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ABSTRACT

Association of DNA methylation of HPA-axis related genes FKBP5
and NVR3C1 with obsessive-compulsive disorder

Jun Ho Seo

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Se Joo Kim)

Introduction: ~ Although  hypothalamic-pituitary-adrenal ~ (HPA)  axis
dysregulation in obsessive-compulsive disorder (OCD) has been reported,
epigenetic changes in HPA axis-related genes have not been well studied in
OCD. The present study investigated whether the epigenetic regulation of HPA
axis-related genes, such as FK506-binding protein 51 (FKBP5) and
glucocorticoid receptor gene (NR3CI), is associated with OCD status. In
addition, relationships among the DNA methylation levels of FKBP5 and
NR3C1, OCD status and early-life trauma were explored.

Methods: A total of 267 patients with OCD and 201 controls aged between 18
and 40 years were recruited. Demographic and clinical assessment, FKBPS
rs1360780 genotyping, and pyrosequencing of FKBP5 and NR3CI were carried
out. MANCOVA and structural equation modeling were conducted for both
sexes and for a drug-naive subset.

Results: Compared to healthy controls, DNA methylation at the FKBP5 intron
7 CpG2 site was significantly reduced in men with OCD. In addition, reduced
DNA methylation at NR3C! exon 1F CpG3 site was prominent in women with
OCD. The mediation effect of the DNA methylation levels was not significant

between early-life trauma and OCD status.

1



Discussion: These findings suggest that epigenetic factors of genes involved in
HPA axis activity, such as the DNA methylation levels of FKBP5 and NR3CI,
may play a role in the pathogenesis of OCD. Further studies are needed to
determine how altered DNA methylation and mRNA expression of both genes

and HPA-axis function are involved in OCD.

Key words: obsessive-compulsive disorder, FKBP5 gene, NR3C1 gene,

candidate epigenetic study, methylation, HPA axis, stress regulation



Association of DNA methylation of HPA-axis related genes FKBP5
and NVR3C1 with obsessive-compulsive disorder

Jun Ho Seo

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Se Joo Kim)

I. INTRODUCTION

Obsessive compulsive disorder (OCD) is a common and debilitating
psychiatric disorder that features unwanted, intrusive, and uncontrollable
thoughts (obsessions) and repetitive behaviors or mental acts (compulsions) '-.
It shows a chronic or episodic course with time-consuming, distressing
symptoms that can impair social, occupational, and academic functioning. OCD
is substantially heritable in the range of 23%~43% *. Although a growing body
of evidence suggests that both genetic and environmental factors contribute to
the risk for OCD *, the molecular mechanism of OCD remains unclear.

Epigenetic mechanisms, inherited and acquired modifications of DNA
and histones without a change in DNA sequence, regulate genetic functions and
provide new insight into complex diseases as a molecular interface between the
genome and environment. DNA methylation, a key epigenetic mechanism, may

play a crucial role in the complex pathophysiology of OCD through the



interaction of genetic components and environmental factors such as adverse
life events %11,

A gene regulating the hypothalamic-pituitary-adrenal (HPA) axis, the
central biological pathway responding to stress, is an interesting candidate for
epigenetic study in OCD. Substantial evidence suggests that stress plays a role
in OCD pathophysiology. Trauma exposures before the onset of OCD were
often reported to range from 30% to 82%, suggesting a role of stress in OCD
development >4, In particular, early life trauma, which can alter the HPA axis
13, has been shown to increase the risk for OCD '*!°, In addition, dysregulation
of the HPA axis has been reported in patients with OCD, such as a hyperactive
HPA axis with increased basal cortisol or plasma adrenocorticotropic hormone
(ACTH) 2*2*, However, little is known about epigenetic changes in HPA
axis-related genes in OCD %%,

The FK506 binding protein gene (FKBP5) and nuclear receptor
subfamily 3 Group C member 1 gene (NR3CI) are widely studied HPA
axis-related genes 2-?°. FKBP3, a heat shock protein 90-associated cochaperone
integral to the glucocorticoid receptor (GR) complex, modulates GR sensitivity
3031 and is involved in stress response, synaptic plasticity and neuronal function
32, Binding of FKBP5 to the GR complex reduces GR affinity to cortisol and
delays its nuclear translocation *!. GR activation via intronic hormone response
elements induces FKBP5 expression and this provides an ultra-short
intra-cellular negative feedback loop for GR-sensitivity 333, High expression of
FKBP5 can lead to an increased GR resistance resulting in dysregulated stress
response by decreasing efficiency of the negative feedback loop !, FKBP5
dysregulation has been reported in various clinical phenotypes, such as

443 suicidality *, and posttraumatic stress

pathological anxiety **°, depression
disorder (PTSD) ***¥, In addition, NR3CI encoding GR is a key element of
HPA axis regulation ¥. NR3CI epigenetic changes have also been reported to

be associated with stress-related disorders, including depression ***! and PTSD
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52, Since the transcription levels of both FKBPS5 and NR3C1 have been reported
to induce feedback mechanisms restraining the actions of glucocorticoids 334
and to be associated with nonsuppression in the dexamethasone suppression test
(DST) *, DNA methylation levels may be interesting targets in candidate
epigenetic studies of stress-related disorders. To date, however, there is little
evidence of an association between OCD and the methylation levels of FKBPS
and NR3C1I.

The present study aimed to investigate whether alterations in FKBP5
and NR3C1 are associated with OCD status. In addition, the relationship among
the DNA methylation levels of FKBP5 and NR3CI, OCD status, and early life
trauma was explored. Our main hypothesis is that the DNA methylation levels
of FKBP5 and NR3CI would be different between patients with OCD and
controls. The secondary hypothesis is that epigenetic alterations of FKBP5 or

NR3CI mediate the relationship between early life trauma and OCD status.

II. MATERIALS AND METHODS

1. Participants and procedures

A total of 267 patients with OCD and 201 controls aged between 18
and 40 years were recruited. Unrelated patients with OCD were recruited from
the outpatient clinic of Severance Hospital in Seoul, Korea. All participants
were assessed using the Structured Clinical Interview for DSM-IV Axis I
disorder (SCID-I) by psychiatrists. A total of 118 of the 267 patients with OCD
were drug-naive or -free of psychiatric medications for more than 3 months
prior to enrollment. The exclusion criteria for OCD were having severe medical
conditions or neurological disorders or a diagnosis of schizophrenia-spectrum
disorders, substance use disorders, and intellectual disabilities. Patients with
OCD with other comorbid DSM-IV Axis I disorders were not excluded if

obsessive-compulsive symptoms were the primary reason for treatment. For
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healthy controls, exclusion criteria were having any major psychiatric disorder
or psychiatric medication or any uncontrolled medical disorder. All subjects
gave their written informed consent after giving a full explanation of the study,
including the collection of blood samples for DNA extraction. The study was
approved by the Institutional Review Board of Severance Hospital, South Korea.

The IRB approval number was 4-2015-0655.

2. Early life trauma assessment
The Early Trauma Inventory Self Report-Short Form (ETISR-SF) was
utilized to measure the early life trauma history of subjects 6. The ETISR-SF
assesses early life traumas in 4 categories: general trauma, physical abuse,
sexual abuse, and emotional abuse. Participants can answer yes or no to each of
the 27 items. The Korean version of this scale was evaluated for its validity and

reliability and demonstrated good indicators 7.

3. Measurement of obsessive compulsive and depressive symptoms
To evaluate obsessive compulsive symptom severity, the Yale-Brown
Obsessive Compulsive Scale (Y-BOCS), a 5-point Likert scale consisting of 10
items, was used *®*. The Montgomery-Asberg Depression Rating Scale
(MADRS), a clinician-rated scale of 10 items that assess depressive

59

symptomatology within the last 7 days °°, was carried out to check current

symptoms of depression.

4. SNP genotyping
The FKBP5 151360780 single nucleotide polymorphism was analyzed
since genotypic influence of rs1360780 on FKBP5 demethylation has been
reported *%°, DNA was extracted from peripheral blood leucocytes (PBMCs).
The genotyping procedures were carried out using a single base primer

extension assay with the ABI PRISM SNaPShot multiplex kit (ABI, Foster City,
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CA, USA) according to the manufacturer’s recommendations. Analysis was
performed by DNA Link, Inc. (Seoul, South Korea). Detailed information about
the primers used for genotyping in this study is provided in the supplementary

material (Table S1).

5. Pyrosequencing for DNA methylation analysis

The DNA methylation status of two CpG sites on FKBP5 intron 7 and
three CpG sites on NR3CI exon 1F (Figure S1 & S2) were analyzed with the
bisulfite pyrosequencing method. FKBP5 intron 7, which contains a GR binding
enhancer region, was selected based on a previous result that decreased DNA
methylation levels of the region can lead to increased FKBP5 mRNA
expression ®'. NR3CI exon 1F, which contains a binding site for the nerve
growth factor-inducible protein A (NGFI-A) was selected because it has been
implied that the region has some connections with traumas and related
psychiatric disorders in previous studies 3%2%*, Among CpGs on NR3CI exon
1F, three CpGs acting similarly in a region-specific manner were selected 495,
After standard bisulfite treatment, polymerase chain reaction (PCR) for
pyrosequencing analysis was performed. The amplification was performed
according to the general guidelines of the pyrosequencing method using primers
and standard cycling schedules. The percentages of individual methylation at
selected CpG sites were estimated. Non-CpG cytosine analysis was also
performed during pyrosequencing for quality control. To assess successful
bisulfite treatment, CpG assays contained internal controls at the beginning of
the sequence. To correct potential batch effects, plate controls were used.
Matched case-control samples were analyzed in the same batch, and all batches
were analyzed at the same time. The pyrosequencing procedures were
conducted by the service of Macrogen, Inc. (Seoul, South Korea). Detailed
information about the primers used is provided in the supplementary material

(Table S2).



6. Statistical analyses

Independent sample ¢ tests and chi-square tests were performed to
compare demographic information between patients with OCD and controls
using R for Windows v 3.6.3. Statistical significance was considered when p <
0.05. To verify the main hypothesis, multivariate analysis of covariance
(MANCOVA) was conducted in each sex to compare the DNA methylation
levels of two CpG sites on FKBP5 and three CpG sites on NR3CI between
patients with OCD and normal controls. For MANCOVA, variables were
checked for normality by histograms and the Shapiro—Wilk test. For variables
violating normality assumption in MANCOVA, normal score with the Blom
method was applied . Age, the ETISR-SF total score, and the MADRS score
were considered covariates in the analysis to adjust for the potential influence of
early life trauma or depression on methylation levels. As the FKBP5 rs1360780
genotype is known to regulate the expression levels of both GR and FKBPS5, it
was included as a categorical covariate in MANCOVA ¢’. For post hoc ANCOVA,
the Bonferroni method was applied to adjust multiple comparisons of CpG sites
(a.=0.025 for the two FKBP5 CpGs and 0.017 for the three NR3C1 CpG sites).

Next, structural equation modeling (SEM) was conducted with the
weighted least score or maximum likelihood method to determine the mediation
effects of DNA methylation levels of FKBP5 or NR3CI between early-life
trauma and OCD status by using Mplus Version 7 ®. SEM, a powerful method
to test multivariate causal relationships, is very useful to test the direct and
indirect effects on presumed causal relationships . As DNA methylation levels
were moderately intercorrelated in 3 CpGs of NR3CI, the model included the
latent variables that represent NR3C/ methylation extracted from the factor
analysis. As DNA methylation levels at the two FKBP5 CpG sites were not
bound by one factor, each was included in the model as an observed variable. In

this model, OCD status and DNA methylation levels of both genes were
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regarded as endogenous variables, and age, ETISR-SF total score, and
rs1360780 genotype were regarded as exogeneous variables. To test the
moderation effect of genotype on methylation levels, the interaction between
ETISR-SF and the genotype (GXE) variable was added to the model. The
statistical fit of the model was assessed using the chi-square/df, comparative fit
index (CFI), Tucker Lewis index (TLI), root mean square error of
approximation (RMSEA), and weighted root mean square residual (WRMR).
Chi-square/df above 0.05, CFI and TLI values above 0.9, RMSEA values less
than 0.05, and WRMR above 0.05 were considered indicators of good fit.

All analyses were performed separately for men and women because
the HPA-axis regulating mechanism has been suggested to be different in
response to early life trauma between men and women 7° and because OCD is
known to manifest sexually dimorphic characteristics in many aspects (e.g., age
of onset, symptom dimensions, prognosis, etc.) ">, After the main analyses,
subgroup analyses for drug-naive or -free patients with OCD compared with

controls were performed in the same way.

III. RESULTS

1. Sociodemographic and basic characteristics

The sociodemographic and clinical characteristics and genotyping
results of patients with OCD and controls are presented in Table 1. For
early-life trauma, patients with OCD had significantly higher scores than
controls based on ETISR-SF. In addition, for depressive symptoms, patients
with OCD showed higher MADRS scores than controls. Genotype distributions
were not different between patients with OCD and controls. There was no
significant deviation from the Hardy-Weinberg equilibrium in the control SNP
data (> = 0.044, p = 0.845).



Table 1 Demographic and clinical characteristics of the study participants

Men Women
oCD? HC? ocCDb* HC?
p® pb
(n=171) (n=117) (n=96) (n=84)
Age 25.03+5.54 2507+436 0943  2699+6.78 2638+5.53 0.498
Education,
13.41+2.09 13.54+£2.06 0.607 1425+2.24 14.74+£2.05 0.127
year
ETI, total
7.30+4.84 455+3.67 <0.001 5.82+422 4.06 +3.50 0.002
score
Genotype
P 0.308 0.447
(rs1360780)
CC 96 (58.18%) 73 (62.39%) 51 (56.04%) 44 (52.38%)
CT 56 (33.94%) 40 (34.19%) 36 (39.56%) 32 (38.10%)
TT 13 (7.88%) 4 (3.42%) 4 (4.40%) 8 (9.52%)
Depression 96 (56.14%) 53 (55.21%)
MADRS 20.41+9.60 3.07+398 <0.001 21.01+8.62 3.13+3.63 <0.001
Y-BOCS 26.94 + 6.44 27.62+6.19

OCD, obsessive-compulsive disorder; HC, healthy control; MADRS, Montgomery-Asberg

Depression Rating Scale; Y-BOCS , Yale-Brown Obsessive-Compulsive Scale

*n(%) or mean + standard deviation

bChi-square test or independent samples t test

2. Differences in DNA methylation levels between patients with OCD
and healthy controls

Regarding the two FKBP5 CpG sites, MANCOVA in men revealed

that OCD status had a significant overall effect on DNA methylation levels

(Wilks A = 0.944, F(2, 263) = 7.800, p < 0.001), but the effect was not

significant for women (Table 2). Post hoc comparisons indicated that men with
10



OCD had significantly lower methylation levels at FKBP5 CpG2 than healthy
controls (F = 11.177, p<0.001, np*=0.04). Additionally, in a subset of
drug-naive or -free patients with OCD, the FKBP5 CpG2 levels in men were
still significant (Table S3).

For the three NR3C1 CpG sites, while no significant finding was found
in men, MANCOVA revealed that OCD status had a significant overall effect
on DNA methylation levels in women (Wilks A = 0.876, F(3, 158) = 7.468, p <
0.001) (Table 2). In post hoc analysis, the women with OCD had significantly
lower methylation levels at NR3CI CpG3 than healthy controls (F = 17.888,
p<0.001, np*=0.10). The statistical significance of between-group differences

persisted in a subset of drug-naive or -free patients (Table S3).

3. Relationships between early life trauma, methylation levels, and
OCD status
In men, structural equation modeling to verify the second hypothesis
revealed statistically significant direct effects from early-life trauma (B = 0.450,
B =0.410, p <0.001), FKBP5 CpG1 methylation level (B =-0.202, f =-0.170,
p = 0.016), FKBP5 CpG2 methylation level (B =-0.308, = -0275, p < 0.001),
and NR3CI methylation level (B = -0.492, B = -0.206, p = 0.014) on OCD
development without any moderation effects by rs1360780 genotype. There was
no indirect effect of early-life trauma mediated by FKBP5 methylation or
NR3C1 methylation on OCD. In addition, there was no moderating effect of the
genotype for early-life trauma on FKBP5 DNA methylation changes. Figure 1
presents the relationship between early-life trauma, methylation of each gene,
and OCD from the SEM results in keeping with the hypothesis of the study.
Overall, the final model was the best fit for the data (chi-square = 15.138;
chi-square/df = 0.757, p = 0.769; RMSEA = 0.000; CFI = 1.000; TLI = 1.076;
WRMR = 0.499). The final SEMs for drug-naive or -free men showed similar
findings (Figure S4)

11



In women, SEM revealed statistically significant direct effects from
early-life trauma (B = 0.466, = 0.396, p = 0.001) and NR3C! methylation
level (B =-0.752, = -0.358, p < 0.001) on OCD development. There was no
indirect effect of early-life trauma mediated by NR3CI methylation on OCD.
FKBP5 methylation levels had no direct effect on OCD development in women.
(Figure 2) Overall, the final model was a very good fit for the data (chi-square
= 30.985; chi-square/df = 1.347, p = 0.123; RMSEA = 0.045; CFI = 0.928; TLI
=0.908; WRMR = 0.731). The diagram of the final SEM result is shown in the
supplementary material (Figure S3). The SEMs for drug-naive or -free women

are shown in Figure S4.
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Table 2 Results of MANCOVA of FKBP5 and NR3CI DNA methylation between patients with OCD and healthy controls

Men Women
ocbh? HC? ocbh? HC?
(n=165) (n=117) F pb e (n=91) n=84) F pb e

Statistics: Wilks A = 0.944, F(2, 263) = 7.800, p < 0.001" Wilks A =0.997, F(2, 158) = 0.208, p = 0.812
FKBP5  CpGl (+52,080) 96.94+2.98 97.47+2.71 2.515 0.114 0.009 97.25+2.93 9736+257  0.151 0.698 <0.001
(intron7)  CpG2 (+52,105) 92.38+3.33 93.71+3.21 11.177 <0.001"  0.040 92.60+3.42 93.04+3.74 0.148 0.701 <0.001
Statistics: Wilks A =0.972, F(3, 258) = 2.464, p = 0.063 Wilks A = 0.876, F(3, 158) = 7.468, p<0.001"
NR3CI CpGl (-3158) 1.79 £1.03 1.88 £ 0.96 0.945 0.332 0.003 1.96 +£1.48 1.76 £ 1.01 0.021 0.885 <0.001
(exonlF) CpG2 (-3155) 2.66+1.40 275+ 1.44 1.553 0.214 0.006 2.58+1.20 2.80+1.22 4.405 0.037 0.030

CpG3 (-3140) 2.87+2.01 3.04+£1.26 7.428 0.007* 0.030 2.59+1.27 3.01+£0.92 17.888 <0.001" 0.100%

MANCOVA, Multivariate analysis of covariance; OCD, obsessive-compulsive disorder; HC, healthy control

MANCOVA demonstrated significant between-group difference after controlling for age, rs1360780 genotype, ETISR-SF total score, and MADRS score.

Mean =+ standard deviation of raw data

bStatistical significance for post-hoc ANCOVA was set at P < 0.025 after Bonferroni correction for 2 CpG sites in MANCOVA of

FKBP5 intron 7 methylation and at P 0.017 after Bonferroni correction for 3 CpG sites in MANCOVA of NR3C/ exon 1F methylation

°Effect size was calculated using partial eta squared and interpreted according to the rule of Miles and Shevlin (2001)

"Medium effect (> 0.06)
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Figure 1. The relationship between ETISR-SF, FKBP5 methylation, NR3C1
methylation, and OCD in men from SEM model which also included age,
FKBP5 151360780 genotype, and interaction term between the genotype and
ETISR-SF, OCD status as exogenous variables in addition to presented
variables. Whole SEM model is presented at supplementary material. Above, all
coefficients are standardized estimates. (Solid lines/boxes: statistically

significant, Dotted lines/boxes: not statistically significant)

Covariance
between two CpGs
be -gggj‘”’w FKBP5 CpG1
B= methylation
FKBP5 CpG2
methylation

Obsessive-
compulsive disorder

8=0396.p=0.001

~ NR3CT = | =035
__methylation —— p=0.004

Figure 2. The relationship between ETISR-SF, FKBP5 methylation, VR3C1
methylation, and OCD in women from SEM model which also included age,
FKBP5 151360780 genotype, and interaction term between the genotype and
ETISR-SF, OCD status as exogenous variables in addition to presented
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variables. Whole SEM model is presented at supplementary material. Above, all
coefficients are standardized estimates. (Solid lines/boxes: statistically

significant, Dotted lines/boxes: not statistically significant)

IV. DISCUSSION

The present candidate epigenetic study investigated the DNA
methylation levels of the HPA axis-related genes FKBP5 and NR3C1 in patients
with OCD compared to normal controls. We found that the DNA methylation
level of one CpG on FKBPS5 intron 7 was lower in men with OCD than in
normal controls. In addition, the DNA methylation level of one CpG on NR3CI
exon 1F was lower in women with OCD than in normal controls. The findings
of the present study suggest that epigenetic changes in FKBP5 and NR3CI may
play a role in the complex pathogenesis of OCD.

In this study, a decreased DNA methylation level of FKBP5 Intron7
CpG2 in men with OCD compared to normal controls was observed after
controlling for early-life trauma and depressive symptoms. The between-group
difference was still significant in a subset of drug-naive or -free men with OCD.
To our knowledge, there have been no studies that investigated FKBPS
methylation changes in OCD. In other stress-related disorders as well as general
populations, previous clinical and experimental studies showed that FKBP5
intron 7 demethylations were related to increased FKBPS transcription and GR
sensitivity changes 4775 The finding of reduced FKBP5 DNA methylation
in OCD may reflect that patients with OCD have higher FKBPS5 transcription
and dysfunctional HPA-axis, although we examined neither transcription levels
of FKBP5 nor HPA-axis functions. Although little is known about epigenetic
alteration of FKBPS5 in OCD, dysfunctional HPA-axis activity or GR sensitivity
change has been reported in animal and clinical studies of OCD. In animal

studies, Fkbp5 knockout mice were more resilient and cognitively flexible than
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wild-type mice, showing much lower glucocorticoid levels 377, Several human
studies have revealed evidence of hyperactive HPA-axis activity in patients
with OCD with increases in basal cortisol levels when longitudinal follow-up
was performed 22+7778 In addition, a study using psychological stressors to
evaluate HPA-axis sensitivity showed decreased cortisol levels in response to
stress in the OCD group, while increased cortisol levels in response to stress

were observed in normal controls %

. These findings may indicate the
involvement of the HPA axis in OCD pathophysiology, possibly through altered
DNA methylation at FKBP5. Given that few studies have examined this
speculation of FKBP5 in OCD, future studies should confirm the relationship
between FKBP5 demethylation and HPA axis dysfunction in OCD.

For NR3Cl, significant NR3CI exon 1F CpG3 hypomethylation in
women with OCD was observed. The statistical significance of between-group
differences persisted in a subset of drug-naive or -free women with OCD.
Although there is no direct comparison study available for NR3CI methylation
status between patients with OCD and healthy controls, a previous study of
major depression also showed reduced NR3CI methylation in depressive
patients compared to healthy controls *°. Considering evidence on inverse
associations between NR3CI DNA methylation and expression 7°, the
hypomethylation status may stand for high NR3CI expression and HPA-axis
dysregulation . In addition, although little is known about association between
OCD and the GR gene NR3CI’s methylation status, there is some evidence
showing connection between dysregulated GR and OC-like symptoms in animal
81 Further exploration combined with NR3CI methylation, expression, and
HPA function is needed in a large independent sample with OCD.

Contrary to our expectation, we found no significant indirect effect of
early life trauma on OCD status through the DNA methylation levels because of
lack of association between early life trauma and DNA methylation levels.

Previous studies for NR3C!I exon 1F have also shown mostly no associations
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between childhood trauma and DNA methylation 2, while several studies for
FKBPS5 intron 7 have reported demethylation of the region related to early life
trauma ¥. The following points should be considered when interpreting the
current results. The sample size may have been insufficient to detect the
potential mediating effects of the DNA methylation level on the association. In
addition, unmeasured confounders such as genetic variations and recent
stressors may have affected the results. In particular, the lack of association
between the DNA methylation level and early-life trauma suggests that the
observed DNA methylation levels in patients with OCD are not primarily
determined by childhood trauma. Rather, they may reflect the consequences of
chronic cumulative stress responses for various life events including childhood
adversity and distressing clinical symptoms. Furthermore, maternal trauma
exposure which was not considered in this study has also been reported to affect
offspring’s NR3CI exon 1F methylation level ¥ and FKBPS5 intron 7
methylation level #. Further research would benefit from using a larger sample
of OCD with longitudinal information on temporal precedence and sequential
DNA methylation status to explore the epigenetic role in complex diseases such
as OCD.

On the other hand, the present findings of DNA methylation
differences between OCD and normal controls showed sex differences. While
FKBPS5 intron 7 demethylation was significantly associated with OCD only in
men, NR3CI exon 1F demethylation was prominent in women with OCD.
Sexual dimorphism in the HPA axis from different gonadal systems may be
responsible for this 3. Alterations in estrogen have been implicated in OCD
pathogenesis, as reproductive events such as menarche, pregnancy, childbirth,
and menopause have been revealed to coincide with OCD development or

symptom aggravation 72848

. Estrogen has also been known to impact
neurotransmitter systems implicated in OCD, such as serotonin, dopamine, and

glutamate, suggesting its powerful role in OCD pathogenesis *’. Moreover,
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estrogen can affect the HPA axis through transcriptional modulation of
associated genes, resulting in sex differences in the responsivity of the HPA axis
83.88.89 Meanwhile, androgens can also affect the HPA axis in various ways, such
as increasing GR expression or blocking limbic signals to the HPA axis %!,
The interactions between the sexual hormone system and HPA axis may be one
of the possible explanations for the current different results between men and
women, as they can act as important modulating factors affecting the DNA
methylation level of HPA axis-related genes. Future studies on OCD
pathogenesis should take a more delicate approach with consideration of sex
hormones and their interaction with the HPA axis.

Additionally, in the case of FKBP5 rs1360780, there was no
moderating effect of the genotype for early-life trauma on FKBP5 DNA
methylation changes. Contrary to this finding, several previous studies have
shown that early-life trauma can selectively induce demethylation of CpGs in
FKBPS5 intron 7 in T allele carriers of rs1360780 924, This discrepancy may
possibly be from ETISR-SF’s characteristic of overestimating general traumas
by 11 items compared to physical abuses and sexual abuses with relatively small
items (5 or 6 items) but severe effects. When an additional pathway analysis was
performed excluding general traumas in calculating ETISR-SF so that only
physical, emotional, and sexual traumas were included, there was a mediation
effect of the SNP between early-life trauma and FKBP5 intron 7 DNA
methylation levels, consistent with previous studies (Figure S5). Future
epigenetic studies need to comprehensively assess early life trauma with
consideration for the types and context of trauma, as they may work differently

62,95,96

in epigenetic mechanisms and may differentially affect the development

of psychiatric disorders '*%,
There are several limitations to this study. First, this study targeted
only certain CpG sites of FKBP5 and NR3C1, whose functions have been most

widely studied. Second, potential confounders, such as alcohol or smoking,
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which can influence methylation levels, were not adjusted. Third, methylation
markers were obtained from PBMCs, not from brain tissues. However, several
lines of evidence suggest that peripheral tissue could serve as an index of brain
changes. In animal studies, FKBP5 methylation changes were strongly
correlated between the brain and peripheral blood cells, suggesting that
peripheral tissue could serve as an index of brain changes, although the studies
did not focus on intron 7, which is the target of the current study "**7. Several
studies have shown that brain structure and functions are associated with
peripheral tissue DNA methylation of FKBP5 and NR3C1 **°%19! Finally, this
study is an observational, cross-sectional study. Theoretically, the positive
results should be cautiously interpreted as associations. That is, demethylation
of FKBP5 or NR3CI can be either a cause, result, or parallel phenomenon of
OCD. In any case, the results may reflect some distinct features of OCD,
especially related to stress regulating mechanisms, including the HPA-axis

system.

V. CONCLUSION

In summary, the present study showed that reduced DNA methylation
at certain CpG sites of FKBP5 and NR3CI is involved in OCD. Altered
methylation levels of the HPA axis-related gene were related to OCD status in a
sexually dimorphic way. The present findings suggest that epigenetic changes in
FKBP5 and NR3CI may play a role in the complex pathogenesis of OCD.
Further research is needed to examine how DNA methylation and mRNA
expression of HPA-axis related genes and HPA axis function are interrelated

in OCD.
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Appendix

Table S1. Primer sequences used for genotyping of FKBP5 rs1360780

Strand Primer sequence
Forward Primer cctgaaaagattatctgatge
Reverse Reverse Primer gcaaagtctccactgtttct
Genotyping Primer aaggctttcacataagcaaagtta

Table S2. Primer sequences used for NR3C/ exon 1F pyrosequencing

Primer name Sequence PCR size(bp)
NR3CI-L_F AATTTTTTAGGAAAAAGGGTGG 157
NR3CI1-L R (5' biotin) AACTCCCCAATAAATCTAAAACC 157
NR3CI1-L_seqF GGGGGTAGATTTGGTTT

(Sequencing primer)
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Table S3 Results of each MANCOVA as subgroup analysis for drug-naive or free OCD patients comparing with healthy controls

Men Women
ocCDh? HC? oCD? HC?
(n =178 ) (Il =117 ) F Pb anc (1'1 =40 ) (n =84 ) F Pb anc
Statistics: Wilks A = 0.950, F(2, 181)=4.770, p = 0.010 Wilks A =0.987, F(1, 112) = 0.743, p = 0.478

FKBP5  CpGl (+52,080)  96.85+2.66 97.47+271  2.041 0.155 0014 96.71+277 97.36+2.57 1488 0.225 0.013
(intron7) CpG2 (+52,105)  92.44+299 93.71+321  7.138  0.008"  0.040 9325+3.40 93.04+3.74  0.132 0.718 0.001

Statistics: Wilks A= 0.998, F(3, 177) = 0.138, p = 0.937 Wilks A = 0.886, F(3, 110) =4.715, p = 0.004"
CpGl1 _(-3158) 1.91+1.08 1.88+£0.96 0.002 0.963  <0.001 1.98+0.98 1.76 + 1.01 0.133 0.716 0.001
i\e[:jriIF) CpG2 (-3155) 2.78+1.44 2775+ 1.44 0.092 0.762  <0.001 2.61+1.03 2.80+1.22 1.744 0.189 0.021
CpG3 (-3140) 3.22+£256 3.04+1.26 0.394 0.531 0.002 2.69+1.14 3.01+£0.92 11.576  <0.001" 0.090f

MANCOVA demonstrated significant between-group difference after controlling for age, rs1360780 genotype, ETISR-SF total score, and MADRS score.
*Mean = standard deviation of raw data

bStatistical significance was set at P < 0.025 after Bonferroni correction for 2 CpG sites in MANCOVA of FKBPS5 methylation and at P

0.017 after Bonferroni correction for 3 CpG sites in MANCOVA of NR3C1I methylation

“Effect size was calculated using partial eta squared and interpreted according to the rule of Miles and Shevlin (2001)

"Medium effect (> 0.06)
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FKBPS gene: GRCh38.p13, 6p21.31
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Figure S1. Schematic representation of two cytosine-phosphate-guanine (CpGQG)
sites selected for DNA methylation analysis of the FKBPS5 structure of
chromosome 6, based on the Genome Reference Consortium Human Build 38
patch release 13 primary assembly in the NCBI Variation Viewer. The two CpG
sites analyzed based on the proximity to glucocorticoid response element (GRE)

at intron 7 are shown in red boxes.

NR3C1 gene: GRCh38.p13, 5¢31.3
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Figure S2. Schematic representation of three cytosine-phosphate-guanine
(CpQ) sites selected for DNA methylation analysis of the NR3CI structure of
chromosome 5, based on the Genome Reference Consortium Human Build 38
patch release 13 primary assembly in the NCBI Variation Viewer. The three

CpG sites at exon 1F after promotor region are shown in red boxes.
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Figure S3. Diagram of SEM results of ETISR-SF, FKBP5 rs1360780 genotype,
and their interaction term (G*E), FKBP5 methylation, NR3CI methylation

(mNR3C1 as latent variable), age, and OCD status in the primary analysis.

Coefficients are unstandardized estimates. Only significant results are presented
while nominally significant result is captioned ‘“nominal”. (Left: men, Right:

women)
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Figure S4. Diagram of SEM results of ETISR-SF, FKBP5 rs1360780 genotype,
and their interaction term (G*E), FKBP5 methylation, NR3CI methylation

(mNR3CI1 as latent variable), age, and OCD status in_the subgroup analysis

for drug-naive or free patients. Coefficients are unstandardized estimates.

Only significant results are presented while nominally significant result is
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captioned “nominal”. All fits were good enough (Left: men, chi-square =
12.510; chi-square/df = 0.626, p = 0.897; RMSEA = 0.000; CFI = 1.000; TLI =
1.262; WRMR = 0.450; Right: women, chi-square = 26.431; chi-square/df =
1.201, p = 0.234; RMSEA = 0.041; CFI = 0.924; TLI = 0.866; WRMR =
0.680).

fkbp5 cgl
genotype .\
- 171 (.041)
G*E 742 (.376)—*fkbp5 cg2<147 (-06\7)
-.204 (.059)
ETImodi 514 (.122) OCD
-.560 (.142)
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Ll mr3cl cgl ¥ ir3cl cg3
nr3cl cg2

Figure S5. Diagram of SEM results of additional analysis in which ETISR-SF
was modified to weigh physical, emotional, and sexual trauma rather than
general trauma. Coefficients are unstandardized estimates. Interaction term
between SNP rs1360780 genotype and modified ETI (categorical) has
significant impact on CpG2 of FKBPS intron 7. The model was the best fit for
the data (chi-square = 27.794; chi-square/df = 0.993, p = 0.475; RMSEA =
0.000; CF1=1.000; TLI=1.001; WRMR = 0.670).
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