM group status) or
linear models (CTQ/mRNA expression) instead of the limma
package (Supplementary Tables 7-11).

Analyzing regions of adjacent CpG sites (Supplementary Table
12) revealed a significant DMR in association with CM using the
group status, including nine CpG sites in the protein-coding
section of exon 3 (CpGs 168-176). The number of CpG sites within
the DMR however, was sensitive to variation of ranges between
CpG sites other than the default parameter of DMRcate (500 bp),
including between four (250 bp) and 16 CpG sites (750 bp), and
also varied when adjusting for maternal age (13 CpGs). Using CTQ
as measure of CM, we found a significant DMR covering four CpG
sites in intron 1 (CpGs 61-64). We did not find any significant
DMRs in association with OXTR mRNA expression.

Associations (-log10 p-values) of DNA methylation at each CpG
site with CTQ and with mRNA expression are depicted in Fig. 5,
and associations of DNA methylation of all CpG sites with group
status and mRNA expression are shown in Supplementary Fig. 12.

Curves depicting statistical power as a function of effect size,
sample size, and significance threshold can be found in
Supplementary Figs. 13 and 14.

Associations with average OXTR DNA methylation across CpG
sites

To explore the utility of a simple baseline model, we averaged the
OXTR DNA methylation for each participant in the mother
subsample across all CpG sites. This approach has been previously
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applied in other studies [20], although in the most cases averaging
was performed over a substantially smaller number of CpG sites
(e.g. [37]). These average scores were significantly correlated with
trauma group assignment (r(108) = .25, p =.009), gene expression
(r[67] = —.28, p = .018), but not CTQ score (r(108) =.15, p=.111).
The significant associations survive Bonferroni-Holm correction for
three comparisons. Still, these in-sample statistics cannot be
compared to the out-of-sample accuracies of the predictive
machine learning models above, which are expected to be lower.
Predicting the three outcomes from DNA methylation in separate
univariate linear models using 5-fold cross-validation with 100
repeats resulted in negative R? values in all three cases, granting
no evidence for generalizable predictive utility. As the number of
amplicons is the limiting financial factor for future studies, we
report the correlations between the three external outcomes and
average DNA methylation within each amplicon in Supplementary
Fig. 15.

Companion web application

We designed a shiny web application to guide researchers in the
decision which CpG sites to investigate in their research: https://
msicorello.shinyapps.io/oxtr-shinyapp/. It allows selecting CpG
sites based on the data presented here and several user-defined
filters, e.g. their chromosomal location on the gene, univariate
statistical features, and associations with the three external
outcomes, including flexible thresholds and Bayes factors. A table
of selected CpG sites can be downloaded from the app. Besides
CpG-wise summary statistics, this table also includes additional
information, for example, whether CpG sites are covered on
lllumina Infinium Arrays (450k/EPIC) or in previous peer-reviewed
publications on early adversity.

DISCUSSION

There is growing interest in the investigation of OXTR DNA
methylation in humans, accompanied by a lack of consensus
regarding the selection of the most promising sites or genomic
regions to target for analyses. The resulting heterogeneity
presents challenges to researchers attempting to study the effects
of early life stress on OXTR DNA methylation [8]. We thus made an
important contribution to the mapping of the DNA methylation
landscape of two putative functionally important regions, the
entire CpG island in the gene promoter and a putative enhancer
element in intron 3, from a quantitative and statistical perspective.
We report four major findings.

First, by using highly sensitive bisulfite sequencing [22], we
point out 166 CpG sites with desirable statistical properties for
research of interindividual differences (see assay sensitivity in
Supplementary Table 1 for details). CpG sites with insufficient
variance and low mean DNA methylation values (1%) can be
disregarded in future studies.

Second, we used complexity reduction methods to derive
clusters of co-methylated CpG sites in mother-infant dyads. The
majority of previous studies targeted only a few individual CpG
sites either in the MT2 area (e.g. [18]) or in the protein-coding
region of exon 3 (e.g. [13]), and recent efforts to find a consensus
regarding the best sites to target for DNA methylation analysis
remain challenging [8]. Since the entire OXTR CpG island may be
of potential functional relevance, the current study goes beyond
the often-cited areas (i.e. MT2 and exon 3) and investigated all
CpG sites of the CpG island. Instead of averaging across a certain
number of CpG sites, a more informative data reduction strategy
was used to detect patterns of interrelation using a data-driven
method [38]. Indeed, performing two different cluster approaches
(agglomerative hierarchical clustering analysis and DBSCAN) led to
the detection of an intrinsic structure to the OXTR gene. Two
clusters, one spanning CpG sites within intron 1 and exon 2, and
another spanning the protein-coding region of exon 3 were
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obtained, which contain largely redundant information. In
addition, the DBSCAN procedure suggests no further clusters for
the remaining CpG sites. Within the two clusters, intercorrelations
range from r=.76 to r=.81, which seems to justify forming a
mean DNA methylation value of clustered CpG sites, or to
investigate only a few CpG sites to infer the mean DNA
methylation value of one cluster. At other sites, CpG-wise
inference should be performed.

Third, we report associations between DNA methylation, childhood
trauma and gene expression in the maternal subsample, respectively.
PLS implicates the same clusters (intron1/exon2 and protein-coding
region of exon 3) together with several CpG sites within MT2 area
(Fig. 4) to contribute most strongly to the latent dimension predicting
gene expression and CTQ scores. Thus, CpG sites in these segments
seem to be statistically suitable for clinical between person studies.
However, since there was low cross-validated variance explained for
the prediction of mRNA expression in the current study, the
biological meaningfulness of these CpG sites remains unclear.
Unfortunately, studies investigating consequences of altered DNA
methylation on gene expression in human peripheral tissue are rare
although the assessment of gene expression is necessary in order to
gain a better insight into functional consequences of potential DNA
methylation changes [39]. A recent investigation in a translational
animal model suggests that only DNA methylation in the MT2 area is
predictive of Oxtr expression [40]. However, investigations in human
brain tissue revealed contradictory findings [40, 41]. As OXTR
expression levels in peripheral tissue seem to be very low compared
to brain tissue (https://www.proteinatlas.org/ENSGO0000180914-
OXTR), the functional relevance of OXTR DNA methylation remains
be shown in human (post-mortem) brain tissue in the future.

Fourth, we observed extremely high mother-child correspon-
dence between correlation patterns within the clusters described
above (intron1/exon 2: r=.87 and exon3: r=.93), but only
modest mother-child correspondence outside these clusters
(r=.32). Moreover, mother-child correspondence in cluster
solutions is very high as demonstrated by an overlap in CpG-to-
cluster assignment of 98-100% depending on the clustering
approach. This correspondence, which has hardly been studied so
far, indicates a high concordance of DNA methylation patterns
within these two clusters for different developmental stages (adult
vs. child) and different tissues (PBMC vs. UMBC). In contrast,
correlation patterns outside these regions exhibit low similarity,
potentially reflecting more dynamic DNA methylation-related
processes which are relatively disjunct for different CpG sites.

It should be taken into account that while the present study has
above-median sample size relative to prior studies on OXTR DNA
methylation [8], its statistical power might be limited for some
effect sizes which could still be considered theoretically mean-
ingful. Only around 10% of mothers whom we approached
participated in the study, which is positive given the special
circumstances of birth and the postpartum phase during which by
no means mothers should felt obliged or urged to participate.
Nevertheless, we cannot completely rule out that this might have
led to a self-selection process, perhaps also with respect to
emotional engagement in a study which might also be influenced
by OXTR (epi-)genetics. As this study was a secondary analysis of
existing data, we did not perform power analyses for determina-
tion of the sample size but calculated the power post-hoc. Most
descriptive effect sizes for associations of DNA methylation at
single CpG sites were small and we had limited power given our
sample size of 110 mothers to detect effect sizes in this range
(Supplementary Fig. 13). Notably, the main focus of this paper was
not to identify single significant CpG sites or regions of CpG sites
in association with CM or mRNA expression but rather to reduce
the amount of CpG sites into functionally relevant clusters.
Furthermore, results of the specific CpG sites were not consistent
for different measures of CM (group status and CTQ). Thus, specific
p-values or FDR values obtained from our analyses may only be
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informative in the light of our sample, but effect sizes, average
differences in DNA methylation and p-values may be suggestive
for highlighting specific regions of interest, together with results
from cluster- and component-based analyses. Strikingly, effect
sizes for associations between DNA methylation of single CpG
sites and CM were statistically small to medium (Bax = |48]| for
CTQ, Hedges' gmax = |0.67| for the group comparison). Given the
small unstandardized group differences (maximum mean differ-
ence of 4% points) and confidence intervals being close to zero,
the biological relevance of DNA methylation differences at single
CpG sites remains unclear (see Supplementary Table 1 for details).

To conclude, the highly sensitive method for DNA methylation
analysis, the application of various novel statistical methods to
achieve complexity reduction as well as the parallel assessment of
both DNA methylation and gene expression patterns reflect first
steps towards development of best practices for the choice of CpG
sites to study OXTR DNA methylation. The present study highlights
clusters of CpG sites (intron1/exon2 and protein-coding region of
exon3) that show desirable statistical properties for between
person studies and are tentatively associated with childhood
trauma and gene expression. Furthermore, we provide a
Companion Web Application to guide future studies in their
choice of CpG sites.

DATA AVAILABILITY
The datasets generated and analyzed during the current study are available from the
corresponding authors on reasonable request.
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