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Abstract

This study investigated associations of the Incredible Years (IY) parenting
program with children's DNA methylation. Participants were 289 Dutch children
aged 3-9years (75% European ancestry, 48% female) with above-average conduct
problems. Saliva was collected 2.5years after families were randomized to IY or
care as usual (CAU). Using an intention-to-treat approach, confirmatory multiple-
regression analyses revealed no significant differences between the 1Y and CAU
groups in children's methylation levels at the NR3C1 and FKBP5 genes. However,
exploratory epigenome-wide analyses revealed nine differentially methylated
regions between groups, coinciding with SLAMFI, MITF, FAM200B, PSD3,
SNX31, and CELSRI. The study provides preliminary evidence for associations of
I'Y with children's salivary methylation levels and highlights the need for further
research into biological outcomes of parenting programs.
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Child conduct problems——characterized by irritability,
defiance, aggression, and vindictiveness—are a core pre-
dictor of school dropout, substance abuse, criminality,
and adult psychopathology (Kim-Cohen et al., 2003).
One contributing factor in the development and main-
tenance of child conduct problems is coercive par-
enting, which is marked by the use of harsh discipline
and a lack of reinforcement of positive child behavior
(Patterson, 2016). As such, parenting programs that
address coercive processes are a first-line approach for
dealing with above-average conduct problems in young
children (Gatti et al., 2019) and have been found effective

in reducing parent-reported and observed child con-
duct problems (Leijten et al., 2018; Menting et al., 2013).
Although there is growing evidence that the parenting
environment may produce lasting biological alterations
that affect child behavior, or in other words, become
‘biologically embedded’ (Nelles-McGee et al., 2022;
Oliveira & Fearon, 2019), relatively little is known about
the potential biological mechanisms and long-term bio-
logical effects of parenting programs that address child
conduct problems.

One possible way by which parenting exerts long-term
effects on children's behavior is through programming

Abbreviations: CAU, care as usual; DMR, differentially methylated region; DNAm, DNA methylation; ECBI, Eyberg Child Behavior Inventory; EWAS,
epigenome-wide association study; FDR, false discovery rate; FU, 2.5-year follow-up assessment; GR, glucocorticoid receptor; HPA, hypothalamic—pituitary—

adrenocortical; 1Y, Incredible Years; RCT, randomized controlled trial.
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of children's stress responses. In particular, exposure
to harsh parenting may act as chronic stressor, leading
to persistent overactivation and eventual dysregulation
of the child's hypothalamic—pituitary—adrenocortical
(HPA) axis—one of the major stress systems (Laurent
et al., 2016; McEwen & Wingfield, 2003; Smeekens
et al., 2007; Wesarg et al., 2020). In turn, HPA axis dys-
regulation has been linked to conduct problems in chil-
dren (Hartman et al., 2013; Marsman et al., 2008; Ruttle
et al., 2011) and has been shown to partially mediate as-
sociations between adverse early environments and child
conduct problems (Bernard et al., 2015). On the other
hand, parenting characterized by sensitivity, secure at-
tachment, and positive reinforcement may foster healthy
HPA axis regulation (Albers et al., 2008; Gunnar, 2017;
Shirtcliff et al., 2017) and thus may potentially decrease
risk for conduct problems.

A potential mechanism by which parenting prac-
tices become biologically embedded to shape chil-
dren's stress responses and subsequent behavior is
through epigenetic processes. Broadly speaking, epi-
genetics refers to processes that lead to modifications
in gene expression without changing the underlying
DNA sequence (e.g., DNA methylation [DNAm], his-
tone modifications, and noncoding RNA). DNAm
is the most widely studied epigenetic modification,
which typically involves the addition of a methyl mol-
ecule to a cytosine—guanine dinucleotide (CpG) and
can functionally regulate gene expression (Aristizabal
et al., 2019). (Wheater et al., 2022), and may mediate
the link between genetic risk and subsequent behavior
(Starnawska & Demontis, 2021). Moreover, patterns
of DNAm in peripheral tissues (e.g., saliva) may be
valuable biomarkers for health outcomes in children,
including psychiatric, neurocognitive, and immune-
related disorders (for a review, see Shanthikumar
et al., 2020). Importantly, accumulating evidence sug-
gests that the social environment can induce changes in
DNAm (Szyf et al., 2008; Szyf & Bick, 2013).

Seminal work with rodent models demonstrated
that impoverished maternal care by rat dams can in-
duce lasting changes in offspring DNAm that lead to
exaggerated HPA axis responses and more aggressive
behavior (Weaver, 2007, 2009; Weaver et al., 2005).
Growing evidence from associational studies suggests
a similar mechanism may exist in humans. For exam-
ple, human studies demonstrate associations between
extremely low-quality parenting (i.e., child maltreat-
ment) and DNAm levels at multiple CpG sites across
the genome, including two key genes involved in reg-
ulation of the HPA axis (for a systematic review, see
Cecil et al., 2020): the glucocorticoid receptor gene
(NR3CIl) and the FK506-binding protein 51 gene
(FKBP5). Relatively less attention has been given to the
potential positive effects of some parenting practices
on child DNAm, although there is an increasing num-
ber of candidate gene and epigenome-wide studies that

show associations of more positive parenting behaviors
(e.g., maternal sensitivity and neonatal contact) with
child DNAm (as reviewed by Provenzi et al., 2020). For
example, higher maternal sensitivity in the early weeks
of life has been linked to lower levels of NR3CI meth-
ylation both cross-sectionally and in later childhood
(Conradt et al., 2016, 2019; Creasey et al., 2023).

More recently, evidence has emerged that enriching
the parenting environment through intervention may
influence children's DNAm levels (e.g., Braithwaite
et al., 2023; Brody et al., 2016; Gardini et al., 2022;
Hoye et al., 2019; O'Donnell et al., 2018). For example,
one study found an association between the Parents as
Teachers program—which improves parenting knowl-
edge and skills—and salivary DNAm levels at one
locus of NR3CI in children living in psychosocially at-
risk situations (Gardini et al., 2022). In another study,
individuals whose mothers participated in a nurse
visitation program that reduces risk of child abuse
showed epigenome-wide variation in DNAm compared
to the control group when followed up 27years later
(O'Donnell et al., 2018). Together these findings sug-
gest that improving parenting quality through inter-
vention can have long-term and wide-spread effects on
children's DNAm patterns, including at genes involved
in HPA axis regulation. However, to our knowledge,
no studies have investigated whether children's DNAm
levels are influenced by parenting programs that are
indicated for children presenting with above-average
conduct problems.

To bridge this research gap, in the current study, we
examined children's salivary DNAm levels following
an indicated prevention randomized controlled trial
(RCT) of the Incredible Years BASIC parenting pro-
gram (I'Y)—one of the most established, evidence-based
parenting programs for reducing child conduct problems
(Leijten et al., 2018). In our main preregistered confir-
matory analysis, we used a candidate gene approach to
compare differences in DNAm levels between children
whose families were randomly allocated to the IY pre-
vention group and children who received care as usual
(CAU). Considering the sample size and number of mul-
tiple comparisons, we selected two key candidate genes
involved in the HPA axis—NR3CI and FKBPS5. The se-
lection was based on the theory that the early parenting
environment may induce DNAm changes at these genes,
providing a mechanism by which parenting exerts long-
term effects on the child's stress system and subsequent
behavior, such as conduct problems (Berretta et al., 2021;
Tyrka et al., 2016). Given that DNAm was measured
at the final follow-up assessment after randomiza-
tion to one of the two conditions (IY vs. CAU) and an
intention-to-treat approach was used in the analyses,
we inferred that any between-group differences in child
DNAm were related to the families' allocation to IY or
CAU (McCoy, 2017). Specifically, we hypothesized that
children randomized to the I'Y group would have lower
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NR3CI and higher FKBP5 DNAm levels at the follow-up
than those randomized to the CAU group—a profile
associated with less harsh parenting, improved stress
regulation, and reduced risk of psychopathology (for
an overview, see Wadji et al., 2021; Zannas et al., 2016).
This hypothesis was based on the theoretical assumption
that by reducing harsh parenting and increasing positive
parenting behavior, I'Y may induce changes in children's
DNAm that foster better stress regulation leading to re-
ductions in conduct problems. For completeness, prereg-
istered exploratory analysis also investigated differences
between the two groups across the methylome, which
could provide biomarkers of wider prevention effects and
regions of interest for further research. Additionally, in
a preregistered follow-up analysis, we explored whether
differences in child DNAm levels between groups were
related to the long-term effects of I'Y on child conduct
problems. Finally, in a supplementary exploratory anal-
ysis to improve our understanding of the possible mech-
anisms of 1Y, we tested whether changes in positive and
negative parenting practices over the course of the RCT
were associated with children's DNAm at the candidate
genes and any differentially methylated regions (DMRs).

METHOD

In this preregistered study (https://aspredicted.org/
RGD_ZFC), children aged 3-9years and their parents
were previously enrolled in a RCT of I'Y BASIC as an
indicated prevention program (Chhangur et al., 2012;
METC UMCU, protocol number 11-320/K; ERB FMG-
UvA, record 2015-CDE-6392). Full details of the origi-
nal study procedure and sample are provided elsewhere
(Overbeek et al., 2020; Weeland et al., 2017). In brief,
families were recruited to the RCT in two cohorts for
logistical reasons (September—October 2012 and 2013)
following a screening for child conduct problems com-
pleted by parents, with inclusion based on scores above
75th percentile on the Eyberg Child Behavior Inventory
(ECBI; Eyberg & Pincus, 1999). Exclusion criteria were
intellectual disability of the parent and/or child (IQ<70)
and not mastering the Dutch language. We did not ex-
clude children based on diagnosis of conduct-related or
other psychological disorder. After a baseline assessment
(November—January 2012 and 2013), families were ran-
domly allocated to either the 1Y group or CAU group.
Further assessments were carried out immediately after
the intervention and at 4months, 1.5years, and 2.5 years.
One participating parent from each family reported on
their child's conduct problems and their own parenting
at every assessment and took part in a parent—child ob-
servation at the first three assessments. Children and
their teachers also reported on child conduct problems
at FU. Upon parental consent, children also provided
saliva samples at the 2.5-year follow-up (FU) for DNAm
and genomic analyses.

Participants

The flow of participants through the RCT is shown
in Figure Sl. Of the original study sample of 386 chil-
dren, 296 (77%) provided saliva samples for genomic
and DNAm analysis at FU; of which data for 289 chil-
dren passed quality control on the DNAm and genomic
data. Characteristics of the final sample are shown in
Table 1. The sample was fairly even in terms of child sex
(52% boys, 48% girls) but not parent sex (92% mothers).
Parents ranged in age from 27 to 49 years at baseline and
80% had completed higher vocational or university edu-
cation. Based on the reported birth country of all four
grandparents, 75% of children had European ances-
try, while the remaining children had Asian, African,
South American, or mixed ancestry. In terms of parent-
reported conduct problems at baseline, 80% of children
scored more than 1SD above the Dutch norms for their
age and gender (Weeland et al., 2018). Chi-squared and
Mann-Whitney U tests revealed no characteristic dif-
ferences between the current study sample and families
that did not continue in the study in terms of child age
and sex, child conduct problems, or parent age and sex
(Table S1).

Intervention

IY BASIC (Webster-Stratton, 2014) is a collaborative,
social learning-based parenting program designed to re-
duce child conduct problems by teaching parents' child-
led play and reinforcement skills, effective limit-setting,
and nonviolent discipline techniques. Parents took part
in a 2-h group session each week for 14 weeks led by two
group leaders, of which at least one was certified as an
IY group leader. The sessions were attended by the par-
ent who completed the study measures, although the
other parent could also choose to join. Program fidelity
was monitored through protocolled checklists of session
elements and was rated 86% on average (for further de-
tails, see Overbeek et al., 2020). In the current study sam-
ple, 16 of the 140 participants who were randomized to
the I'Y group did not attend any sessions and the remain-
ing participants attended on average 11 sessions. To pre-
serve the randomization, we used an intention-to-treat
approach, meaning we included and retained all families
randomized to IY in the analyses, which minimizes any
risk of bias introduced by confounding variables.

Measures
Child DNAm

Saliva was collected by passive drool with the Oragene-
DNA OG-600 container (DNA Genotek, Canada) ac-
cording to the manufacturer's instructions. Genomic
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DNA was extracted from the saliva, bisulfite was con-
verted with the Zymo EZ DNA methylation kit (Zymo
Research, Irvine, CA, USA), and genome-wide DNAm
measures were obtained with the Infinium EPIC array
(850k array; Illumina, San Diego CA, USA) using stand-
ard protocols. To reduce batch effects, samples were
arranged on the array using a stratified randomization
by child sex, cohort, and condition. We used the meffil
package in R version 4.03 (Min et al., 2018) to perform
quality control (see Supporting Information Methods for
further details) and functional normalization to reduce
technical variations (Fortin et al., 2014). Methylation
was analyzed using M-values (i.e., the log2 ratio of the
methylated vs. unmethylated probe intensities) as recom-
mended by Du et al. (2010). For the candidate gene anal-
yses, we computed mean DNAm levels at seven regions
of the NR3CI promoter and four regulatory regions of
FKBPS5, which were selected based on reported links to
the parenting environment or stress regulation in prior
literature and described in further detail in Supporting
Information Methods.

Child conduct problems

The primary measure of levels of child conduct problems
was the intensity scale of the ECBI. It was selected be-
cause it is not only designed as a brief screening instru-
ment that can accurately discriminate between children
with and without a diagnosis of a conduct-related disor-
der (Rich & Eyberg, 2001) but is also a sensitive measure
of change during the course of (preventive) intervention
(Abrahamse et al., 2015, 2016; Eyberg & Robinson, 1983).
Parents completed the 36-item ECBI on the frequency of
the child's conduct problems (e.g., “has temper tantrums”
and “acts defiant when told to do something”) rated on
a 7-point scale (1 =never to 7=always) with higher scores
reflecting higher levels of parent-reported conduct prob-
lems. Internal consistency was good at baseline (a=.84)
and excellent at FU («=.92).

For secondary analyses testing for inter-rater differ-
ences, three secondary measures of conduct problems
were also used. These were child reports and teacher re-
ports on the conduct problems scale of the Strengths and
Difficulties Questionnaire measured only at the 2.5-year
follow-up, and observed conduct problems (i.e., noncom-
pliance and oppositional behavior) measured at baseline
and 4months after post-test with the Dyadic Parent—
Child Interaction Coding System—Revised (Robinson &
Eyberg, 1981) based on a 20-min parent—child play ses-
sion, as described by Weeland et al. (2017).

Positive and negative parenting practices

Parents reported on their parenting practices via
the Parenting Practices Inventory at all assessments
(Webster-Stratton et al., 2001). A positive parenting prac-
tices score was computed by taking the mean average of

items on the Positive Verbal Discipline scale (9 items, e.g.,
“discussing the problem with the child”) and the Praise
and Incentives scale (11 items, e.g., “giving a hug or com-
pliment”). A negative parenting practices score was com-
puted by taking the mean average of items on harsh and
inconsistent discipline scale (15 items, e.g., “threatening
but not punishing”) and the physical punishment scale
(6 items, e.g., “slapping or hitting when misbehavior oc-
curs”). Higher scores reflected more positive or negative
parenting practices, respectively. For the positive parent-
ing practices scale, internal consistency was acceptable
at baseline (¢=.74) and FU (a=.76). Likewise, for the
negative parenting practices scale, internal consistency
was acceptable at baseline (¢=.78) and FU (a¢=.79).

Covariates

Informed by prior literature, we controlled for varia-
tion in DNAm levels due to child age, child sex, cell het-
erogeneity, and population stratification in all analyses
(Barfield et al., 2014; Jones et al., 2018; Ong et al., 2015;
see Supporting Information Methods for details). We
also included baseline ECBI scores as a covariate in all
analyses of 1Y effects to account for baseline differences
in parent-reported child conduct problems between
groups. Child genotype for rs1360780 was included as co-
variate in the FKBPS5 analysis because of reported asso-
ciations with FKBP5 DNAm (Wiechmann et al., 2019).
Technical variables (i.e., sentrix row and slide), cohort,
parent sex, and parent age were also evaluated as poten-
tial covariates but were not retained in the analyses (see
Supporting Information Methods for details).

Statistical analyses

The analyses were performed in R version 4.0.3 unless
otherwise specified. An alpha level of 0.05 was used to
assess statistical significance, and a false discovery rate
(FDR) correction (¢=.05) was applied to control for
multiple comparisons (Benjamini & Hochberg, 1995).
In terms of missing data, ECBI scores were missing for
one child at baseline and four children at FU—these
data were missing completely at random (Little's test:
7$=59.40, p=.959) and thus handled with list-wise de-
letion. Thus, the final sample was 288 children for the
main analyses and 285 children for the follow-up analysis
on associations of DNAm with parent-reported conduct
problems.

Preliminary analyses
Differences in characteristics (i.e., child age and sex,

parent age and sex, and child conduct problems) be-
tween the IY and CAU groups were tested using
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Chi-squared and Mann-Whitney U tests in SPSS
Version 28. Effects of IY on parent-reported child
conduct problems in the current sample were assessed
using an ANCOVA with condition as a predictor of
ECBI scores at FU while controlling for baseline ECBI
scores. The analyses were repeated using child reports,
teacher reports, and observations of child conduct
problems to assess whether outcomes differed based
on the reporter. Associations among the study vari-
ables and sample characteristics were calculated using
Pearson correlations, Spearman's rank correlations, ;(2
tests, and Kruskal-Wallis tests.

Candidate gene analysis

In the preregistered confirmatory analyses, separate
multiple linear regression models were performed in R
to test associations of condition (i.e., I'Y vs. CAU) with
mean DNAm levels at each of the preselected regions
of NR3CIl and FKBP5. We used multiple-regression
models as opposed to the preregistered ANCOVAs be-
cause the statistical assumptions for ANCOVA were not
met. As per the preregistration, to check for possible
moderating effects of child sex, we repeated the regres-
sion analyses including an interaction term for condi-
tion by sex. Similarly, we repeated the FKBPS5 analyses
with 151360780 genotype as a moderator given reported
parenting—genotype interactions on FKBP5 DNAm
(Klengel et al., 2013).

Epigenome-wide analyses

For the preregistered exploratory analyses, a probe-
level epigenome-wide association study (EWAS) and
a region-level EWAS were performed in R to exam-
ine associations of genome-wide DNAm with TY. A
probe-level EWAS—a series of linear regression mod-
els—was performed using the meffil package to test for
associations of condition (dummy coded as 1=1Y and
2=CAU) with children's DNAm levels at 409,248 indi-
vidual CpG loci that showed interindividual variabil-
ity in the study sample (i.e., at least 5% range in DNAm
beta values between the 10th and 90th percentiles;
Edgar et al., 2017). Surrogate variables obtained by
independent surrogate variable analysis (Teschendorff
et al., 2011) were also included in the models to adjust
for technical confounding. To capture the dependen-
cies between neighboring CpGs and increase in statis-
tical power, we also performed a region-level EWAS to
test for genomic regions in which DNAm levels were
associated with condition using the Dmrff package
(Suderman et al., 2018). Dmrff identifies DMRs based
on test statistics from a probe-level EWAS by testing
regions that span nominally significant probes with

effects of the same sign and with at most 500bp be-
tween consecutive sites.

Follow-up analyses

We conducted a series of follow-up analyses to explore
significant findings on the associations of IY with
DNAm from the region-level EWAS, which were not
preregistered. Panther 17.0 (Mi et al., 2020) was used
to classify the biological processes of the differentially
methylated genes. Additionally, a probe-level gene
ontology analysis was performed to identify enriched
biological pathways using the missMethyl package in
R (Phipson et al., 2016), which corrects for bias that
can occur due to the differing number of probes per
gene. To explore the relevance of the main results for
gene expression, the Human Protein Atlas was used
to establish the specificity of mRNA expression in
different tissue types and brain regions for the dif-
ferentially methylated genes (www.proteinatlas.org;
Sjostedt et al., 2020; Uhlén et al., 2015). Moreover, to
gain insight into how far the main results might relate
to child behavior and psychopathology, the web-based
search tool IMAGE-CpG (www.han-lab.org/methyla-
tion/default/imageCpG; Braun et al., 2019) was used to
assess DNAm saliva—brain correlations at loci associ-
ated with TY.

Additionally, in a preregistered follow-up analy-
sis, we assessed whether between group differences
in DNAm may be related to longer-term effects of
IY on child conduct problems. Specifically, multiple
linear regression models in R were used to explore
associations between DNAm levels at I'Y-associated
loci and parent-reported child conduct problems at
FU. As a secondary analysis to check if the results
were dependent on the reporter of conduct problems,
we repeated the models with child-reported, teacher-
reported, and observed child conduct problems as
outcomes.

Supplementary analyses

Finally, given that improvement in parenting may be a
mechanism of I'Y's effects on child conduct problems, we
tested associations of change in parenting practices with
DNAm at (1) the I'Y-associated DMR loci and (2) the
candidate gene regions and loci, in supplementary anal-
yses that were not preregistered. Specifically, we used a
series of multiple-regression models with baseline posi-
tive or negative parenting practices and child DNAm at
each locus/region as predictors, and positive or negative
parenting practices at FU as the outcome. These analy-
ses were exploratory in nature and not included in the
preregistration.
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RESULTS

Preliminary analyses

There was one baseline characteristic that differed be-
tween the I'Y and CAU groups, specifically children in
the IY group had higher parent-reported conduct prob-
lems (Table 1), which was controlled for in subsequent
analysis. In terms of significant associations among
study variables, DNAm was negatively correlated with
buccal cell proportions, while parent-reported child con-
duct problems at baseline and FU were correlated with
one another and higher in boys at both time points (see
Figure S2). The only difference between cohorts was in
genetic PCI1, however, there was no difference between
cohorts in DNAm, condition, or child conduct problems
at baseline and FU.

Parent-reported child conduct problems reduced
in both the IY and CAU groups from baseline to FU,
as would be expected given that conduct problems
show a normative decrease across childhood (Gutman
et al., 2019). However, in line with results reported in
the original study, an ANCOVA revealed that parent-
reported child conduct problems were reduced more in
the 'Y group than the CAU group, F(1,281)=6.40, p=.012.
Specifically, parents reported that children showed on
average an 8.69% reduction in conduct problems be-
tween baseline and FU in the IY group, compared to
a 5.26% reduction in the CAU group. Although parent-
reported conduct problems were significantly correlated
with child reports (r;=.34, p<.001) and teacher reports
(r;=.39, p<.001), no group differences were found for
change in child conduct problems at FU when measured
with child reports, F(1, 201)=2.53, p=.11, or teacher
reports, F(1, 201)=0.47, p=.49. However, we note that
baseline parent-reported child conduct problems were

included as a covariate in the models because measures
of child- and teacher-reported conduct problems were
not available at baseline. Measures of observed conduct
problems significantly correlated with parent-reported
conduct problems at baseline (r;=.13, p<.027), but were
not available for the FU at 2.5years to test long-term
changes. However, there was no significant difference
between the I'Y and CAU groups regarding change in ob-
served child conduct problems from baseline to 4 months
after post-test, F(1, 276)=0.28, p=.598.

In terms of changes in parenting practices, parents
in the IY group reported a greater decrease in negative
parenting than the CAU group from baseline to FU,
F(1, 201)=6.29, p=.013. Meanwhile, group differences
were found for change in positive parenting, F(l,
201)=14.39, p=.0002. Specifically, parent-reported posi-
tive parenting increased in the I'Y group but decreased in
the CAU group from baseline to FU.

Candidate gene analyses

Contrary to our hypotheses, mean DNAm levels at the
preselected regions of NR3CI/ and FKBP5 did not sig-
nificantly differ between children in the IY group and
CAU group (Table 2; all unadjusted p-values>.141). For
completeness, we also report the associations of condi-
tion with DNAm levels at the individual loci contained
in the candidate regions, which were also nonsignificant
(Table S2; all unadjusted p-values>.122). Moreover, the
results remained nonsignificant when child sex was in-
cluded as a moderator in the analyses, and when geno-
type was included as a moderator in the FKBP5 analyses.
Furthermore, there were no meaningful changes to
the results when slide and sentrix row were included as
covariates.

TABLE 2 Associations of mean DNA methylation at candidate gene regions with I'Y.

M DNAm M DNAm

Gene Region B SE Upper CI Lower CI P (1Y) (CAU) A DNAm

NR3Cl1 1h —6.59E-03 1.87E-02 0.03 —-0.04 725 0.05 0.05 —2.78E-04
lc 2.41E-02 1.94E-02 0.06 -0.01 215 0.03 0.03 —1.73E-04
1f 6.53E-03 1.42E-02 0.03 -0.02 .646 0.03 0.03 —3.62E-04
1b —3.47E-03 2.77E-02 0.05 —-0.06 .900 0.04 0.04 —1.04E-04
le 1.82E-02 2.23E-02 0.06 —-0.03 414 0.05 0.06 —1.67E-03
1j 2.40E-04 2.02E-02 0.04 -0.04 991 0.03 0.03 —3.27E-04
1d 6.72E-03 1.74E-02 0.04 —-0.03 701 0.05 0.05 9.33E-05

FKBPS5 Intron 7 5.38E-03 2.12E-02 —-0.03 0.05 .800 0.94 0.93 5.09E-04
Intron 5 —6.67E-02 4.53E-02 -0.16 0.02 142 0.04 0.03 2.46E-03
TSS 1.92E-03 1.75E-02 -0.03 0.03 913 0.03 0.03 —6.61E-05
Promoter -1.13E-02 1.68E-02 —-0.04 0.02 .501 0.04 0.04 —2.33E-04

Note: N=288. Covariates: child age and sex, buccal cell proportions, genetic PC1 and PC2, and baseline child conduct problems (and rs1360780 for FK BPS

analyses only).

Abbreviations: A DNAm, difference in mean DNAm (IY — CAU); CAU, care as usual; CI, 95% confidence interval; DNAm, DNA methylation (beta-values); IY,

Incredible Years.
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METHYLATION VARIATION AFTER A PARENTING PROGRAM

Epigenome-wide association analyses
Probe-level EWAS

The probe-level EWAS identified 13,233 probes that were
differentially methylated in children in the I'Y group com-
pared to the CAU group at the nominal p-value. A QQ
plot of the distribution of p-values is shown in Figure S3
and the results for the top 100 differentially methylated
probes are shown in Table S3. No probes remained sig-
nificantly associated with 1Y after FDR correction for
multiple testings.

Region-level EWAS

A total of 16,929 regions were investigated in the region-
level EWAS, of which 511 contained more than one CpG
loci. Of the regions containing more than one CpG loci,
we found 9 regions spanning 26 loci where DNAm levels
significantly differed between children in the I'Y group
and CAU group after FDR correction for multiple test-
ings (Table 3; for full regression results of the separate
loci, see Table S4). These DMRs ranged from two to
four CpG loci and coincided with eight genes (SLAMFI,
MITF, FAM200B, PSD3, SNX31, and CELSRI).

Follow-up analyses
Gene ontology and gene expression profiles

Table 4 contains a summary of the GO annotations and
expression profiles of the eight genes that coincide with
the regions that were differentially methylated in the
IY group. A gene ontology analysis based on loci con-
tained within the DMRs did not reveal enrichment for
any pathways. In terms of expression profiles, five of the
six protein-coding genes were found to be expressed in
human brain tissues (normalized transcript expression
values >1), with PSD3, in particular, showing enhanced
brain expression (i.e., a fourfold higher mRNA level in
brain tissue compared to the average level in all other
tissues).

Brain—saliva DNAm comparison

Based on available data from IMAGE-CpG (Braun
et al., 2019), DNAm levels in saliva and brain tissues
were compared for 17 of the 26 loci contained within the
DMRs (Table S5). DNAm levels were significantly and
positively correlated between saliva and brain for only
one locus, cgl7886715, which islocated at the downstream
shore of a CpG island (chrl: 247267179-247267884) that
overlaps with ZN669. Thus, there is not convincing evi-
dence that differential salivary DNAm levels at the other

TABLE 3 Significant results from the region-level epigenome-wide association study showing differentially methylation regions based on condition (Incredible Years vs. care as usual).

SE

N probes

CpG island

Annotated gene(s)

DMR genomic location®

.002
.013

1.20E-07
2.37E-06
2.30E-05
6.66E-07
5.49E-05
1.94E-05
2.58E-05
5.09E-06
2.71E-05

0.02
0.03

0.

—-0.08
-0.15

SLAMF1

chrl:160616870-160617124

2

chrl:247267179-247267884 (south shore)

chrl:247269425-247269490
chr3:69915123-69915232
chr4:15691786-15692119

.036
.006
.048
.036
.036
.017
.036

03

0.15
—-0.12

MITF

CHILD DEVELOPMENT

0.02
0.

FAM200B
PSD3
SNX31

06
03

0.23
-0.14
-0.25
—-0.20
-0.10

chr8:18744446-18744721

0.

chr8:101661671-101662022 (island)

ch8:101662496-101662628

0.06
0.04
0.02

LINC02368; LINC02369

ch12:128602646-128602726
chrl3:112837467-112837657
chr22:46770603-46770870

chr22:46770433-46770871 (south shore)

CELSRI1

288. Covariates: child age and sex, buccal cell proportions, genetic PC1 and PC2, and baseline child conduct problems.

Note: N

Abbreviation: DMR, differentially methylated region.

#Genome build GRCh37/hgl9.
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16 loci would be paralleled with brain-based DNAm lev-
els in our study sample.

Associations of DMR loci with child
conduct problems

As shown in Table 5, there were no associations of
parent-reported child conduct problems at FU with
DNAm levels at the loci contained within the DMRs.
Secondary analyses revealed that child-reported con-
duct problems associated with DNAm levels at three
CpG loci (cgl8881723, cg26646427, and cg26646427),
teacher-reported conduct problems with DNAm levels
at one locus (cgl7886715), and observed conduct prob-
lems at one locus (cgl18886071) before FDR correction for
multiple testing but not after (Table S6). There were no
meaningful changes to the results when slide and sentrix
row were included as covariates.

Supplementary analyses

Change in parenting practices and candidate
gene methylation

There were no significant associations of change in
parent-reported negative parenting practices and mean
DNAm levels at the candidate gene regions (Table S7).
However, as shown in Table S8, changes in negative par-
enting associated with DNAm levels at three individual
NR3CI loci (i.e., cg21209684 and cg14939152 in the 1f re-
gion, and cgl8019515 in the 1c region) and two individual
FKBP5 loci (i.e., cg00862770 in the TSS and cgl17030679
in the promoter) at the nominal p-value. These asso-
ciations did not survive correction for multiple test-
ings. There were no significant associations of change
in parent-reported positive parenting practices with
DNAm levels at the candidate gene regions (Table S7) or
their individual CpG loci (Table S8). The results did not

TABLE 5 Associations of child conduct problems with DNAm levels at loci contained within DMRs for condition (Incredible Years vs.

care as usual).

DMR location® CpG B SE Lower CI UpperCI  p q
chrl:160616870-160617124 cg18881723 4.22E-04 3.47E-04 —2.59E-04 1.10E-03 225 .586
cg18886071 7.30E-04 5.82E-04 —4.10E-04 1.87E-03 211 .586
cg01710351 —3.71E-04 4.06E-04 —-1.17E-03 4.26E-04 362 785
cg00149213 -1.71E-05 4.15E-04 —8.31E-04 7.97E-04 967 967
chrl:247269425-247269490 ¢g24104569 3.87E-04 6.00E-04 —7.89E-04 1.56E-03 519 .836
cgl7886715 8.55E-04 4.97E-04 —1.19E-04 1.83E-03 .086 .544
chr3:69915123-69915232 cg12854020 —5.71E-04 4.57E-04 —1.47E-03 3.24E-04 212 .586
cgl3151171 —4.67E-04 3.82E-04 —1.22E-03 2.83E-04 223 .586
cg07113570 5.95E-05 5.16E-04 —9.53E-04 1.07E-03 .908 967
chr4:15691786-15692119 cg02353916 1.20E-03 7.63E-04 —2.92E-04 2.70E-03 116 .544
cg08358041 8.83E-05 8.84E-04 —1.64E-03 1.82E-03 920 967
cg11462438 —4.38E-04 6.99E-04 —-1.81E-03 9.31E-04 531 .836
chr8:18744446-18744721 cg01573321 2.12E-03 1.38E-03 —5.84E-04 4.82E-03 126 .544
cg05121013 1.07E-03 5.86E-04 —8.21E-05 2.21E-03 .070 .544
¢g14408900 1.43E-03 7.33E-04 —7.54E-06 2.87E-03 052 .544
ch8:101662496-101662628 cg07542096 —3.05E-05 4.83E-04 —9.78E-04 9.17E-04 950 967
cgl7808631 —2.76E-04 4.63E-04 —-1.18E-03 6.30E-04 551 .836
ch12:128602646-128602726 ¢g25603279 —7.38E-04 8.81E-04 —2.46E-03 9.89E-04 403 .806
cgl6478734 —5.68E-04 5.97E-04 —1.74E-03 6.03E-04 343 785
¢g25756180 —9.21E-04 5.45E-04 —1.99E-03 1.47E-04 .092 .544
chrl3:112837467-112837657 ¢g20920549 1.08E-04 3.75E-04 —6.27E-04 8.43E-04 774 958
cg06130218 —-1.82E-04 4.99E-04 -1.16E-03 7.96E-04 716 958
¢g05703258 —2.40E-04 4.32E-04 —1.09E-03 6.07E-04 579 .836
chr22:46770603-46770870 ¢g10701080 —71.87E-05 4.05E-04 —8.72E-04 7.15E-04 .846 967
¢g24968629 —7.33E-04 1.14E-03 —2.96E-03 1.49E-03 519 .836
€g26646427 —1.46E-04 4.44E-04 -1.02E-03 7.25E-04 743 958

Note: N=285. Parent-reported child conduct problems were measured at the 2.5-year follow-up with Eyberg Child Behavior Inventory. Covariates: child age and

sex, buccal cell proportions, and genetic PC1 and PC2.

Abbreviations: CI, 95% confidence interval; DMR, differentially methylated region.

“Genome build GRCh37/hgl9.
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meaningfully change when slide and sentrix row were in-
cluded as covariates.

Change in parenting practices and DMR loci
methylation

There were no significant associations of change in
parent-reported positive or negative parenting practices
with DNAm levels at the loci contained with the IY-
associated DMRs (Table S9). The results did not mean-
ingfully change when slide and sentrix row were included
as covariates.

DISCUSSION

This study investigated variation in children's DNAmM
levels at the 2.5-year follow-up of an RCT of a parent-
ing program indicated for children presenting with
above-average parent-reported conduct problems (i.e.,
IY). Contrary to our hypotheses, we did not find any
preliminary indications that IY influences children's
salivary DNAm levels at NR3CI or FKBP5, specifi-
cally there were no differences between children in
the TY group and CAU group in terms of DNAm lev-
els at the seven first exons of NR3CI or at key regions
of FKBP5 (i.e., the promoter, the TSS, intron 5, and
intron 7). However, in an exploratory epigenome-wide
analyses, we did find evidence of wider associations of
I'Y with children's salivary DNAm levels. Specifically,
we found nine regions on the genome that were differ-
entially methylated in children in the I'Y group com-
pared to the CAU group. These regions coincided
with six protein-coding genes (i.e., SLAMFI, MITF,
FAM200B, SNX31, and CELSRI) and two noncod-
ing RNA genes (i.e., LINC02368 and LINC02369).
However, DNAm levels at the DMRs did not associate
with parent-reported child conduct problems, suggest-
ing that differences in salivary DNAm levels after I'Y
are unrelated to the sustained effects of ['Y on parent-
reported child conduct problems. Additional analy-
ses indicated no associations of DNAm levels with
child conduct problems when the latter were instead
measured by child self-report, teacher-report, and
observation.

Since 1Y is shown to reduce harsh parenting and
increase positive parenting (Leijten et al., 2018), we ex-
pected that children in the IY group would display a
DNAm profile at the 2.5-year follow-up that theoreti-
cally reflects better regulation of the HPA axis than chil-
dren in the CAU group, that is, lower NR3CI and higher
FKBPS5 salivary DNAm levels (Binder, 2009; Weaver
et al.,, 2007). A possible reason why we did not find
these results is that the current study was an indicated
prevention RCT where children were recruited based
on above-average conduct problems rather than family

adversity. While some studies indicate associations be-
tween conduct problems and higher NR3CI DNAm lev-
els (Dadds et al., 2015; Gardini et al., 2022), other studies
have demonstrated that children with conduct problems
display lower NR3CI DNAm levels in peripheral tissues
(Heinrich et al., 2015) as well as lower stress reactivity
(Ruttle et al., 2011). This profile is opposite to that re-
ported in children who have experienced harsh parent-
ing (Parade et al., 2021; Wadji et al., 2021). Thus, different
biological mechanisms may link parenting to child out-
comes in children with above-average conduct prob-
lems and results may not generalize across populations.
Furthermore, when taken together, the results of previ-
ous studies suggest that there may be a sensitive period
in early infancy for the effects of parenting on DNAm
levels at stress-related genes (Conradt et al., 2016, 2019;
Creasey et al., 2023; Dall' Aglio et al., 2020), whereas, in
the current study, children were of preschool age or older.
Another possibility for the null results is that the EPIC
array has sparse coverage of the CpG sites of NR3C/I and
FKBP5 that have been linked to the parenting environ-
ment in prior research. For example, the EPIC array only
covers one CpG in the widely studied intron 7 of FKBP35
and does not include the analogous CpG in exon 1f of
NR3CI that associates with maternal responsiveness
and later aggression in rodent studies. As such, pyrose-
quencing of key regions of interest in these genes may
be necessary to test similar hypotheses in future studies.
Finally, worth considering is that the original study was
not designed to test differences in DNAm levels. Effect
sizes for environment and DNAm associations tend to
be small and thus the sample may not have been large
enough to provide adequate statistical power to detect
significant effects. The relatively wide confidence inter-
vals for the regression coefficients in the candidate gene
analyses indeed suggest some uncertainty in the preci-
sion of the estimates. Future studies may benefit from
pooling data from different cohorts to replicate the re-
sults in a larger sample.

The genome-wide analyses did provide some pre-
liminary indication that 1Y is associated with DNAm,
and thus potentially expression, of genes involved in
fundamental biological processes (e.g., cell signaling,
RNA transcription, and protein transport). Of partic-
ular interest for future research may be the finding of
differential DNAm at SLAMFI given that this gene is
involved in immune regulation. Notably, immune pro-
cesses have been posited as a possible mechanism by
which the parenting environment influences later phys-
ical and mental health, with inflammatory biomarkers
in particular shown to relate to parenting behavior and
psychopathology in prior research (Byrne et al., 2017,
Yuan et al., 2019). On the other hand, in the follow-up
analyses, we did not find enrichment for any particular
biological processes when the differentially methylated
genes were considered together. Moreover, although 1Y
increased positive parenting practices and decreased
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negative parenting practices based on parent reports,
we found that DNAm levels at the DMR loci were not
associated with changes in these measures. This would
suggest that the group differences in DNAm were not
driven specifically by changes in one of these parent-
ing constructs. Instead, it could be that changes in both
measured and unmeasured parenting practices have a
more cumulative impact on children's DNAm or that the
differences are driven by broader effects of 1Y, such as
less stress in the family environment. Additionally, we
did not find cross-sectional associations between DNAm
levels at the DMR loci and children's conduct problems
measured by different raters (i.e., parent, child, teacher,
and experimenter), which is perhaps not surprising given
the weak correlations found between salivary and brain
DNAm levels at these loci. Additionally, in terms of po-
tential biomarkers, there have been no reported signifi-
cant associations between salivary DNAm levels at the
DMR loci and phenotypes listed in the EWAS Atlas (Li
et al., 2019), but there have been significant associations
reported in studies using other tissues (Table S10). Not
exhaustively, these include associations at multiple loci
with adult smoking status, glucose and insulin homeo-
stasis, and aging.

Strengths of this study include the randomized
design, which prevents selection bias and minimizes
confounding by extraneous variables; the recruitment
of a sample with above-average conduct problems to
maximize the efficacy of I'Y and reflect the population
within which TY is typically used to reduce conduct
problems; and the 2.5-year follow-up, which allowed
investigation of longer-term intervention effects. Still,
the results of this study should be interpreted conser-
vatively because of some limitations. Foremost, chil-
dren's DNAm levels were not measured at the start
of the RCT so we were unable to compare changes
in DNAm levels between the IY and CAU groups.
Notably, in several prevention RCT studies group dif-
ferences in post-randomization follow-up measures of
DNAm have been interpreted as indicative of causal
effects of the intervention on DNAm levels (e.g., Bleker
et al.,, 2019; Braithwaite et al., 2023; Brody et al., 2016;
Gardini et al., 2022). However, given participant attri-
tion and differences in parent-reported conduct prob-
lems at baseline in the current study, we suggest our
results are considered not as causal evidence, but as
associations that provide a preliminary indication of
possible 1Y effects on children's salivary DNAm that
can motivate further research. Additionally, while
IY has long-term effects on child behavior, at least as
rated by parents, and thus likely influences neural pro-
cesses, we are unable to investigate a possible role of
brain-based changes in DNAm using saliva samples.
As such, the study provides some potential biomark-
ers for wider associations of I'Y with children's biology
but is limited in informing our knowledge about how
I'Y changes child behavior. To bridge this gap, future

research could combine neuroimaging and hormone
measurements with peripheral measures of DNAm
and make use of biologically informed polyepigenetic
scores (e.g., Provengal et al., 2020).

Finally, the external validity of the results should be
considered. On the one hand, the current study included
children from both European and non-European ances-
try in similar proportions to demographic estimates for
the Netherlands. Moreover, the study was balanced in
terms of child sex, and families were recruited from both
urban and rural areas of the Netherlands. However, it was
predominately mothers who chose to participate in the
study, making it unclear how far fathers' parenting prac-
tices are associated with children's DNAm. Moreover,
most parents had completed higher-level education, an
indicator of higher socioeconomic status, thus limiting
how far these results can be generalized to families that
experience socioeconomic disadvantage, which has been
associated with child conduct problems independently of
parenting practices (Flouri et al., 2017).

CONCLUSION

This study suggests that the I'Y parenting intervention
that reduces parent-reported child conduct problems
is not associated with children's salivary DNAm at key
regions of the NR3CI or FKBPS5 gene measured by the
EPIC array. In particular, the results highlight that as-
sociations of parenting with child DNAm may differ
in children with above-average conduct problems com-
pared to those exposed to family adversity. However,
the study is the first to demonstrate wider associations
between the I'Y parenting program and salivary DNAm
levels at several regions of the genome. Although the
relevance of these results for phenotypic outcomes re-
mains unclear, the study provides potential biomarkers
for further investigation and highlights a need for fu-
ture research to understand the biological mechanisms
and effects of preventive interventions for child conduct
problem:s.
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