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HPA axis dysregulation

Is associated with differential
methylation of CpG-sites in related
genes

Andreas Chatzittofis>**, Adrian Desai E. Bostrom?3, Diana M. Ciuculete*,
Katarina Gérts Oberg®, Stefan Arver®, Helgi B. Schiéth*® & Jussi Jokinen?’?

DNA methylation shifts in Hypothalamic—pituitary—adrenal (HPA) axis related genes is reported

in psychiatric disorders including hypersexual disorder. This study, comprising 20 dexamethasone
suppression test (DST) non-suppressors and 73 controls, examined the association between the

HPA axis dysregulation, shifts in DNA methylation of HPA axis related genes and importantly, gene
expression. Individuals with cortisol level 2138 nmol/l, after the low dose (0.5 mg) dexamethasone
suppression test (DST) were classified as non-suppressors. Genome-wide methylation pattern,
measured in whole blood using the EPIC BeadChip, investigated CpG sites located within 2000 bp of
the transcriptional start site of key HPA axis genes, i.e.: CRH, CRHBP, CRHR-1, CRHR-2, FKBP5 and
NR3C1. Regression models including DNA methylation M-values and the binary outcome (DST non-
suppression status) were performed. Gene transcripts with an abundance of differentially methylated
CpG sites were identified with binomial tests. Pearson correlations and robust linear regressions
were performed between CpG methylation and gene expression in two independent cohorts. Six

of 76 CpG sites were significantly hypermethylated in DST non-suppressors (nominal P<0.05),
associated with genes CRH, CRHR1, CRHR2, FKBP5 and NR3C1. NR3C1 transcript AJ877169 showed
statistically significant abundance of probes differentially methylated by DST non-suppression status
and correlated with DST cortisol levels. Further, methylation levels of cg07733851 and cg27122725
were positively correlated with gene expression levels of the NR3C1 gene. Methylation levels of
cg08636224 (FKBP5) correlated with baseline cortisol and gene expression. Our findings revealed that
DNA methylation shifts are involved in the altered mechanism of the HPA axis suggesting that new
epigenetic targets should be considered behind psychiatric disorders.

The hypothalamic-pituitary-adrenal (HPA) axis is a key regulator of the response to stress and is involved
in the adaptation and homeostasis of the organism under a variety of circumstances'. In the recent decades
HPA axis dysregulation has been reported in various psychiatric disorders including, but not limited to, major
depressive disorder?, post-traumatic stress disorder (PTSD)?, addiction* and hypersexual disorder®. One possible
explanation to the association seen between HPA axis dysfunction and psychiatric morbidity could be through
epigenetic mechanisms.

Epigenetics, and specifically DNA-methylation is recognized as the most promising potential pathway in
mediating the nature-nurture interactions. DNA methylation results in a reversible structural change which
subsequently has effects on gene expression mainly through altered binding of transcription factors®. Although
previously thought that DNA-methylation essentially always resulted in silencing of affected genes, it now
seems that the exact genomic sites of methylation determine what the downstream consequences are for gene
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transcription®”. Therefore, it is very important to elucidate the exact effects of gene methylation on specific
genomic sites.

Preliminary studies on differential methylation of genes involved in the HPA axis function have been mainly
focused on the glucocorticoid-receptor encoding gene (NR3CI) and the FKBP Prolyl Isomerase 5 gene (FKBP5).
Although there are exceptions, the majority of the studies report lower NR3C1 methylation in PTSD, while
results remain mixed in depression®’. Findings are very preliminary in other psychiatric disorders such as
hypersexual disorder'®. Moreover, it is imperative to point out that previous studies have mainly focused only
on specific genes, not including gene expression analyses, or cortisol levels and other measurements of the HPA
axis function®. Consequently, even though some studies have found associations between psychiatric disorders,
HPA axis dysfunction and DNA-methylation changes, what is hitherto still largely unknown is in what way
exactly differential methylation of which CpG-sites in what genes is associated with HPA axis dysregulation.
In addition, cortisol is reported to have an inhibitory effect on the HPT (hypothalamic pituitary-thyroid) axis
although studies report mixed results''~'>.

The aim of this study was to examine the association between HPA-axis dysregulation measured with the
dexamethasone suppression test (DST) and differential DNA-methylation of key HPA axis related genes in a study
population comprising patients with hypersexual disorder and healthy volunteers. Moreover, we assessed the
relation between DNA methylation of the HPA axis related genes and the function of the thyroid gland. Finally,
we aimed to examine possible association of these methylation profiles to gene expression levels of selected genes
using data from two independent cohorts.

Materials and methods

Ethics and patient consent. The study protocols were approved by the Regional Ethical Review Board in
Stockholm (Dnrs: 00-194, 2015/1454-32) and the participants gave their written informed consent to the study.
Concerning the independent cohort and expression data set, both studies were approved by the Regional Ethical
Review Board in Uppsala, and all participants gave their written informed consent. All methods were carried out
in accordance with relevant guidelines and regulations.

Characterization of the discovery group. The study population has been described previously in
detail>'’. Sixty-seven hypersexual patients were recruited through advertising in media as well as referrals at
the Center for Andrology and Sexual Medicine (ANOVA) at the Karolinska University Hospital. A diagnosis
of hypersexual disorder, age of 18 years or older and available contact information were the inclusion criteria.

A current psychotic illness, current alcohol/drug abuse or serious physical illness and psychiatric disease
requiring immediate treatment were the exclusion criteria. The diagnosis of hypersexual disorder was set by
a trained psychiatrist and psychologist according to proposed DSM 5 criteria (participants needed 4 out of 5
criteria to be included)'. The Mini International Neuropsychiatric Interview (MINI) was used for other psy-
chiatric diagnoses'®.

Healthy male volunteers were recruited from the Karolinska Trial Alliance (KTA) database and after screen-
ing, were included if they had no previous or current psychiatric illness, no first degree relative with completed
suicide, bipolar disorder, or schizophrenia; and no previous exposure to serious trauma (natural disaster, assault)
and no serious physical illness. Also, individuals screened positive for HD or pedophilic disorder were also
excluded. The healthy volunteers were age match with HD patients, and the time of blood sampling was matched
to either fall or spring to minimize potential seasonal variations. One volunteer of the total 40 was excluded due
to physical illness detected in the laboratory results leaving a sample of 39 healthy volunteers.

Assessments and clinical data of the discovery group. All participants (HD patients and healthy
volunteers) were assessed using the Mini-International Neuropsychiatric Interview (MINI 6.0) (Sheehan et al.,
1998), the Hypersexual Disorder Screening Inventory (HDSI) (www.dsm5.org), the Hypersexual Disorder: Cur-
rent Assesssment Scale (HD:CAS), the Sexual Compulsivity Scale (SCS)'S, the Montgomery-Asberg Depression
Rating Scale Self-rating (MADRS-S)'” and the Childhood Trauma Questionnaire (CTQ)®. For more details
please see supplementary material.

Blood samples and analysis. Blood samples from non-fasting participants were collected in the morning
according to standard procedures. Analyses of plasma ACTH and Cortisol assays were performed directly after
sampling at the laboratory of the Karolinska University Hospital using a chemiluminescence immunoassay. To
test the HPA axis function, low dose (0.5 mg at 23:00 h) dexamethasone suppression test (DST) was performed
in all participants the same day after the baseline plasma samples of ACTH and Cortisol were gathered. Post-
DST blood samples were collected the next day at approximately 08.00 h and analyzed using the same method
as for baseline ACTH and Cortisol. Individuals having plasma Cortisol level of 138 nmol/l (equivalent to=5 g/
dl) or higher in the morning sample after dexamethasone administration was classified as non-suppression
(impaired feedback inhibition).

Blood sample collection and methylation profiling. Genomic DNA was extracted from 110 samples
using the phenol-chloroform method'. Subsequently, the EZ DNA Methylation—GoldTM kit (ZymoResearch,
USA) was used for bisulfite conversion. Bisulfite converted DNA was thereafter hybridized to the Illumina
Infinium Methylation EPIC BeadChip, measuring the methylation state of over 850-K CpG sites. The array was
imaged in using the Illumina iScan system (Illumina, San Diego, CA, USA) in which the percent methylation
state of each CpG site was quantified across the study group.
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Data processing. Preprocessing of the methylation data was performed by background correction, adjust-
ment of probe type differences, removal of batch effects and probe exclusion. Subsequently, the global DNA
methylation pattern was adjusted for white blood cell type heterogeneity. Principal component analysis (PCA)
was used to identify sample outliers in the methylation data. Methylation preprocessing steps were performed in
using the minfi*’, watermelon®, sva??, ChAMP? and FactoMineR* packages of the Bioconductor project oper-
able in R, version 3.3.0. For background correction, adjustment of type I and type II probes, removal of batch
effects and probe exclusion please see supplementary material.

Criteria of sample exclusion. To investigate the global DNA methylation pattern for sample outliers, the
‘PCA function of the FactoMineR package was used*’. 7,547 probes were further studied and included in the
covariance matrix based on a threshold of 0.2 and a 95% reference range, as performed by Voisin et al.”®. The
first principal component explained 20.4% of the total variance and successively studied vectors did not add
significantly to the total variance. Outliers were identified by visual inspection of the graphical display of the first
principal component, resulting in seventeen samples being excluded from further analysis.

CpG site annotation and selection of HPA axis coupled probes. 90% of the probes on the Illumina
EPIC BeadChip array are also present on the Illumina 450 K Methylation Beadchip. We therefore used the
expanded annotation produced by Price et al., originally designed for the 450 K array, to define, for each CpG
site, the distance to the closest transcriptional start site (TSS) and the associated gene®. As such, only CpG-sites
present on the Illumina 450-K methylation beadchip were considered for further analysis. In addition, we only
considered CpG sites located within 2,000 base pairs (bp) up and downstream of the TSS. Wagner et al. demon-
strated that DNA methylation and gene expression is closely related in this region’.

We considered the following HPA axis coupled genes: CRH, corticotropin releasing hormone binding protein
(CRHBP), corticotropin releasing hormone receptor 1 (CRHR1), corticotropin releasing hormone receptor 2
(CRHR2), FKBP5 and the NR3CI. After the preprocessing steps outlined above, 76 CpG sites annotated to any
of the aforementioned genes were investigated in the subsequent analysis.

Methylation-expression correlation. Candidate CpG sites were investigated for a correlation between
methylation and expression in two independent cohorts.

FTO cohort. 11 healthy male volunteers aged between 18 and 40 years were recruited from the region of Upp-
sala, Sweden, between 2013 and 2014. Blood analyses were performed before and after a meal intake. For the
purpose of this study, only the non-fasting blood samples were further studied. The genome-wide DNA meth-
ylation pattern was measured using the Illumina Infinium 450 K BeadChip. RNA microarray expression was
measured and analyzed using the Affymetrix GeneChip Human Gene 2.1 ST array. More details on the cohort
and preprocessing of the methylation and RNA specimens have been previously published?.

E-GEOD-49065 cohort.  Data is openly available (E-GEOD-49065) and were originally published by Steegenga
et al., who studied age-induced changes in DNA methylation and their effect on gene expression. Methyla-
tion data was measured using the Illumina Infinium 450 K BeadChip and expression data with the Affymetrix
Human Gene 1.1. ST array. The cohort of methylation and expression data in peripheral blood mononuclear
cells (PBMCs) included 10 healthy Caucasian male blood donors, aged 30-66 years?.

Statistical analysis. All statistical analyses were performed in using R statistics, version 3.3.0.

After the preprocessing steps, 76 HPA axis coupled CpG sites and 93 samples remained to be included
in the subsequent analysis. Skewness and kurtosis of the distribution of continuous variables were evaluated
with the Shapiro-Wilks test. Baseline cortisol levels and HbA1C (mml/mol) were normally distributed in both
hypersexuality patients and in healthy volunteers, whereas the other clinical variables were not. The t-test and
Kruskal-Wallis’ test were subsequently used to investigate group differences in continuous variables between
hypersexuality patients and healthy controls. Chi-squared tests were used to detect differences in categorical
variables, e.g. gender, depression and DST non-suppression status.

There were many potential covariates on the association analysis between DNA methylation and DST non-
suppression status, e.g. hypersexuality, depression, CTQ Total, TSH/T4-quota, HbA1C, baseline cortisol and
ACTH, and plasma levels of testosterone, TNF-alpha and IL-6. To avoid overfitting by including too many
covariates, we investigated each individual covariate against the phenotype of interest in multiple linear regres-
sion models using the ‘Imy’ function in R. Covariates were incrementally and independently selected. Using the
computed analysis of variance, we tested whether the addition of a particular covariate resulted in a better fit
to the model and only included variables with a p-value <0.10. The best linear model for DST non-suppression
status included the CpG sites, hypersexuality (P=0.033) and baseline cortisol (P=0.087). We considered the
same co-variates on the association analyses between DNA methylation and baseline cortisol and ACTH, DST
cortisol, DST ACTH and the TSH/T4-ratio. The optimal model for cortisol and ACTH, at baseline and after
DST, included only the CpG-sites. For the TSH/T4-ratio, the best linear model included the methylation sites,
hypersexuality (P=0.066) and IL-6 (P<0.001).

Beta-values of methylation were used for graphical illustration. For statistical analysis, we transformed the
beta values to M-values, which have been shown to be statistically more robust®.The association analysis between
DNA methylation and the phenotypes of interest was tested with linear models using the ‘limma’ package for
R, applying an empirical Bayes method based on a moderated t-statistic*®. We assumed a linear model where
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DST non-supressors | Controls Statistics (t-test, Kruskall-Wallis, Chisq.test), P value

N 20 73

Age (years) 37.4(12.1) 39 (11.6) ns
Men:Women, (n (%)) 18 (90) : 2 (10) 69 (5.5):4(5.5) |ns
Diagnosis depression (n(%)) 3(15.0) 6(8.2) ns
Hypersexuality (n(%))* 17 (85.0) 43 (58.9) 5.78E-02
CTQ Total 37.2(13.4) 37.8 (11.2) ns

TSH (mE/L)/T4 (nmol/L) 0.017 (0.0099) 0.023 (0.02333) | ns
HBA1C (mml/mol) 31.7 (2.9) 33.2(5.5) ns
Cortisol (nmol/L) 515.2 (147.2) 458.5 (133.5) ns

DST Cortisol (nmol/L) 225.8 (92.5) 50.6 (34.2) 5.74E-11
ACTH (pmol/L) 5.94 (2.32) 6.23 (3.19) ns

DST ACTH (pmol/L) 3.17 (1.79) 1.45 (1.08) 3.37E-05
Testosteron (nmol/L) 13.9 (4.1) 14.1 (5.7) ns
TNF-alpha (ng/L) 6.9 (2.1) 6.7 (2.2) ns

IL-6 (ng/L) 2.03 (0.12) 2.30 (0.98) ns

Table 1. Clinical characteristics of DST non-suppressors and controls. Values are shown as mean (SD) unless
otherwise specified. P-values were calculated by means of t-test, Kruskall-Wallis’ test or chi-squared tests,
contrasting values for DST non-suppressors and controls (DST suppressors). A one-tailed p-value <0.05

was considered significant. CTQ childhood trauma questionnaire, DST ACTH ACTH levels after the
dexamethasone suppression test, DST Cortisol cortisol levels after the dexamethasone suppression test; DST
non-suppressors, non-suppression status defined as DST cortisol levels > 138 nmol/l, ns not significant.

the M values of each CpG site were used as a quantitative dependent trait and the phenotypes of interest were
used as covariates together with the optimal covariates identified in the analysis outlined above. All analyses
were accounted for multiple testing using the false discovery rate (FDR) method®'. As a second step, as each
gene transcript may be associated with several CpG sites, we analyzed the results of the regression analyses to
identify gene transcripts with an abundance of differentially methylated CpG sites using binomial tests. P-value
thresholds (‘hypothesized probability of success’) were set to 0.05 to stratify probes according to significant and
non-significant methylation changes. Binomial tests were then performed in R using the function “binom.test”,
contrasting for each gene the number of nominally significant CpG sites to the total number of probes annotated
to each gene transcript not taking the direction of the methylation change into account. Binomial test p-values
were adjusted for multiple testing using the Bonferroni method. Gene transcripts with a Bonferroni-adjusted
binomial test P-value <0.05 were considered significant.

Candidate CpG sites were further investigated with regard to their association with transcriptional expres-
sion of the respective gene in two independent cohorts (FTO cohort and E-GEOD-49065 cohort). Methylation
M-values were correlated with normalized gene expression data in two separate regressions, using both Pearson’s
product moment correlation method and robust linear regressions using the ImRob’ function of the “robust”
package for R*2. On the analysis of TSH/T4 associated CpG sites, in the case of more than one candidate meth-
ylation probe for each gene transcript, methylation levels were averaged for each gene. Correlation analyses
between methylation and the level of transcriptional expression were in these cases performed in using averaged
methylation values. Finally, post-hoc analyses of candidate CpG-sites to investigate the effect of hypersexual-
ity on methylation were performed as well as blood-brain correlations of the candidate CpG-sites using the
Blood-Brain Epigenetic Concordance (BECon) tool*.

Results

Behavior of the clinical outcome variables. 1In this cohort of 20 DST non-suppressors and 73 DST
suppressors (controls), DST non-suppressors had significantly higher levels of DST cortisol (P<0.00001) and
DST ACTH (P<0.0001). In addition, DST non-suppressors tended to suffer from hypersexuality to a larger
degree than controls (P=0.0578). No between group differences were identified for age, gender, CTQ score,
TSH/T4-quota, baseline cortisol, baseline ACTH, plasma levels of testosterone, TNF-alpha or IL-6 (Table 1).

Investigation of 76 HPA axis coupled probes reveals NR3C1 transcript AJ877169 to have a sta-
tistically significant abundance of probes differentially methylated by DST non-suppression
status. We performed multiple linear regression models of methylation M-values to a binary outcome
variable of DST non-suppression status, adjusting for hypersexuality and baseline cortisol levels. 76 individual
CpG sites were tested, and six of these were by nominal significance hypermethylated in DST non-suppressors
(P<0.05), associated with the genes CRH, CRHR1, CRHR2, FKBP5 and NR3C]I. No individual CpG site was
significant after corrections were made for multiple testing using the FDR-method (please see supplementary
material). With two out of two CpG sites significantly hypermethylated in DST non-suppressors (cg07733851,
€g27122725; P<0.05), NR3CI associated transcript AJ877169 was the only gene transcript with a statistically
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FTO-cohort (n=11) E-GEOD-49065 (n=10)
Pearson Pearson
Robust linear correlation Robust linear correlation
regression analyses regression analyses
Gene Transcript | Illumina ID | Coef | P.val Coef | P.val | Coef | P.val Coef | P.val
NR3C1I AJ877169 cg07733851 0.53 6.56E-04 | - ns - ns - ns
NR3C1 AJ877169 cg27122725 | - ns - ns 0.47 | 4.04E-02 |- ns

Table 2. Methylation/transcription correlations of HPA-axis associated CpG sites differentially methylated
by DST non-suppression status and positively correlated with DST cortisol levels. The table lists CpG-sites
located within the TSS2000 of HPA-axis genes with significant cortisol post DST-associated methylation
changes. These methylation probes are investigated for a correlation with transcription in two separate cohorts
with healthy controls (FTO-cohort and E-GEOD-49065 cohort). Methylation M-values were correlated with
expression values inter-individually, by pearson correlations and robust linear regression models, respectively.
Coef. regression coeflicient; P.val, P-value.

significant abundance of differentially methylated CpG sites after Bonferroni corrections were made for multiple
testing (please see supplementary material).

AJ877169 is shown to have also a statistically significant abundance of CpG sites correlated
with DST cortisol levels. The analysis performed between the 76 HPA axis coupled CpG sites and plasma
levels of DST cortisol revealed the same NR3CI (AJ877169) associated CpG sites identified in the analysis of
DST non-suppression status—cg07733851 and cg27122725—were nominally significant (P<0.05). Additional,
probes associated with the CRH and FKBP5 genes were identified. No individual CpG site was significant after
adjustments for multiple testing (please see supplementary material). AJ877169 had a statistically significant
abundance of differentially methylated CpG sites after Bonferroni adjustments (please see supplementary mate-
rial).

Methylation levels of cg07733851 and cg27122725 are positively correlated with gene expres-
sion levels of the NR3C1 gene. To evaluate to what extent the methylation of candidate CpG sites asso-
ciated with DST non-suppression status and plasma DST cortisol levels impacts the expression of NR3CI,
Pearson’s correlation analyses and robust linear regression analyses were performed in two separate cohorts of
healthy controls (FTO cohort, n=11; E-GEOD-49065, n = 10, respectively). The methylation state and level of
transcriptional expression was aligned to each other intra-individually, not taking any covariates into account.
We found a significant positive correlation with transcription for cg27122725 in the robust model of the E-GED-
49065 cohort (P<0.05). In addition, cg07733851 was positively correlated with NR3C1 expression levels in the
robust model of the FTO cohort (P<0.001), (Table 2).

No HPA axis coupled transcript or individual CpG site was significantly correlated with ACTH
levels, both pre and post DST. In the association analyses between DNA methylation and ACTH levels
pre and post DST, no individual CpG site was significant after adjustments were made for multiple testing (please
see supplementary material). Furthermore, there were no gene transcripts with an abundance of nominally sig-
nificant probes (data not shown).

Methylation levels of cg08636224—associated with FKBP5 transcript NM_004117—is sig-
nificantly correlated with baseline cortisol. We also investigated associations of baseline cortisol
and HPA axis coupled methylation probes. In this analysis, DNA-methylation levels at three CpG sites were
inversely correlated with the baseline cortisol (P<0.05). The identified CpG sites were, cg23185751(CRHR?2),
cg08636224(FKBP5) and cg07733851(NR3C1). After adjustments were made for multiple-testing, methyla-
tion levels of cg08636224, associated with the FKBP5 gene and the NM_004117 transcript, was significant
(pFDR =0.0269)(please see supplementary material), (Fig. 1).

Methylation levels of cg08636224—significantly associated with baseline cortisol—is posi-
tively correlated with gene expression of the FKBP5 gene. To investigate the impact of candidate
CpG site cg08636224 on transcriptional activity of the associated gene, the methylation state was correlated with
the level of transcriptional expression of the FKBP5 gene intra-individually. In the E-GEOD-49065 cohort, we
found significant positive correlations with gene expression in both robust and Pearson correlation analyses.
This finding was, however, not replicated in the FTO-cohort (Table 3).

CpG sites associated with the genes CRH, CRHR1, CRHR2 and FKBP5 are significantly cor-
related with the TSH/T4-ratio. We investigated associations between DNA methylation and the TSH/
T4-ratio by multiple linear regressions of methylation M-values to the phenotype of interest, adjusting for hyper-
sexuality disorder and plasma levels of IL-6. After adjustments for multiple testing, nine methylation probes
were significantly correlated with the TSH/T4-ratio, associated with the genes CRH, CRHBP, CRHRI, CRHR2
and FKBP5 (please see supplementary material). Furthermore, with five out of 14 CpG sites nominally signifi-
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Figure 1. Scatterplot of FKBP5 associated CpG site cg08636224 methylation levels and baseline cortisol

(nmol/L).
FTO-cohort (n=11) E-GEOD-49065 (n=10)
Pearson Pearson
Robust linear | correlation Robust linear correlation
regression analyses regression analyses
Gene Transcript | Illumina ID | Coef | P.val | Coef |P.val | Coef | P.val Coef | P.val
FKBP5 NM_004117 | cg08636224 - ns - ns 0.84 |2.18E-02 |0.74 1.49E-02

Table 3. Methylation/transcription correlations of FKBP5 associated CpG site cg08636224 which is negatively
correlated with baseline cortisol levels. The table lists CpG-sites located within the TSS2000 of HPA-axis

genes with significant cortisol post DST-associated methylation changes. These methylation probes are
investigated for a correlation with transcription in two separate cohorts with healthy controls (FTO-cohort
and E-GEOD-49065 cohort). Methylation M-values were correlated with expression values inter-individually,
by pearson correlations and robust linear regression models, respectively. Coef. regression coefficient; P.val,
P-value.

cant (P<0.05), CRHR?2 associated transcript EU012442 had a statistically significant abundance of CpG sites that
were correlated with the TSH/T4-ratio after the Bonferroni adjustments (please see supplementary material).

Candidate methylation sites correlated with the TSH/T4-ratio and associated with the genes
CRH and CRHBP are significantly correlated with gene expression levels. As there were more
than one candidate CpG sites for CRHRI transcript EU012435 and CRHR2 transcript EU012442, we used aver-
aged methylation values on the association analysis with levels of transcriptional expression. Methylation levels
of CRHBP associated probe cg21842274 was significantly negatively correlated with gene expression levels in
the Pearson analyses in both the FTO and E-GEOD-49065 cohort (P <0.05). In addition, CRH associated CpG
site cg18640030 was positively correlated with gene expression levels in the robust model of the E-GEOD-49065
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FTO-cohort (n=11) E-GEOD-49065 (n=10)
Robust linear | Pearson correlation | Robust linear Pearson correlation
regression analyses regression analyses
Gene Transcript sign.* CpG-sites | Coef | P.val | Coef | P.val Coef | P.val Coef | P.val
CRH NM_000756 |1 ns - ns 5.69 |2.61E-03 |0.54 0.11
CRHBP NM_001882 |1 ns -0.53 |4.84E-02 |- ns -0.55 | 4.85E-02
CRHRI EU012435 2 - ns - ns - ns - ns
CRHR2 EU012442 4 ns - ns - ns - ns
FKBP5 NM_004117 |1 ns - ns - ns - ns

Table 4. Methylation/transcription correlations of CpG sites correlated with TSH/T4 (mE/nmol). The table
lists CpG-sites located within the TSS2000 of HPA-axis genes that are significantly correlated with TSH/
T4-levels. Methylation probes belonging to the same transcript were first averaged and then investigated for a
correlation with transcription in two separate cohorts of healthy controls (FTO-cohort and E-GEOD-49065
cohort). Methylation M-values were correlated with expression values inter-individually, by pearson
correlations (assuming an inverse correlation) and robust linear regression models, respectively. Coef.
regression coefficient; P.val, P-value.

cohort (P<0.01). No associations with gene expression levels were found for the CpG sites associated with
CRHR1, CRHR2 and FKBP5 (Table 4).

Post-hoc analyses of candidate CpG-sites to investigate the effect of hypersexuality on meth-
ylation. For the DST non-suppression status, pre- and post-DST cortisol level analysis, multiple linear
regressions of the CpG-site methylation levels to the dichotomous variables CpG ~ DST ns + hypersexual disor-
der + DST ns*hypersexual disorder we performed. DST non-suppression status was also investigated for inter-
action effects by binomial logistic regression models, DST ns~ CG +hypersexual disorder + CG*hypersexual
disorder. NR3Cl-associated methylation site cg07733851 was significantly (P <0.05) associated with post-DST
cortisol levels and hypersexual disorder. Specifically, the interaction term composed of DST non-suppression
status and occurrence of hypersexual disorder diagnosis had a positive coefficient (P <0.05), indicating disease
state-dependent effects on the association between methylation status and expression levels.

Blood-brain correlations of the candidate CpG-sites using the BECon tool. Transferability
between blood- and brain methylation levels occur specifically in the BA20 region of the brain for NR3CI-
associated CpG-sites cg07733851 and cg27122725. In the case of cg27122725, the BA7-region appear of some
functional relevance as well. (Please see supplementary material).

Discussion

Our findings of epigenetic changes of the HPA axis associated genes being associated with HPA function, in
the form of pre- and post DST cortisol output, as well as gene expression in independent cohorts, adds to the
previous findings of the significance of epigenetic changes of HPA axis on a molecular level. Key elements of
the HPA axis regulation include the glucocorticoid receptor, encoded by the NR3C1I gene and other regulating
factors such as the FK506 encoded by the FKBP5 gene that regulates the activity of the glucocorticoid receptor.
In this cohort, comprising 20 DST non-suppressors and 73 DST suppressors as controls, we initially aimed to
identify HPA axis coupled CpG-sites, in which modifications of the epigenetic profile are associated with DST
non-suppression status. DNA methylation at six CpGs (related genes CRH, CRHRI, CRHR2, FKBP5 and NR3C1),
were by nominal significance hypermethylated in DST non-suppressors and the NR3C1 associated transcript
AJ877169 was the only gene transcript with a statistically significant abundance of differentially methylated CpG
sites after corrections for multiple testing. The same transcript was correlated with DST cortisol plasma levels.
Moreover, methylation levels of CpG sites of the NR3C1 gene (cg07733851 and cg27122725) were positively cor-
related with gene expression levels of the NR3CI gene in two independent cohorts. Furthermore, according to
DNA methylation annotation by Illumina and Price et al.,” none of the included CpG-sites in the analyses, were
positioned in enhancers or activated enhancers. The AJ877169 associated candidate CpG-sites were both anno-
tated as promoter associated. Both studied candidate CpG-sites (cg07733851 and ¢g27122725) were identified as
located in CpG shores, i.e. regions up to 2000 base pairs from CpG islands. No data suggested the differentially
methylated sites were positioned in RNA polymerase-II binding sites.

These results are in line with the literature reporting that NR3CI methylation has also been associated with
the function of the HPA axis. A previous study, evaluating salivary cortisol before, during, and after a social stress
task, reported that a flattened cortisol recovery slope was associated with higher NR3CI methylation levels sug-
gesting that methylation of NR3CI may impair negative feedback of the HPA axis**. In addition, another recent
study reported that morning cortisol levels were positively associated to the degree of methylation of the NR3CI
exon 1F and mean DNA methylation levels were significantly increased in depressed patients reflecting gluco-
corticoid receptor resistance®. In the same line, a study by Weder et al. (2014), reported that increased methyla-
tion of one CPG (cg04111177) of the NR3C1 gene was associated with higher morning cortisol**. Moreover,
Stonawski et al., reported a sex difference with one CpG (cg07733851) of the NR3CI gene, having a main effect,
hypermethylated, and two other NR3CI CpGs (cg04111177, cg27107893) interacting with sex in girls showing
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higher methylation values than boys after prenatal exposure to depressive symptoms*. The majority of studies
investigating differential NR3CI-1F DNA methylation and baseline cortisol levels or after stress challenges (e.g.
Trier Social Stress Test or the Dex/CRH test) reported higher cortisol stress responses as well as attenuated HPA
axis feedback regulation®-%. In fact, childhood adversity as well as psychiatric disorders such as depression,
anxiety and substance-use disorders were related with reduced methylation of NR3CI1*. A recent study, reported
also that the methylation of specific CG sites within the NR3CI exon 1F predicted a steeper diurnal cortisol slope
instead of cortisol levels in the morning, afternoon or bedtime*!.

The methylation levels of cg08636224 -associated with FKBP5 transcript NM_004117 was significantly cor-
related with baseline cortisol and positively correlated with gene expression of the FKBP5 gene in an independent
cohort. However, the magnitude of methylation difference was small (1%), that might question possible biological
effects. However, there is growing evidence suggesting a wide range of transcriptional and translational effects
due to subtle changes in methylation on specific genes. This has been shown especially in complex, multifactorial
diseases such as schizophrenia and depression*’. The FK506 binding protein 5 (FKBP5) reduces the affinity of
cortisol to the glucocorticoid receptor complex thus leading to the inhibition of the HPA axis ***%. It has been
previously reported that genetic polymorphisms are very important when investigating the function of the FKBP5
gene especially in the context of gene x environment interaction especially childhood trauma*. However, a previ-
ous study in epigenetics of the FKBP5 gene, using a targeted approach, investigated cortisol stress responses in a
sample of healthy volunteers in relation to exposure to childhood trauma. The authors reported no association
between FKBP5 DNA methylation levels with both acute and chronic cortisol output nor an effect of exposure
of childhood trauma and emphasize on the significance of the mental health status of the participants®. Thus,
both methodological differences and possible confounders such as psychiatric disorders and childhood adversity
are important when assessing methylation patterns of the FKBP5 gene and the HPA axis function. In addition,
results of the post hoc analysis regarding the effect of hypersexuality on methylation, indicate that the identified
association between cg07733851 methylation levels and DST non-suppression status holds true irrespective of
occurrence of hypersexual disorder diagnosis, but that the effect is amplified in these subjects. Underlying the
strength of the present study, no other candidate CpG-site showed significant results on DNA methylation levels
in dependency of hypersexual disorder nor in dependency of any interaction between DST non-suppression
status and hypersexual disorder diagnosis (P>0.05), indicating no bias from disease-state dependent effects on
the direction of the methylation change.

Finally, the TSH/T4-ratio, as a more sensitive measurement of the thyroid function, was associated with DNA
methylation values at the CRHR2 gene (transcript EU012442). Additionally, CRHBP and CRH (cg21842274 and
cg18640030) associated DNA methylation shifts were inversely and positively correlated with gene expression,
respectively. Indeed, HPA and HPT axes are close related with cortisol having a direct inhibitory effect on TRH
secretion and subsequently on TSH release. It was proposed that hypercortisolemia decreases TRH mRNA levels
and glucocorticoid administration decreases TSH secretion as well as TRH-induced TSH stimulation'*. This
was also reported in patients with Cushing’s disease®’. On the other hand, studies reported that glucocorticoids
stimulate the TRH gene'? and in animals is was reported that CRH through binding to the CRH- type 2 recep-
tors on thyrotropes leads to increased release of TSH*®*. Thus, it seems that CRH and glucocorticoids exhibit
antagonistic effects on TSH secretion, as it is shown in the present study, and the explicit relationship between
HPA and HPT axis remains unknown'.

The present study has a number of strengths. To our knowledge, this is the first study to assess the DNA
methylation level of the HPA axis related genes in the same sample and to examine DNA methylation differences
in relation to HPA axis activity through different measurements such as pre and post DST inhibition test. We
used genome-wide methylation chips with over 850-KCpG sites, however, based on our earlier findings on HPA
dysregulation in men with hypersexual disorder'’, we applied a targeted approach on candidate genes of the
HPA axis. Moreover, there was a rigorous characterization of the patient population with structured diagnostics
of hypersexual disorder, the presence of age matched healthy control group and important confounders, such
as hypersexuality, baseline cortisol levels, were taken into consideration on the association analyses between
methylation of HPA axis related genes and DST non-suppression status. Antidepressant medication as well as
depression severity were not significantly associated with HPA function measures in this study population®.
Regarding childhood adversity, a known cofounder in methylation studies on HPA axis®, there were no dif-
ferences between DST suppressors and non-suppressors. Finally, methylation levels were correlated to gene
expression in two independent cohorts.

Limitations of this study include the self-reported measurements of early life adversity (CTQ) and the cross-
sectional design of the study, that does not allow any conclusions about causality. Technical validation by bisulfite-
sequencing (or MassARRAY) would increase the validity of the methylation results. However, the identification
of NR3CI related transcript AJ877169 to be associated with two independent variables in separate analysis
significantly strengthens the study outcome and lends considerable support to suggest the findings were not
identified by chance, i. e. in relation to DST non-suppression and DST cortisol levels. In addition, supporting
the potential functional significance of the identified CpG-sites, we provide evidence for a correlation with gene
expression levels. We did not control for the dexamethasone plasma concentrations during the DST®! or other
possible confounding factors with an effect on methylation patterns such as diet, prandial states and smocking?’.
However, we reduce the likelihood of confounding due to interindividual variance performing correlation analy-
ses intra-individually. Furthermore, the association analysis of methylation and expression were significant in
the robust models, but not by Pearson correlations. This could be explained by the fact that robust linear models
are recommended in small sample size in order to compensate for potential outliers or heteroscedasticity in the
data®?. We used blood DNA as target tissues are not accessible. In the investigation of blood-brain correlations
of the candidate CpG-sites we report transferability between blood- and brain methylation levels in the BA20
region of the brain for NR3CI-associated CpG-sites cg07733851 and cg27122725 and some functional relevance
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of the BA7-region for cg27122725. As epigenetic patterns vary from tissue to tissue and blood, further research
is needed before assuredly inferring causality as to the precise effects of the observed findings in target tissues.
Previous studies have also reported significant correlations between plasma and CSF Cortisol indicating that
plasma Cortisol is considered a reliable proxy for CSF levels*. Replication of these findings in a larger sample
before generalization is required. Finally, as DNA methylation and other epigenetic markers are not static but
undergo dynamic changes, the interpretation of these findings should be done with caution.
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