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Abstract

Objectives—Determine if epigenetic markers predict dimensional ratings of depression in
maltreated children.

Method—A Genome-wide methylation study was completed using the Illumina 450K BeadChip
array in 94 maltreated and 96 non-traumatized children with saliva-derived DNA. The 450K
BeadChip does not include any methylation sites in the exact location as sites in candidate genes
previously examined in the literature, so a test for replication of prior research findings was not
feasible.

Results—Methylation in three genes emerged as genomewide-significant predictors of
depression; DNA-Binding Protein Inhibitor ID-3 (ID3); Glutamate Receptor, lonotropic NMDA 1
(GRIN1); and Tubulin Polymerization Promoting Protein (TPPP) (p<5.0 x 1077, all analyses).
These genes are all biologically relevant-with ID3 involved in the stress response, GRIN1
involved in neural plasticity, and TPPP involved in neural circuitry development. Methylation in
CpG sites in candidate genes were not predictors of depression at significance levels corrected for
whole genome testing, but maltreated and control children did have significantly different beta
values after Bonferroni correction at multiple methylation sites in these candidate genes (e.g.,
BDNF, NR3C1, FKBP5).

Conclusion—This study suggests epigenetic changes in ID3, GRIN1, and TPPP genes, in
combination with experiences of maltreatment, may confer risk for depression in children. It adds
to a growing body of literature supporting a role for epigenetic mechanisms in the
pathophysiology of stress-related psychiatric disorders. While epigenetic changes are frequently
long lasting, they are not necessarily permanent. Consequently, interventions to reverse the
negative biological and behavioral sequelae associated with child maltreatment are briefly
discussed.

Keywords
Child Abuse; Depression; Methylation; Epigenetics

INTRODUCTION

Child abuse is highly prevalent and is associated with increased risk for a range of health
problems including: cancer,2 cardiovascular disease,?3 diabetes, 23 and multiple
psychiatric disorders, including depression.#° Epigenetics has been hypothesized as one
possible mechanism to explain the association between adverse childhood experiences and
later health problems.®7 Epigenetics refers to chemical modifications to the genome that
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regulate gene activity, but do not involve a change in DNA nucleotide sequence.8 DNA
methylation, which occurs mainly at CpG sites, regions where cytosine nucleotides occur
next to guanine nucleotides,? is one of the most studied epigenetic mechanisms.

As a preliminary test of the hypothesis that child abuse may confer risk for a range of health
problems through epigenetic mechanisms, we examined genomewide methylation
differences in a sample of 96 maltreated and 96 healthy non-traumatized comparison
children using the Illumina 450K BeadChip.19 After controlling for multiple comparisons,
maltreated and comparison children had significantly different saliva derived DNA
methylation values at 2,868 CpG sites (p < 5.0 x 1077, all sites), with the set of genes
showing significant methylation differences including numerous known markers for cancer,
cardiovascular disease, diabetes, and psychiatric disorders.

To date, most studies examining epigenetic changes associated with depression have used
candidate gene approaches, and all studies have examined methylation in gene promoter
regions. While gene regulation is influenced by DNA methylation in other regions of the
genome, the impact of methylation in promoters is presently best understood; it usually
leads to reduced expression. Methylation in the promoter region of the serotonin transporter
(SLC6A4) gene determined from peripheral DNA has been reported to interact with S_ C6A4
genotype to predict depressive symptoms in adolescents;! brain derived neurotrophic factor
(BDNF) methylation profiles derived from peripheral blood cells have been found to
correctly classify patients with major depressive disorder,12 and preliminary data suggest
promoter associated methylation of the FK506 binding protein 5 (FKBP5) gene mediates the
combined effect of genetic (e.g., FKBP5 high-risk polymorphisms) and environmental (e.g.,
child abuse) risk for stress related psychiatric disorders.13 Increased promoter associated
glucocorticoid receptor (NR3C1) gene methylation in the hippocampus has also been
associated with suicide completion in individuals with a history of early child abuse in two
independent studies.141> Suicide completers without a history of childhood abuse did not
have increased methylation of the NR3C1 gene when compared to controls, suggesting
depression-associated methylation profiles may be different in depressed individuals with
and without a history of early adversity.14.15

The goal of this study is to identify novel methylation markers associated with depression in
maltreated children using the Illumina 450K BeadChip. The 450K BeadChip, in addition to
examining methylation in promoter associated CpG sites, also assays CpG sites involved in
gene regulation located on the gene body, 3’ untranslated regions (3’UTR), 5’UTRs, and
intergenic regions.1® Unfortunately the Illumina 450K Beadchip does not include any
methylation sites in the promoter regions of SLC6A4 or BDNF, and the sites it does include
in FKBP5 and NR3C1 are not identical to the sites previously examined in the literature,
making tests of replicability of prior research findings infeasible.

METHOD AND MATERIALS

Sample

Participants included 190 children: 94 maltreated children recruited within six months of
being removed from their parents’ care due to reports of abuse and/or neglect, and 96
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healthy controls with no history of maltreatment or exposure to intrafamilial violence, and
no lifetime history of psychiatric illness. Two maltreated children who were included in our
prior report comparing genome-wide methylation values between maltreated and control
children were excluded here due to missing depression scale data.1? All maltreated children
in this investigation were also included in our published reports of genetic and
environmental factors associated with depression;17:18 the cohort of controls was expanded
for this current investigation. The 190 children were from 136 families with various
numbers of sibs and half-sibs (range, 0—-4) in each family. Children ranged in age from 5-14
years, with a mean age of 10.2. The sample was 42% male, and of mixed racial origin (17%
European-American, 38% Hispanic, 30% African-American, and 15% biracial). Maltreated
and control cohorts did not differ in terms of age (t = 0.2, df=190, ns), sex (y2 = 0.1, df=1,
ns), or race (2 = 3.3, df=3, ns). Recruitment and consent procedures are detailed

elsewhere 1718

Yale University Human Investigations Committee and Connecticut Department of Children
and Families Institutional Review Board approved this research.

Psychiatric Diagnoses

The semi-structured child psychiatric diagnostic interview the Schedule for Affective
Disorders and Schizophrenia (K-SADS-PL),1° was administered to each child and one
biological parent or a relative caregiver. A foster parent or residential staff member
completed the Child Behavior Checklist (CBCL)2% when no biological relative was
available to complete the psychiatric interview (n=32). In deriving ‘best estimate’
psychiatric diagnoses,?! all clinical material was reviewed during a multi-disciplinary team
meeting led by a licensed child psychologist (JK) and a board certified child psychiatrist
(DL). Final diagnoses were assigned by consensus agreement between the chairs of this
meeting and the researcher responsible for collecting the interview data with the child. In
addition to K-SADS-PL and CBCL data, clinical data obtained and reviewed to derive best
estimate diagnoses included Child Dissociative Checklist (CDC),%2 a 20-item parent-report
scale, and Teachers Report Form (TRF).20 Maltreated children additionally completed the
Posttraumatic Stress Disorder Checklist (PTSD-CL),23 a 17-item measure that assesses
PTSD re-experiencing, avoidance, and hyperarousal symptoms. Healthy controls were
selected for this pilot study, so by inclusion criteria definition, no controls met diagnostic
criteria for any psychiatric diagnosis. Among maltreated children, PTSD was most common
diagnosis, with 50% of maltreated children meeting full diagnostic criteria for the disorder.
In addition, 35% of maltreated children met criteria for a depressive disorder (MDD-12%;
DD-17%; DD-NOS-17%); and 25% met criteria for a behavioral disorder (ADHD-12%
ODD-13%; CD-5%). There was considerable comorbidity, with 88%% of the children
meeting criteria for a depressive disorder also meeting full diagnostic criteria for PTSD.

Maltreatment

Multiple informants and data sources (e.g., parents, children, and protective services case
records) were used to obtain a best estimate of each child’s maltreatment history using
procedures detailed previously.24 Specific data sources examined included: the child
protective services child abuse and neglect investigation reports; parent and child responses
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to the trauma screen items included on the KSADS child psychiatric interview,9 child
responses on the Child Trauma Questionnaire,2> and mother’s reports of domestic violence
on the Partner Violence Inventory.26 Before the maltreated children’s removal from their
parents’ care, the children in this study had a mean of three substantiated reports of abuse or
neglect (range: 1-7). In addition, 92% of the children experienced more than one type of
maltreatment: 65% had a history of physical abuse, 24% sexual abuse, 83% neglect, 65%
emotional abuse, and 70% witnessed domestic violence.

The Mood and Feelings Questionnaire (MFQ) was used to assess children’s depression
symptomatology. MFQ is a 33-item self-report measure that assesses depression in children,
with each item rated on a 0-2 point scale.2” It has excellent psychometric properties and has
been used extensively in clinical and epidemiological research.17:18.28-30 The measure was
individually administered. Research assistants read the MFQ items to children and used
pictorial scoring aids to facilitate administration with younger children. Maltreated and
comparison children reported a significant degree and wide range of depression symptoms,
with depression scores of maltreated children, as expected, significantly greater than the
scores of comparison children (Wald Statistic = 30.1, p < .001; Maltreated Children: Mean
17.4 £ 11.2, Range 0-46; Comparison Children: Mean 9.9 + 7.3, Range 0-29). Twenty-six
percent of maltreated children, and 4% of controls scored 27 or above, the clinical threshold
on the MFQ depression scale.

DNA Specimens

Saliva for DNA extraction was collected from maltreated children at a time of acute stress:
within six months of an incident of maltreatment of sufficient severity to warrant out-of-
home placement. Specimens were refrigerated within two hours of collection and DNA
extracted using Puregene (Gentra, Minneapolis, MN, USA) kits. To prepare specimens for
methylation study, 500 ng of genomic DNA were treated with bisulfite reagents included in
EZ-96 DNA methylation kit (Zymo Research, Orange, CA, USA) according to the
manufacturer’s protocol. Unmethylated cytosines were converted to uracils while
methylated cytosines remained unchanged. Bisulfite-converted DNA samples were then
used in the array-based DNA methylation assay.

Array-based genome-wide DNA methylation assays

The lllumina 450K Methylation BeadChip was used in the current investigation. This
BeadChip interrogates>485,000 CpG sites per sample at single-nucleotide resolution
covering most (96%) designable RefSeq genes. Array-based epigenome-wide methylation
analyses were completed at Keck Biotechnology Laboratory at Yale University using
standard procedures. GenomeStudio software (Illumina, San Diego, CA) was used to
generate beta values for each CpG site, with beta values ranging from 0.0-1.0, quantifying
the ratio of methylated allele in fluorescent signals at each CpG site. Raw scanned data were
normalized; average beta values were recalculated using background intensity measured by
negative background probes present on array. Standard quality control tests were run. CpG
sites with detection p values>.001 were removed to ensure only high-confidence probes
were included in subsequent analysis (30/485,578 CpG sites were removed, .006% of sites).
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Validation of Array Methylation Values

To validate DNA methylation values observed with the Illumina 450K methylation
BeadChip assay, the Sequenom MassARRAY EpiTYPER approach (Sequenom, San Diego,
CA, USA) was used to examine retest methylation levels at seven CpG sites. The methods
and forward and backward primers (plus tags) used for these analyses are available from the
corresponding author upon request.

Data Analyses

RESULTS

In order to take familial correlations into consideration while examining methylation
predictors of depression, data were analyzed using linear mixed effects model (LME), which
addresses familial correlations in the sample by assigning a random effect to each family.
Demographic variables age, sex, or race were not related to children’s depression scores, but
were included in the LME model to normalize residuals. Given heteroscedasticity of beta
values, as recommended by Du and colleagues,3! M-values (logit transformation in log2
scale) were used in all analyses. To correct for multiple comparison testing, significance
threshold for analyses was set to 5.0 x 1077, consistent with level recommended by Rakyan,
Beck and colleagues.32

After identifying methylation sites that individually predicted children’s depression scores, a
generalized estimating equations (GEE) analysis was conducted to examine in a single
model the combined effect of children’s maltreatment status and methylation values at each
significant CpG site. GEE analysis was used to control for familial correlations between
subjects resulting from the inclusion of siblings in the sample, and square root transformed
depression scores were used in this analysis. Pearson correlations were conducted to
determine the similarity in methylation values derived using the lllumina BeadChip array
and follow-up Sequenom methods.

Epigenetic Predictors of Depression in Children

After correction for multiple comparisons, methylation values at CpG sites in three genes
emerged as significant predictors of depression scores (p<5.0 x 1077, all analyses), and
methylation of a CpG site in a fourth gene fell just short of significance. The genes
associated with these CpG sites and results of analysis are depicted in Table 1. Lower
depression scores were associated with greater methylation at the CpG sites within ID3 (r =
- 0.34, p<.001), GRINL (r = -0.37, p<.001), and TPPP (r = —0.39, p<.001).

Methylation changes in these genes appear to be independent predictors of depression,
above and beyond the effects of maltreatment history. When a follow-up GEE analysis was
conducted examining the impact of maltreatment history and methylation values of each of
the three significant CpG sites in one analysis, as depicted in Table 2, all main effect terms
were significant (p<.01, all terms). No significant interactions were observed (p>.05, all
interactions). Age, race, and sex were not related to methylation values in these genes, and
as noted previously, these covariates were not predictors of depression scores.
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Validation of Array Methylation Values—Methylation values derived using the
Illumina array were highly correlated with values derived using the Sequenom
MassARRAY EpiTYPER approach (r=0.96, p<.0001).

Exploratory Analyses — Cortisol Data—It was hypothesized that variation in salivary
cortisol would be predicted by ID3 CpG site methylation given upregulation of ID3 in the
pituitary in response to stress.33 Exploratory analyses were performed on a preexisting
dataset of basal salivary cortisol data available for a subset of 67 children: 44 Maltreated; 23
Control Children. A GEE analysis found a significant main effect for maltreatment (Wald
statistic 15.99, p<.0001) and a maltreatment x D3 methylation interaction (Wald statistic
14.12, p<.0001) in predicting diurnal cortisol secretion, a measure which was previously
shown to predict depression in maltreated children.34 ID3 methylation was negatively
related to diurnal cortisol secretion in controls, but positively associated with diurnal cortisol
secretion in maltreated children (Maltreated r = 0.35, p<.02; Control r = -0.53, p<.01).
Within the maltreated cohort, ID3 methylation also correlated significantly with morning
cortisol measures (r = 0.49, p<.001). Methylation levels in TPPP and GRIN1 did not predict
cortisol secretion (p>.05, all comparisons), providing convergent and discriminant validity
data.

Examination of Methylation Values at Additional CpG Sites in ID3, GRIN1, and
TPPP—AII three significant CpG sites identified in ID3, GRIN1, and TPPP were located on
gene body, where methylation is believed to enhance gene transcription.3 The 450K
Illumina chip includes a total of 19 CpG sites in ID3, 40 CpG sites in GRINL, and 56 CpG
sites in TPPP. Methylation values in one 3’UTR and one promoter CpG site in ID3, seven
gene body CpG sites in GRINL, and two 3’UTR, one 5’UTR, and one gene body CpG site in
TPPP significantly predicted children’s depression scores, at uncorrected significance
levels, more than twice the number expected by chance. None of these CpG sites, however,
withstood controlling for genomewide testing, and only one CpG site on the gene body in
GRIN1 was still significant after Bonferroni correction for the number of CpG sites
examined within GRIN1 (e.g., 40 sites, p<.00125). Among the CpG sites contained in ID3,
TPPP, and GRINL1, differences in the methylation values of maltreated and comparison
children reached uncorrected significance levels at 33 sites, 11 of which withstood
Bonferroni correction. Results of these analyses are available from the corresponding author
upon request.

Secondary Analyses-Examination of CpG Sites in Prior Investigated
Candidate Genes—Methylation values in CpG sites in candidate genes examined in prior
studies (e.g., S .C6A4, BDNF, NR3C1, FKBP5) were not predictors of depression in children
at significance levels corrected for whole genome testing (p < 5.0 x 1077). As noted in the
introduction, 450K BeadChip does not include any CpG sites in promoter regions of

S C6A4 or BDNF, and sites it does include in promoter regions of NR3C1 and FKBP5 are
different than sites previously examined in the literature, so a test for replication of prior
research findings is not feasible. Figure S1 and S2, available online depict the proximity of
Illumina 450K CpG sites examined in NR3C1 and FKBP5 to sites in the genes previously
examined in the literature (See Supplement 1, available online). The Illumina 450K
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Beadchip includes 16 CpG sites in SLC6A4, 77 sites in BDNF, 41 sites in NR3C1 and 34
sites in FKBP5, and Table S1, available online contains the results of analyses examining
methylation in candidate genes SLC6A4, BDNF, NR3C1, and FKBP5 as predictors of
children’s depression scores. Methylation values of three CpG sites in SLC6A4, six sites in
BDNF, two sites in NR3C1, and three sites in FKBP5 significantly predicted children’s
depression scores, at uncorrected significance levels, the level of significance utilized in
most a priori hypothesized candidate gene studies. Also presented in Table S1 are maltreated
versus control group differences in candidate gene CpG sites. Differences in methylation
values of maltreated and comparison children reached traditional levels of significance at 74
sites, with significance thresholds withstanding Bonferroni correction for 9 sites in BDNF, 4
sites in FKBP5, and 6 sites in NR3C1, one which was significant after correcting for whole
genome testing (p = 2.0 x 1077). All the sites in BDNF are located on gene body, all sites in
NR3C1 are located in promoter regions, and 1 site in FKBP5 is located on gene body, one at
3’UTR site, and two within promoter regions. The means and standard deviations of these 19
sites for maltreated and control children are available from the corresponding author upon
request. Maltreated children had significantly reduced methylation at one 3’UTR site, at 8
out of 10 gene body sites, and at 6 out of 8 promoter associated sites. Maltreated children
who met criteria for PTSD (n=47) and who did not meet criteria for PTSD (n=47) had
comparable methylation values at each of these candidate gene sites (p > .05, all
comparisons).

Cortisol and Methylation in Canddiate Genes—Correlations were examined between
morning cortisol values and methylation values in the six NR3C1 and four FKBP5 CpG sites
identified in the analyses above. Methylation in two sites in NR3C1 (cg04111177 r=0.49, p
<.001; cg11152298 r=0.33 p < .01) and one site in FKBP5 (cg00610228 r=0.34, p < .03)
significantly predicted morning cortisol values, and methylation in a second FKBP5 site
showed a trend toward significance (cg07633853 r=-0.25, p<.10).

DISCUSSION

After controlling for whole genome testing, this study found methylation in three genes
significantly predicted depression scores in children: ID3, TPPP, and GRIN1. These genes
are all biologically relevant — involved in the stress response, neural plasticity, and neural
circuitry. Specifically, D3 is upregulated in the pituitary in response to chronic stress,36 and
in the current study, predicted basal cortisol levels in the children. ID3 is also upregulated
with stimulation by pituitary adenylate cyclase-activating polypeptide (PACAP).33 This is
interesting as variation in the gene that encodes for PACAP has recently been associated
with risk for PTSD, a stress-related neuropsychiatric disorder that is frequently comorbid
with depression,37 although this result was not replicated in a second study.38 ID3 is also
involved in neurogenesis and has been implicated in neural plasticity.3® TPPP is critical for
oligodendrocyte differentiation,® and TPPP is present in myelinating oligodendrocytes, and
believed to have a role in development and maintenance of white matter tracts in brain.4142
GRINL1 transcription is downregulated in frontal cortex in response to stress in animal
models of depression,*3 glutamate is implicated in pathophysiology of depression and
anxiety disorders,*44> and NMDA receptors play a critical role in synaptic plasticity,
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memory, and fear conditioning.46 Methylation changes in these genes appear to be
independent predictors of depression, above and beyond the effects of maltreatment history.

In this investigation it was not feasible to examine replicability of prior candidate gene
findings, given differences in the CpG sites included on the 450K Illumina BeadChip and
the CpG sites examined in prior studies. Methylation values of three CpG sites in S.C6A4,
six sites in BDNF, two sites in NR3C1, and three sites in FKBP5 significantly predicted
children’s depression scores, at uncorrected significance levels; and differences in
methylation values of maltreated and comparison children reached traditional levels of
significance at 74 sites within these prior studied candidate genes, with significance
thresholds withstanding Bonferroni correction for 9 sites in BDNF, 4 sites in FKBP5, and 6
sites in NR3C1, one that was significant after correcting for whole genome testing. All the
sites in BDNF were located on the gene body, all sites in NR3C1 were located in promoter
regions, and 1 site in FKBP5 was located on the gene body, one at 3’UTR site, and two
within promoter regions. Knowledge about epigenetic mechanisms of gene regulation is
advancing rapidly, however, the full implication of methylation changes in various areas of
the genome are not fully understood.

The current investigation is limited by its modest sample size, the absence of gene
expression data, and failure to examine polymorphisms that may have moderated the impact
of child maltreatment on methylation values and depression outcomes. This study lays the
groundwork, however, for future work in this area. While there is controversy in the field
about use of peripheral DNA methylation markers to study tissue-specific disease processes,
there are emerging research findings across multiple areas of medicine documenting the
utility of peripheral DNA methylation measures in understanding disease pathology and
deriving biomarker sets to predict risk, diagnosis, and prognosis.10:47-49

This study adds to a growing body of literature highlighting the importance of epigenetic
modifications in the pathophysiology of early adversity-related psychiatric illnesses, and
expands the focus of research beyond genes selected based on a priori hypotheses. As
discussed in the introduction, child abuse is associated with a whole host of adverse health
outcomes. Recent studies have found early adversity to be linked to epigenetic changes in
genes involved in metabolic processes,®® immune functioning,®, and genes implicated
diabetes, cardiovascular disease, and cancer, in addition to genes implicated in psychiatric
disease.10 Epigenetic mechanisms appear to hold significant promise in understanding how
adverse early childhood experiences confer risk for a range of health problems later in life.

It is important to note, however, while epigenetic changes are frequently long lasting, they
are not necessarily permanent.2:53 Some brain and behavior changes previously perceived
as permanent secondary to epigenetic modifications resulting from adverse early
experiences have now been shown to be reversible and amenable to treatment.>45% In
addition, emerging data suggest that the window of opportunity for intervention is wider
than initially perceived. It is now appreciated that while there are “sensitive periods” when
children are more susceptible to environmental influences, the opportunity to promote
positive brain and behavioral changes persists into adulthood.>3:56 Positive adaptation in
cohorts of maltreated children can be promoted with interventions that focus on: 1)
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developing secure attachment relations;17:57-59 2) facilitating enrichment opportunities; 660
and 3) providing clinical interventions to address child and parent psychopathology.81-66
While a history of abuse is frequently associated with deleterious outcomes, not all abused
individuals develop problems. Ongoing multidisciplinary and translational work in this area
will increase our understanding of the mechanisms by which early abuse confers risk for
depression, and help to identify novel, more effective treatments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1

Genes Associated with CpG Site Methylation Values that Predict Depression (N=190)

Gene Illumina ID | Uncorrected Significance | Corrected Significance
ID3 - DNA binding protein inhibitor I1D-3 ¢g03535461 5.43 x 1078 0.005
TPPP — tubulin polymerization promoting protein | cg04230438 1.79 x 1077 0.02
GRINL1 - glutamate NMDA receptor, NR1 subunit | cg14055193 2.68 x 1077 0.03
MYTIL — myelin transcription factor 1-like cg03235479 6.16 x 1077 0.06

Note: Linear Mixed Effects model used to examine association between children’s depression scores and methylation values derived using

Illumina 450K BeadChip. Bolded text reflects significant findings after correcting for whole-genome testing.
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Table 2

Page 17

Predictors of Depression in Children: Effect of Maltreatment Status and Methylation Values in DNA-Binding
Protein Inhibitor ID-3 (ID3); Glutamate Receptor, lonotropic NMDA 1 (GRIN1); and Tubulin Polymerization
Promoting Protein (TPPP) (Wald Type 3 Statistic)

Source Wald Chi-Square | Df | Significance
Maltreatment Status 15.12 1 .0001
D3 1141 1 .001
TPPP 4.98 1 .03
GRIN1 7.32 1 .007

Note: Square root transformed depression scores were used in this analysis. Maltreatment status and methylation values in each of the three genes
uniquely predicted variation in children’s depression scores (N=190).
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