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Abstract

Chronic exposure to cortisol is associated with cardiovascular, metabolic, and psychiatric
disorders. Although cortisol can be readily measured from peripheral sources such as blood, urine,
or saliva, multiple samplings spanning several days to weeks are necessary to reliably assess
chronic cortisol exposure levels (referred to as cortisol load). Although cortisol levels in hair have
been proposed as a measure of cortisol load, measurement is cumbersome and many people are
not candidates due to short hair length and use of hair dyes. To date, there are no blood biomarkers
that capture cortisol load.

To identify a blood biomarker capable of integrating one-month cortisol exposure levels, 75
healthy participants provided 30+ days of awakening and bedtime saliva cortisol and to completed
psychosocial measures of anxiety, depression, and stress. Mean daily awakening and bedtime
cortisol levels were then compared to CpG methylation levels, gene expression, and genotypes of
the stress response gene FKBP5 obtained from blood drawn on the last day of the study.

We found a correlation between FKBP5 methylation levels and mean 30+day awakening and
bedtime cortisol levels (|r|=0.32, p<0.006). We also observed a sex-specific correlation between
bedtime cortisol levels and FKBP5 mRNA expression in female participants (r=0.42, p=0.005).
Dividing the 30-day sampling period into four weekly bins showed that the correlations for both
methylation and expression were not being driven by cortisol levels in the week preceding the
blood draw. We also identified a female-specific association between FKBP5 mRNA expression
and scores on the Beck Anxiety Inventory (r=0.37, p=0.013) and Beck Depression Inventory-II
(r=0.32, p=0.033). Finally, DNA was genotyped at four SNPs, and variation in rs4713902 was
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shown to have an effect on FKBP5 expression under a codominant model (f=3.41, p=0.048) for
females only.

Our results suggest that blood FKBP5 DNA methylation and mRNA expression levels may be a
useful marker for determining general or sex-specific 30-day cortisol load and justifies genome-
wide approaches that can potentially identify additional cortisol markers with broader clinical
utility.
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Introduction

Allostatic load is a theoretical construct representing the sum of detrimental consequences of
stress accumulated over time.(Ogden, 2004) High allostatic load is a major contributor to
poor health outcomes. Chronic exposure to the stress hormone cortisol is a significant
component of allostatic load, and is associated with cardiovascular and metabolic disorders.
(Bose et al., 2009; Brydon et al., 2006; Hackett and Steptoe, 2016; Kelly and Ismail, 2015)
The brain is especially susceptible to cortisol, as prolonged exposure is associated with an
increase in neuropsychiatric disorders,(Fardet et al., 2012) decrease in hippocampal volume,
(Rahman et al., 2016) and cognitive decline.(Arnsten, 2015; McKIlveen et al., 2016) Given
the detrimental impact of chronic exposure to cortisol, an easily accessible biological
measurement capable of capturing long term cortisol exposure would be immensely useful
for testing the association of cortisol load and disease susceptibility.

While cortisol can be measured from various peripheral sources such as urine, blood, saliva,
and hair, measurements from these sources either do not adequately reflect long-term
cortisol exposure or are burdensome to perform. Lack of accuracy of these measurements is
attributed to the pulsatile nature of cortisol secretion. Cortisol measured in urine, blood, and
saliva tends to only reflect the most recent circadian and stressful events. While the
assessment of 24-hour urine free cortisol levels provides a metric for a single day’s cortisol
exposure, other cortisol measures in urine, saliva, or blood provide even less time-based
information. Unless multiple samplings are measured, an accurate determination of cortisol
load is not possible. Although measurement of cortisol in hair samples is thought to indicate
long-term exposure to cortisol, sampling is cumbersome and not always possible especially
in individuals with short hair, recent hair shampooing and/or who use hair dyes.(Heinze et
al., 2016; Rippe et al., 2016)

As a motivating example, the field of diabetes management was greatly advanced when it
was determined that a single glycated hemoglobin level was a surrogate that integrated the
previous 90 days of glucose exposure.(Saudek et al., 2008) A single blood test that integrates
long-term exposure to cortisol would permit assessment of inter-individual differences in
cortisol load thus providing a tool to predict future health consequences and treatment
options.
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Although blood cortisol measurements suffer from significant moment-to-moment
variability, other molecules found in blood may be able to successfully capture more long-
term cortisol exposure. For proof-of-concept, we designed a study to determine if the mean
cortisol values collected over a month correlated with FKBP5 mRNA expression and
methylation in blood obtained following 30+ days of saliva collection. We selected these
measurements as our initial test biomarkers because dose-dependent changes in gene
expression and methylation were observed following exposure to glucocorticoids.(Lee et al.,
2011; Yang et al., 2012) In these earlier preclinical studies, we observed that the level of
rodent Fkbp5 gene methylation and expression in blood samples measured following a
month of corticosterone exposure reflected the mean glucocorticoid concentration measured
during the prior 4-week treatment period. In a human study of Cushing’s Disease (tumor-
induced hypercortisolism), we showed glucocorticoid-dependent changes in FKBP5DNA
methylation.(Resmini et al., 2016) Recently, Bali et al. showed that the glucocorticoid
prednisone administered to healthy subjects increased FKBP5 mRNA expression in blood.
(Bali et al., 2016) FKBP5 gene is also notable for its association with neuropsychiatric
disorders.(Binder et al., 2004; Klengel et al., 2013; Willour et al., 2009)

This study was conducted as a proof-of-principle to determine if we could identify a blood
marker for cortisol load. We hypothesized that FKBP5 DNA methylation and gene
expression derived at the end of a 30-day cortisol collection period would negatively and
positively correlate, respectively, with the mean of the cortisol levels collected in the month
prior to the molecular assessments. We further hypothesized that self-reported anxiety/
depression symptoms and perceived stress levels would be associated with FKBP5
methylation or gene expression.

We recruited 18 — 60 year old participants of self-reported European ancestry using local
flyers and newspaper advertisements. Three hundred and six individuals completed a brief
telephone screen; 113 persons who appeared to be eligible were invited to provide informed
consent and participate in a comprehensive assessment at Johns Hopkins School of
Medicine. In-person assessments were conducted by a Master’s-level interviewer and
included contact and demographic information (i.e., date of birth, race/ethnicity, education
level, employment status), recent alcohol and drug use assessed using the 90-day Timeline
Follow-back (Sobell and Sobell, 1992) and breathalyzer and urine toxicology screens, and
past year mental health symptoms obtained using the MINI International Neuropsychiatric
Interview for DSM-IV. (Sheehan et al., 1998) Each participant also completed a health
checklist that obtained self-reported information on medical history, recent hospitalizations,
current prescribed and OTC medications. Persons were excluded from study participation if
they reported: using chewing tobacco or a similar product; had a serious medical condition;
had taken a medication in the past 3 months that could affect cortisol assay measurements
(including antidepressants and anti-anxiety medications); met criteria for a current DSM-5
diagnosis; tested positive for or self-reported recent drug use; exceeded NIAAA guidelines
for social drinking; or were currently or had been pregnant or breast feeding within the past
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3 months. We also excluded persons who were not going to be continuously available to
complete daily study procedures over the 30 days following the assessment. Of the 113
participants who provided informed consent, 24 met exclusion criteria, and 2 were
discontinued due to difficulties with the required blood draws. One subject did not complete
the daily data collection procedures and dropped out during the study. This resulted in 86
participants who were eligible and provided daily and study visit data. All study procedures
were reviewed and approved by the Johns Hopkins School of Medicine Institutional Review
Board.

The study protocol consisted of an in-person study visit 1, followed by approximately 30
days of at-home data collection, and then an in-person study visit 2. Eligibility was
determined immediately after the assessment interviews and self-report documents were
completed at study visit 1. Eligible persons then completed the remainder of the visit 1
procedures, received written instructions and all materials for daily data collection, and had
an appointment scheduled for visit 2 which occurred as close to but no less than 30 days
following visit 1.

Psychosocial Measurements

At visits 1 and 2, psychosocial measures included the Perceived Stress Scale (PSS),(Cohen
et al., 1983) Beck Anxiety Inventory (BAI),(Beck et al., 1988) and the Beck Depression
Inventory 11 (BDI-11).(Beck and Beamesderfer, 1974; Beck et al., 1996) Each day between
study visits 1 and 2, participants received telephone, text and/or email prompts for saliva and
psychosocial data collection at awakening and at bedtime; subjects were able to select their
preferred method and time of reminder contact. Participants were contacted every 15
minutes for a total of 3 contacts or until the Interactive Voice Response (IVR) system was
activated. Subjects also had the opportunity to call into the I'VR system and avoid the
reminders. During the morning call, participants were instructed to enter their actual
awakening and bed times and saliva collection times using the telephone key pad. During the
evening call, subjects completed the telephone Stress Assessment Procedure (SAP), which
included several items to measure daily stress exposure. Specifically, participants rated their
emotional (mental stress, upset, overwhelmed feelings), physical (muscular stress, physical
tiredness, fatigue), and overall (combined impact of both emotional and physical stress)
stress as well as their ability to manage these stressors. SAP items were rated on an analog
scale between 0 (no stress/successfully managed) — 9 (worst ever/unable to manage) using
the telephone key pad. Five paper copies of the SAP were supplied to the participant in the
event that the telephone system malfunctioned or became unusable for any reason. To
promote accuracy and timeliness, data were collected via real-time methods using Survey
Monkey and CallFire Interactive Voice Response programming. Participants received a
bonus payment if they submitted at least 90% of specimens. At visit 2, participants also
completed the health checklist to determine if they had experienced any recent health
problems that would confound data collection.
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Measurement of cortisol

Between visits 1 and 2, salivettes were used to collect saliva twice daily for cortisol
measurement, and specimens were mailed to the lab weekly in preprinted, prepaid
envelopes. Participants were instructed to collect the morning sample within the first hour
after awakening and the evening sample within one hour of bedtime, and to label the tube
using a preprinted sticker with the date and morning/evening. They were also given clear
instructions not to “make up” for missed samples by collecting a specimen outside the
collection windows. Typed procedures for saliva collection were pasted to the front of the
bag containing the salivettes to standardize procedures. Participants received an extra 7-day
supply of salivettes in case they had to reschedule visit 2; this ensured that data collection
continued until the morning of the visit. Salivary cortisol assays were performed by
radioimmunoassay (MP Biomedicals LLC, Solon, OH) using a model 1470 counter
(PerkinElmer, Shelton, CT). The inter- and intra-assay coefficients of variation for all assays
are less than 10%.

We selected awakening and bedtime salivary sampling as our cortisol metric because we
previously showed in 935 participants drawn from the Multi-Ethnic Study of Atherosclerosis
(MESA) database a correlation between awakening and bedtime salivary cortisol vs. area
under the cortisol curve determined during the wake cycle.(Golden et al., 2013) Thus
awakening and bedtime cortisol is a reasonable surrogate for cortisol exposure that begins at
awakening and terminates at bedtime.

Extraction of genomic DNA and messenger RNA from blood

Blood samples for RNA on visit 2 were collected between 11am-2pm to minimize the effect
of the circadian rhythm on plasma cortisol levels and FKBP5 expression. Immediately after
blood collection, red blood cells were lysed using 3.5 times the volume of ACK Lysing
Buffer (Quality Biological, Gaithersburg, MD). Remaining white blood cells were pelleted
by centrifugation at 300 x g for 5 minutes, resuspended in ice cold PBS, and separated into
two equal aliquots. Genomic DNA was extracted from the other aliquot using the
MasterPure Complete DNA Extraction kit (Epicentre, Madison, WI) according to the
manufacturer’s protocol. DNA concentrations were determined by Qubit 2.0 Fluorometer
(ThermoFisher, Waltham, MA). Messenger RNA was extracted from one aliquot of white
blood cells using the RNeasy Mini Kit (Qiagen, Germantown, MD) according to the
manufacturer’s protocol. Concentrations and RNA integrity numbers (RIN) were determined
from each mRNA sample by TapeStation 2200 (Agilent Technologies, Santa Clara, CA).
Samples with RIN<8.0 were excluded.

Bisulfite pyrosequencing

Twenty nanograms (ng) of the extracted DNA were used for bisulfite conversion according
to the manufacturer’s protocol (EZ DNA Methylation Gold Kit; Zymo Research, Irving,
CA). Percent DNA methylation at 7 targeted intronic CpGs, chosen based on their
association with childhood trauma exposure and Cushing’s Disease,(Klengel et al., 2013;
Resmini et al., 2016) was determined by bisulfite pyrosequencing, which measures
methylation variation at >90% precision. Briefly, two sets of bisulfite PCR primers were
designed to target two intronic CpGs within the human FKBP5 gene. Two rounds of PCR
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amplification were performed using 3.5 pL of the bisulfite-converted DNA for the outer PCR
and 2 pL of the outer PCR reaction for the nested PCR. One of the nested bisulfite primers
was biotinylated and HPLC-purified, allowing it to bind to sepharose beads and become
single-stranded, in preparation for bisulfite pyrosequencing. The single-stranded amplicons
were annealed to pyrosequencing primers and subjected to primer extension and nucleotide
incorporation using the PyroMark Q96 MD pyrosequencer (Qiagen). The pyrosequencer
QCpG program determines percent DNA methylation at all of the CpG dinucleotides
downstream of the annealed primer. Genomic coordinates of each of the CpG are provided
in Supplementary Table 5.

Reverse transcription and real-time quantitative PCR (QPCR)

Total RNA (~100 ng) was reverse transcribed in a 20 pL reaction volume using the High
Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA) with
random hexamers. The reaction mixture was incubated for 10 minutes at 25°C, 120 minutes
at 37°C, and finally for 5 minutes at 85°C, according to the manufacturer’s instructions.
Synthesized cDNA was subsequently diluted 10-fold prior to use in real-time qPCR. Real-
time qPCR experiments were performed in a 96-well plate using the Applied Biosystems
StepOnePlus real-time PCR instrument. TagMan gene expression assays consisted of a mix
of unlabeled PCR primers for human FKBP5 (Applied Biosystems; Hs01561006_m1) and
Tag-Man MGB probe (FAM dye labeled). The reaction mixture for real-time gPCR
contained 9.0 uL cDNA solutions (~10 ng), each of the forward and reverse primers and the
MGB probe used at 0.9 uM and 0.25 pM, respectively, and 1x Tagman Universal Master
Mix Il with UNG (Applied Biosystems; 4440038). The mixture was activated (2 min, 50°C),
denatured (10 min, 95°C) and subjected to 40 amplification cycles (15 sec, 95°C; 1 min,
60°C) with a single measurement of fluorescence for the FKBP5 primer set.

PCR Efficiency/Analytical Sensitivity

A plasmid DNA containing the full coding sequence for human FKBP5 was obtained from
OriGene (Rockville, MD). The concentration of the plasmid DNA was measured using a
fluorometer, and the corresponding gene copy number was determined using the following
equation (Whelan et al., 2003):

Gene copy number =

(DNA in ng x 6.022x1023copies per mol) / (length in bp x 1x109ng per g x 650 g per mol of bp)

This formula yields 1.5 x 1011 FKBP5 mRNA copies per ug of plasmid DNA. A stock
solution of linearized plasmid DNA, containing 1.0 x 1019 copies of FKBP5mRNA per
was prepared and serially diluted over 9 orders of magnitude. Standard curves were
constructed via gPCR to calculate the efficiency of PCR, linear range and the limits of
detection, and quantification for the assay. PCR efficiency was calculated from the slope of
the standard curve that was run in nine replicates at each concentration incorporating a total
of 81 data points as follows (Rasmussen, 2001):
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E =10~ V/slope _

An interplate calibrator (TATAA IPC250PFAM) positive control was also included with
each run to monitor inter-assay variations. A reproducible Cq for the interplate calibrator
amplification with standard deviation < 0.2 was required as a pass criterion for the test
plates.

gPCR Data Analysis

TagMan gPCR data analysis was carried out using the StepOne Plus software V 2.3.
Amplification plots were visualized across the entire 96 well plate for FKBP5. Fractional
cycle (Cq) values were returned by manually setting the threshold to intersect at the
exponential phase of amplification plots (defined at 0.1). Cq values generated for the test
samples, tested in triplicate, were preprocessed using GenEx (MultiD Analysis) software.
FKBP5 copy numbers per ng of total RNA from test samples and the associated 95%
confidence intervals were then estimated by entering the standard curve at the preprocessed
Cq and reading out the log of the concentration on the x-axis.

Genotyping

Genotyping of four SNPs within the FKBP5 gene (UCSC Genome Browser: rs1360780,
rs9470080, rs9296158, rs4713902) was performed using the genotyping function on the
PyroMark Q96 MD. One round of PCR was performed using 20 ng of gDNA and two PCR
primers flanking the SNP, one of which was biotinylated and HPLC-purified. In a similar
procedure as bisulfite pyrosequencing, this time with non-bisulfite converted DNA,
genotypes were determined by primer extension and nucleotide incorporation.

Assessment of Cellular Composition of Blood

Cellular composition of blood was deconvoluted using an epigenetic approach to determine
whether there were differences in the whole blood cell populations in high vs. low cortisol
groups. Five pyrosequencing assays representing CD8+ T-cells, natural killer (NK) cells, B-
cells, monocytes, and granulocytes were designed against 5 CpGs (CG25939861,
CG27582527, CG19276014, CG23244761, and CG05398700, respectively) assessed on the
Illumina BeadChip 450K platform.(Houseman et al., 2012; Jaffe and Irizarry, 2014) Each
CpG was chosen for low levels of methylation in its corresponding cell type compared to
methylation levels of others. For example, Jaffe and Irizarry reported a beta value (~percent
methylation) of 0.13 for CG19276014 in B-cells but 0.99, 0.97, 0.98, and 0.99 for T-cells,
NK cells, monocytes, and granulocytes, respectively.(Jaffe and Irizarry, 2014) Regression
analysis was performed between the CpG percent methylation determined from bisulfite
pyrosequencing and saliva cortisol levels. We observed no evidence of significant
differences in cellular composition with respect to the two saliva cortisol measurements
(r2<0.1, p>0.4). As a result, cell type methylation values were omitted from subsequent
downstream analyses.
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All data were examined for possible errors or outliers. Five individuals were excluded whose
daily cortisol values were more than three standard deviations from the mean. In addition,
four participants with awakening cortisol values equal to their bedtime cortisol values were
removed (no circadian rhythm). Two participants had FKBP5 mRNA expression values
greater than 2,000 copies per ng of total RNA and were removed from the analysis. Thus, 75
participants’ data were analyzed.

Mean awakening and bedtime salivary cortisol were calculated as the mean of the 30+ daily
measures of awakening and bedtime cortisol, respectively. Similarly, weekly cortisol metrics
were calculated as the mean value over each week. Given that participants were in the study
for anywhere from 30-37 days, the weekly metrics were calculated only for the last four full
weeks a participant was in the study. T-tests were used to test for differences in
demographics, psychometric measures and cortisol metrics in males and females. A variance
ratio test was used to examine differences in variability of the awakening and bedtime
cortisol values. Intraclass correlation coefficients (ICC) were calculated to test for stability
of cortisol values over 30+ days. Daily stability was calculated as the ICC across all 30+
daily values of awakening or bedtime cortisol. Weekly stability was calculated as the ICC
across the four weekly means of awakening or bedtime cortisol.

For our analysis of FKBP5 mRNA expression, Pearson’s correlation coefficients were used
to examine correlation between expression levels and mean 30+ day awakening and bedtime
cortisol. Partial correlations were computed adjusting for sex and age. In an exploratory
analysis, we tested for interactions between the cortisol metrics and sex. This was assessed
using a likelihood ratio test (LRT) comparing a linear regression model of FKBP5 mRNA
expression on cortisol including an interaction term (cortisol x sex) to a model without the
term for the interaction. Similar analyses were performed for FKBP5 methylation. Other
exploratory analyses included testing for correlations among the expression levels,
methylation levels, and psychometric scales, again using Pearson’s correlations and partial
correlations adjusting for sex and age. To account for the primary expression analyses (2
mean cortisol measures — bedtime and awakening) and primary methylation analyses (7
independent CpGs x 2 mean cortisol measures), we computed the number of effectively
independent tests, taking into consideration correlation between variables. (Li and Ji, 2005)
For methylation, we considered a p<0.004 (p=0.05 / 14 effectively independent tests) to be
evidence of a significant correlation. For exploratory analyses, p<0.05 was considered a
significant preliminary correlation. All analyses were performed using STATA version 14
software.

Psychosocial, FKBP5, and endocrine measurements

The final sample consisted of 75 healthy, White male (N=31) and female (N=44)
participants with a mean age of 32.6 (s.d.=11.6). There were no significant sex differences
observed in the scores of the Beck Depression Inventory-1l, Beck Anxiety Inventory,
Perceived Stress Scale, emotional stress scores, or FKBP5 mRNA levels, although all five

Psychoneuroendocrinology. Author manuscript; available in PMC 2019 February 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Leeetal.

Page 9

measures were slightly higher in the female participants (Table 1). Also, no biologically
significant methylation differences were observed by sex at the 7 CpGs interrogated in this
study (differences <4.7%, data shown for CpG-1 only).

Awakening and bedtime saliva cortisol levels are presented in Table 1 and Figure 1, with
horizontal boxplots denoting each individual’s distribution of 30+ day cortisol
measurements. The boxplots are sorted such that participants showing the highest median
cortisol levels are at the top and those with the lowest median levels at the bottom. In
general, we observed greater variation in the awakening cortisol levels (Figure 1A), with
most of the median levels ranging between 5 and 15 ng/mL, than in the bedtime cortisol
levels (Figure 1B), with most of the values falling between 0 and 5 ng/mL (f2458 2578=0.30,
p<0.0001). The cortisol metrics did not differ by sex (p>0.44) (Table 1) or age (p>0.14).

Stability of cortisol values over the study period is reported using Intraclass Correlation
Coefficients (ICC, Supplementary Table 1). The daily stability of cortisol over 30+ days was
moderate and was greater for awakening cortisol (ICC=0.25) than for bedtime cortisol
(ICC=0.15). In order to mitigate the potential effects of one or two days of extreme cortisol
values on our measure of stability, we next computed the mean cortisol value over each
week. The stability of weekly mean cortisol was higher, and again showed greater stability
for awakening cortisol (ICC=0.59) than for bedtime cortisol (ICC=0.53).

Comparison of saliva cortisol levels and FKBP5 methylation in the blood

We first asked whether CpG methylation levels correlated with the observed mean 30+ day
cortisol levels. We performed bisulfite pyrosequencing on a total of 7 candidate CpGs from
the two intronic regions previously shown to differ in patients with Cushing’s Disease (a
high cortisol state) compared to healthy controls with normal cortisol exposure.(Klengel et
al., 2013; Resmini et al., 2016) A significant correlation was observed between awakening
cortisol levels and CpG-3 methylation in both males and females (intron 7, r=—0.39,
p=0.001, Figure 2A and Supplementary Table 2). We also observed a similar correlation
between bedtime cortisol and CpG-1 (intron 2, r=-0.34, p=0.004, Figure 2B and
Supplementary Table 2). For CpG-3, its correlation to awakening cortisol levels was more
significant for females (r=—0.45, p=0.004) than males (r=—0.35, p=0.062). For CpG-1, its
correlation to bedtime cortisol levels was similar for both males (r=-0.40, p=0.031) and
females (r=—0.33, p=0.040). No significant relationships were observed between DNA
methylation and emotional stress or between DNA methylation and FKBP5 expression for
all samples (p>0.05, data not shown).

To confirm that methylation levels did not reflect only the most recent cortisol levels during
the last week of collection, methylation levels of CpG-1 and CpG-3 were compared against
each of the four weekly means for bedtime and awakening cortisol levels. We found
significant correlations during the first three weeks of the 30-day study for both bedtime
(CpG-1: |r|=0.28, p<0.012) and awakening cortisol levels (CpG-3: (|r|=0.26, p<0.025, Table
2). Interestingly, there were no significant correlations with the last week before the blood
draw (CpG-1 vs. bedtime: r=—0.18, p=0.119 and CpG-3 vs. awakening: (r=-0.09, p=0.440).
Further, both CpG-1 and CpG-3 were compared against the visit 2 BAI, BDI-II, and PSS
measures, and no significant relationships were observed (|r|<0.1 and p>0.4).
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Comparison of saliva cortisol levels and FKBP5 expression in the blood

We also examined FKBP5 expression levels, which ranged from 86.4 to 1954.7 and did not
differ by sex (t73=1.60, p=0.11) or age (t73=-1.73, p=0.089, see Table 1). Blood samples for
FKBP5mMRNA expression were collected between 11am-2pm; mean FKBP5 levels
measured from samples collected in the morning did not differ from levels measured in
samples collected in the afternoon. We did not observe a significant correlation between
FKBP5mRNA levels and either mean 30+ day bedtime cortisol (r=-0.20, p=0.093; Figure
2C and Table 3) or mean 30+ day awakening cortisol (r=—0.03, p=0.78), in contrast to the
observations made with DNA methylation. We then tested whether sex modified the
relationship between FKBP5 mRNA levels and cortisol. There was no evidence of an
interaction between mean awakening cortisol and sex (LRT X2:0.14, p=0.71). However, we
did detect an interaction between mean bedtime cortisol and sex (LRT X2:7.01, p=0.008).
This finding prompted us to examine sex differences. There was a significant correlation
between FKBP5 mRNA and mean bedtime cortisol levels in females only (r=0.42, p=0.005,
Figure 2D) and not in males (r=—0.05, p=0.79, Table 3). A linear regression model indicated
that 17.3% of the variance in FKBP5 mRNA expression in females was explained by mean
bedtime cortisol levels.

To assess whether the relationship between FKBP5 mRNA expression and bedtime cortisol
in females might be driven primarily by more recent cortisol exposure, we examined the
correlation of each of the four weekly means with FKBP5 mRNA levels. Moderate
correlations were again observed across only the first three weeks of the study (r=0.28-0.50,
Table 2).

FKBP5 mRNA expression levels were also compared against the three psychosocial
instruments from visit 2: BAI, BDI-II, and PSS. As with bedtime cortisol levels, significant
female-specific associations were observed with BAI (r=0.37, p=0.013) and BDI-II (r=0.32,
p=0.033; Supplementary Table 3). Mean daily emotional stress measures did not correlate
with FKBP5 mRNA expression or the cortisol metrics. Further, we examined whether the
use of birth control affected FKBP5 expression levels in females and found that its use did
not significantly affect expression levels (t=-1.49, p=0.143).

Comparison of saliva cortisol levels and FKBP5 SNPs

We also obtained genotype information for four SNPs (rs1360780, rs9470080, rs9296158,
and rs4713902) previously associated with childhood trauma exposure, Cushing’s Disease,
and the Trier Social Stress Test.(Klengel et al., 2013; Mahon et al., 2013; Resmini et al.,
2016) We observed no significant deviations from Hardy Weinberg equilibrium (HWE) in
the full sample of 75 individuals (p-value for HWE > 0.1). We assessed the effect of genetic
variation on bedtime and awakening cortisol levels, emotional stress, and FKBP5 expression
using a codominant model. Interestingly, only variation in rs4713902 in females was shown
to have significant effects (f=3.41, p=0.048) on FKBP5 expression (Supplementary Table 4).
No significant genotype effect was observed on DNA methylation levels of CpG-1 or CpG-3
(data not shown).
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Cellular composition of blood

Finally, we asked whether the association between the mean cortisol levels and FKBP5 gene
expression was driven by cortisol-induced changes in the cell types from blood. Bisulfite
pyrosequencing of CpGs that were used (Jaffe and Irizarry, 2014) to characterize five
different cell types in blood samples (T-cells, B-cells, NK cells, monocytes, and
granulocytes) showed no significant association between DNA methylation levels of these
CpGs and mean saliva cortisol levels (r<0.3, p>0.4).

Discussion

In this study, the relationship between awakening and bedtime cortisol levels sampled over a
month or more were compared to blood FKBP5DNA methylation and mRNA expression
levels drawn at the end of the cortisol collection period. Awakening and bedtime salivary
sampling was chosen as the cortisol metric stemming from our previous study, where over
900 participants drawn from the Multi-Ethnic Study of Atherosclerosis (MESA) database
showed a moderate correlation between awakening and bedtime salivary cortisol vs. the area
under the cortisol curve determined during the wake cycle (Golden et al., 2013).

The FKBP5 gene was selected as a potential biomarker because of findings in our rodent
model showing it to be a glucocorticoid-sensitive gene whose expression and methylation
status responds in a dose-dependent manner to glucocorticoids. In the present study, we
identified significant correlations between the means of bedtime and awakening cortisol
levels and intronic methylation status of FKBPA5. Also, there was a sex-specific correlation
between the mean of bedtime cortisol levels and FKBP5 mRNA levels in female participants
but not males. We did not identify a correlation of awakening cortisol with FKBP5 mRNA
levels in either sex. Female FKBP5 mRNA levels also correlated with scores on the BDI-II
and BAL. Interestingly, genetic variations, expression, and/or methylation status in the
FKBP5 gene is associated with depression and antidepressant response,(Binder et al., 2004)
bipolar disorder,(Willour et al., 2009) and exposure to childhood trauma.(Klengel et al.,
2013) This finding is particularly interesting in light of the role of FKBP5 in affective
disorders and given we enrolled healthy, non-clinical participants. The correlations might be
stronger in a clinical cohort. There were no significant sex differences in mean awakening
and bedtime salivary cortisol measures, FKBP5 methylation and expression levels, and
psychosocial instrument scores.

We then analyzed the data to determine if the FKBP5 DNA methylation and mRNA levels
measured at the end of the one-month collection period reflected the most recent cortisol
levels or cortisol levels measured over the entire month. We found that the correlative
relationship held when FKBP5 methylation levels were compared to cortisol levels averaged
at successively earlier periods of time (e.g., 7-day blocks) from the termination of the
month-long study. In fact, the correlation was strongest with cortisol measurements obtained
during the first three weeks of the study, suggesting that FKBP5 methylation levels were
capturing chronic cortisol levels. Similarly, we observed stronger correlations between
FKBP5 expression and bedtime cortisol levels for the second and third weeks in females.
This finding was noteworthy given the transient nature of mMRNA expression and therefore
the likelihood of expression levels to only reflect the last days of cortisol exposure. We
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reason that the final week of cortisol measurements was the weakest contributor to the
correlations because insufficient time had passed during this period for the cortisol levels to
be adequately reflected in the methylation and expression levels. If this is true, then we may
observe a stronger correlation by extending the study for an additional week or two, so that
the cortisol levels during this week became “chronic.”

Certain studies have suggested that cortisol metrics taken daily for 1-3 days and then
assessed for AUC, slope, or average, such as the cortisol awakening response (CAR), may be
a stable phenotype with power to predict the development of cardiovascular disorders,
(Kumari et al., 2011; Rosmond and Bjorntorp, 2000) diabetes mellitus (Bruehl et al., 2009),
and neuropsychiatric illness.(Huber et al., 2006; Rohleder et al., 2004; Vreeburg et al., 2013;
Vreeburg et al., 2009) However, other studies do not support this contention.(Hajat et al.,
2013; Kuehl et al., 2015; Spanakis et al., 2016) The discrepancies between studies may stem
from the limitations of the cortisol metric employed. Bedtime cortisol is a valid metric for a
single day’s cortisol exposure.(Golden et al., 2013) However, as shown by the ICC
calculations in our study, there is considerable within-subject, day-to-day variability over the
course of a month. Most cortisol metrics have only been studied over a few days and are thus
less representative of cortisol load. The usefulness of any cortisol metric, including the CAR
as an indicator of glucocorticoid load or to predict future cortisol-related illness is hampered
when the collection occurs only over a few days. Moreover, collections that could be more
accurate require several cortisol samplings per day over many days and are not practical for
epidemiologic studies of cortisol load or, for that matter, to be employed in clinical use.
(DeSantis et al., 2015) Given that bedtime cortisol is associated with cortisol exposure
during a single wake cycle, and measurement of FKBP5 methylation and expression (for
women only) reflects a month’s summation of bedtime cortisol levels, it is possible that such
measurements from a blood sample can function as a moderate measure of one month of
cortisol load. Further interrogation of the expression levels of other RNAs by RNA-Seq,
additional genetic variations by genotyping, or epigenetic differences by epigenomic
platforms in our sample may uncover a much stronger measure of cortisol load for both
sexes. Additional studies in a larger cohort are needed to reproduce the current findings and
to delineate the contribution of acute and chronic stressors and other clinical factors to
FKBP5 methylation, expression, and cortisol levels.

It is curious why the cortisol vs. FKBP5 expression correlation was present in women but
not in men. The FKBP5 gene not only contains glucocorticoid response elements but also
consensus hormone response elements capable of binding sex hormones.(Hubler and
Scammell, 2004; Magee et al., 2006) It is known that estrogen as well as cortisol activate
FKBP5 mRNA expression.(Malviya et al., 2013) Many studies have shown glucocorticoids
increase FKBP5 gene expression in a dose dependent manner in various tissues.(Guess et al.,
2010; Lee et al., 2011; Yang et al., 2012) A recent study has shown that treatment of
hippocampal cells with increasing doses of corticosterone increased the expression of
FKBP5, and this effect was potentiated by estrogen exposure.(Malviya et al., 2013)
Therefore, differences in sex hormone levels between males and females may play a role in
the association. In the female subjects, it is unlikely that fluctuations in sex hormone levels,
such as that of estrogen during the menstrual cycle, would significantly contribute to the
observed correlation between FKBP5 expression and bedtime cortisol levels, since each
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female participant would cycle through both phases of the menstrual cycle (follicular and
luteal) in random order over the 30+-day period.

We observed a broader utility for DNA methylation as an indicator of cortisol exposure than
for gene expression. Methylation levels of intronic CpGs were correlated with both
awakening and bedtime cortisol levels for both sexes, with similar statistical significance as
that derived from comparing FKBP5 expression and bedtime cortisol levels in females. It is
interesting to note that CpG-1 in the second intron of FKBP5 correlated with bedtime
cortisol levels was previously associated with loss of methylation and hippocampal volume
in Cushing’s Disease.(Resmini et al., 2016). Despite the promising finding with CpG-1
methylation and bedtime cortisol levels, we did not observe a stronger correlation in females
that could account for the sex-specific correlation between bedtime cortisol and gene
expression, nor did we observe a significant correlation between FKBP5 expression and
CpG-1 methylation for both sexes. A clear biological or technical explanation remains
elusive. As with FKBP5 expression and cortisol levels, we speculate that FKBP5
methylation occurs as the result of physical interactions among multiple GREs, EREs
(estrogen response elements), AREs (androgen response elements), and additional response
elements.(Hubler and Scammell, 2004; Klengel et al., 2013; Magee et al., 2006; Malviya et
al., 2013) Therefore, methylation levels of one CpG may not reflect the expression profile of
each individual. However, CpG-1 can indicate exposure to glucocorticoids because this CpG
is near a GRE. In our previous study, we showed that methylation changes in CpGs near a
GRE can capture the history of glucocorticoid exposure for a one-month period and is
superior to gene expression levels in this regard.(Ewald et al., 2014; Lee et al., 2010; Lee et
al., 2011)

We also observed a subtle relationship between rs4713902 and FKBP5 expression in
females only. However, the correlation was relatively weak, and it is not clear at this time
whether this particular SNP can explain the female-specific expression correlation with
bedtime cortisol levels. We were surprised that we were not able to observe a significant
correlation between rs1360780 and FKBPS5 expression, given the location of the SNP near a
GRE in the second intron and the association of its minor TT genotype with higher FKBP5
expression levels.(Binder et al., 2004; Klengel et al., 2013) Nevertheless, we note that
rs4713902 is located in intron 1 and nearby a poorly conserved region in the mouse blood
demonstrated to undergo substantial GC-induced loss of DNA methylation.(Ewald et al.,
2014) In vitro studies are necessary to clearly establish the role of this SNP on gene
expression.

Finally, we found no evidence of substantial changes in the cellular composition of blood, at
least based on several representative CpGs that have been used to characterize the different
cell types in the blood.(Jaffe and Irizarry, 2014) Despite the wide inter-individual range for
bedtime and awakening cortisol levels, the absence of such a change is not surprising given
that all of our subjects are healthy and thus may be subject to only minor fluctuations in the
composition of blood cell types.

Our current study has several notable features. To our knowledge, this is the first time that
30+ consecutive days of cortisol were collected in the same participants examining the
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stability and usefulness of this metric. Second, participants received real-time reminders for
collection of saliva, which helps to minimize noncompliance and faulty data collection.
Third, quality control measures showed that 90% of participants collected all their cortisol
samples, and the awakening/bedtime cortisol ratios strongly suggested that collection
occurred at the proper time of day reflecting the circadian rhythm. Fourth, healthy,
unmedicated, racially homogenous participants were recruited to minimize confounders in
this proof-of-principle study. Fifth, our hypothesis was based on strong preclinical literature
showing the utility of measuring FKBP5 expression and methylation as surrogates for 30-
day glucocorticoid exposure.(Ewald et al., 2014; Lee et al., 2010; Lee et al., 2011) Sixth, the
FKBP5 mRNA and methylation assays utilized in this study are well characterized and
highly quantitative.(Rasmussen, 2001; Resmini et al., 2016; Whelan et al., 2003) Lastly, we
adapted a candidate epigenetic approach to demonstrate that individual differences in the
awakening and bedtime cortisol levels did not significantly affect cell composition of blood
that could have contributed to the observed variations in FKBP5 expression levels. All of
these strengths lend support to the relevance and reliability of our findings. Nonetheless, our
study also has several limitations. First, our study only recruited healthy individuals.
Although the range in the cortisol metrics was robust, it most likely would have been larger
and provided more opportunities to find stronger correlations if the sample included
participants with DSM-5 anxiety or depression diagnoses or who suffered from chronic
somatic diseases. Second, we enrolled only White participants and do not know if the
findings generalize to an ethnically diverse population. For example, racial and ethnic
differences that exist in daily cortisol profiles (DeSantis et al., 2015; Hajat et al., 2010) may
confound the relationship between FKBP5 expression and methylation vs. mean cortisol
levels. Third, we relied on each participant to routinely collect awakening and bedtime saliva
for cortisol measurements. Despite digital reminders for different measurements,
noncompliance with the timing of sampling could be a possible source of error in this study.
However, solid evidence for a robust circadian rhythm was evident in all subject data when
comparing awakening and bedtime cortisol levels suggesting good time compliance. Also,
mean awakening and bedtime cortisol values were similar to the values in the much larger
MESA sample.(Golden et al., 2013) Fourth, the FKBP5 methylation-cortisol correlation was
of only moderate strength and FKBP5 expression-cortisol correlation was sex-specific.
However, as a proof-of-concept, it is encouraging that a biomarker exists that may have
some usefulness in measuring cortisol load in the healthy population. Fifth, there was an
absence of a significant correlation between DNA methylation and gene expression. Finally,
blood measurements of DNA methylation and gene expression raise the question whether
they directly regulate present cortisol levels rather than reflect past cortisol exposure. To
answer this adequately, assessment of Visit 1 blood is necessary to establish causality,
where, for instance, a stronger correlation between methylation expression levels at Visit 1
and ensuing 4-week cortisol levels would suggest that methylation levels are directly
responsible for regulating cortisol levels. However, we measured FKBP5 methylation and
expression in white blood cells and not in a CNS site known for regulating glucocorticoid
negative feedback and cortisol secretion. We are unaware of any mechanism whereby
lymphocytes regulate the HPA axis on a daily basis, except during acute illness. This fact in
itself strongly suggests that methylation and expression levels only reflect past exposure
history.
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In summary, we collected daily saliva samples for one month or more and blood samples at
the study completion and tested the utility of one type of biomolecule as an indicator of
cortisol exposure. We found that the expression levels of the stress-response gene FKBP5
was a sex-specific indicator of cortisol exposure over a one-month period, whereas DNA
methylation levels were applicable to both sexes. Given these initial findings, there is great
possibility for identifying more robust and non sex-specific surrogates for cortisol exposure
in genome-wide studies of DNA methylation or RNA expression. When identified, these
biomarkers would have the potential to assess stress-induced risk for cardiovascular,
metabolic, and psychiatric disorders.
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Figure 1A and 1B. Distribution of 30+ day cortisol values, by subject.
Shown are A) awakening cortisol and B) bedtime cortisol. In each figure the median

(vertical bar), 251 and 75t percentiles (box), and maximum and minimum values
(horizontal bars) are shown for each subject.
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Figure 2. Correlation between mean 30+ day bedtime cortisol with FKBP5 methylation levels
and expression.

Shown are: A) CpG-3 methylation vs. awakening cortisol for all subjects, B) CpG-1
methylation vs. bedtime cortisol for all subjects, C) FKBP5 expression vs. bedtime cortisol
for all subjects, and D) FKBP5 expression vs. bedtime cortisol for females.
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Table 1.

Demographics, cortisol metrics, FKBP5 expression and psychosocial measures by sex

Females Males Total T-statistic,

N=44) (N=31) (N=75) p-value
Age (yrs) 345 (12.9) 30.0 (9.1) 32.6 (11.6) | t;5=1.64, p=0.1056
Awakening cortisol, day 1-30+, (ng/mL) 9.2 (2.5) 9.5(2.2) 9.3(2.3) t73=—0.53, p=0.5960
Bedtime cortisol, day 1-30+ (ng/mL) 2.1(0.9) 23(1.3) 22(11) t73=—0.78, p=0.4387
FKBP5 expression (copies/ng total RNA) | 895.5(479.0) | 737.4(321.9) | 830.2 (426.0) | t;3=1.60, p=0.1140

FKBP5 methylation at CpG-1

94.1% (2.8)

93.9% (2.4)

94.0% (2.6)

t,3=0.36 p=0.7168

BAI 5.0 (4.0) 3.7 (3.9) 45(4.0) t75=1.40, p=0.1645
BDI-II 5.6 (6.4) 5.2 (4.6) 5.4 (5.7) t73=0.30, p=0.7629
PSS 14.3(7.2) 13.0 (6.7) 13.7 (7.0) t73=0.76, p=0.4508
Emotional stress 2.8(1.5) 26(1.2) 2.7(1.3) t73=0.54, p=0.5908

*
Shown are mean (s.d.).
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Table 2.

Page 23

Correlation between FKBP5 methylation (males and females) and expression (females only) vs. mean weekly

awakening and bedtime cortisol.

Awakening Cortisol vs. Bedtime Cortisol vs. Awakening Cortisol vs. Bedtime Cortisol vs.
CpG-3 CpG-1 Expression Expression
ek | peos e o 02
Week 2 | 2 0zar h-000:0 O e o3
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*
Shown are Pearson’s coefficients and p-values. Weeks represent the last four weeks of the study period, with Week 1 representing the final week
before the study completion.
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Table 3.

Correlation between FKBP5 expression and mean cortisol metrics, by sex

Females and Males (N=75) | Females (N=44) | Males (N=31)
. . r=—0.03 r=0.01 r=—0.10
Awakening cortisol, day 1-30+ 0=0.7836 p=09523 p=0.6079
: : r=-0.20 r=0.42 r=-0.05
Bedtime Cortisol, day 1-30+ 0=0.0928 p=0.0050 p=0.7892

*
Shown are Pearson’s coefficients and p-values.
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