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ABSTRACT
Endogenous sex hormones and DNA methylation both play important roles in various diseases. 
However, their interplay is largely unknown. A deeper understanding of their interrelationships 
could provide new insights into the pathology of disease development. We, therefore, investi-
gated associations between circulating sex hormones, sex hormone binding globulin (SHBG), and 
DNA methylation in blood, using samples from 77 men (65 with repeated samples), from the 
population-based Northern Sweden Health and Disease Study (NSHDS). DNA methylation was 
measured in buffy coat using the Infinium Methylation EPIC BeadChip (Illumina). Sex hormone 
(oestradiol, oestrone, testosterone, androstenedione, dehydroepiandrosterone, and progesterone) 
and SHBG concentrations were measured in plasma using a high-performance liquid chromato-
graphy tandem mass spectrometry (LC/MS-MS) method and an enzyme-linked immunoassay, 
respectively. Associations between sex hormones, SHBG, and DNA methylation were estimated 
using both linear regression and mixed-effects models. Additionally, we used the comb-p method 
to identify differentially methylated regions based on nearby P values. We identified one novel 
CpG site (cg14319657), at which DNA methylation was associated with dehydroepiandrosterone, 
surpassing a genome-wide significance level. In addition, more than 40 differentially methylated 
regions were associated with levels of sex hormones and SHBG and several of these mapped to 
genes involved in hormone-related diseases. Our findings support a relationship between circu-
lating sex hormones and DNA methylation and suggest that further investigation is warranted, 
both for validation, further exploration and to gain a deeper understanding of the mechanisms 
and potential consequences for health and disease.

ARTICLE HISTORY
Received 5 November 2022  
Revised 15 March 2023  
Accepted 23 March 2023  

KEYWORDS
Sex hormones; sex hormone 
binding globulin; DNA 
methylation; men; NSHDS

Introduction

Sex hormones are most commonly known for 
their role in sexual development and reproduction. 
For example, in men, the primary sex hormones 
are androgens, which typically associate with male 
traits developing during puberty. However, sex 
hormones have also been associated with an 
increased risk of some types of cancer, including 
breast and prostate cancer [1]. These cancers are 
highly dependent on sex hormones for cell prolif-
eration, and hormone suppression is, therefore, an 
effective therapeutic tool.

DNA methylation is another mechanism involved 
in the aetiology and progression of many diseases, 

including cancer [2]. The addition of a methyl group 
to the nucleotide cytosine, at positions where it is 
followed by guanine (so called CpG sites), can affect 
gene expression. In carcinogenesis, this is often char-
acterized by hypermethylation at promoter regions 
of tumour suppressor genes, resulting in the gene 
being turned off [3]. This type of DNA methylation 
can repress transcription both directly, through inhi-
bition of transcription factor binding, and indirectly, 
by for example recruiting methyl-binding proteins 
which in turn can repress transcription [4]. DNA 
methylation patterns change naturally with age but 
can also be affected by several environmental factors 
such as diet and exposures to toxins [5]. In addition, 
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evidence suggests that biological sex influences DNA 
methylation patterns across multiple CpG sites dur-
ing ageing [6,7], possibly attributed to differences in 
sex hormone levels. An epigenome-wide association 
study of individuals undergoing gender-affirming 
hormone therapy provides further evidence for the 
relationship between sex hormone levels and DNA 
methylation, reporting a progressive change in blood 
DNA methylation throughout therapy [8].

Given the well-established roles of sex hor-
mones and DNA methylation in the aetiology of 
different cancers, studying the relationship 
between DNA methylation and endogenous sex 
hormone levels may give us further insights into 
possible mediating effects of DNA methylation on 
the association between sex hormones and sex 
hormone dependent diseases. Several studies 
also indicate that oestradiol, and possibly proges-
terone, may impact the expression of DNA 
methyltransferases (DNMTs) in oestrogen sensi-
tive tissues such as breast or endometrium [9– 
11]. Taken together, better knowledge about these 
associations is likely important in order to 
increase our understanding about the sex hor-
mone regulation.

Previously, four studies have investigated the 
association between circulating levels of endogen-
ous sex hormones and DNA methylation. 
However, three [12–15] measured only global 
DNA methylation levels either at repeated ele-
ments (LINE-1 and/or Alu repeats [12–14]) or 
through the luminometric methylation assay 
(LUMA) [15], all in postmenopausal women. 
Two studies measured site-specific DNA methyla-
tion, one in children and adolescents [16] and one 
in children before- and after pubertal onset [17]. 
In general, previous findings are inconsistent, 
likely due to the different study populations and 
DNA methylation measures. Data on men are 
lacking, despite the established importance of 
adult male hormone levels in health and disease.

To expand the knowledge about the relation-
ship between endogenous sex-hormone levels 
and DNA methylation in blood we analysed 
genome-wide DNA methylation and sex hor-
mone levels in blood samples from 80 men 
included in a population-based cohort in north-
ern Sweden, all with repeated samples, mostly 
taken 10 years apart.

Materials and methods

Study population

We included participants from the largest cohort 
in the population-based Northern Sweden Health 
and Disease Study, namely the Västerbotten 
Intervention Programme (VIP) [18]. In VIP, resi-
dents of Västerbotten County are invited to 
undergo a health examination and to fill out ques-
tionnaires about health and lifestyle at the ages of 
40, 50, and 60 years. In addition, participants are 
encouraged to provide a blood sample for future 
research. Blood samples are collected in the morn-
ing after at least 8 hours of fasting, (with devia-
tions from protocol recorded) and stored at −80° 
C at the regional health care biobank, Biobanken 
Norr, in Umeå, Sweden. All participants provided 
written informed consent, and this study was 
approved by the regional ethical review board at 
Umeå University (Dnr: 2017/441–31).

Study participants

Eighty men with blood samples and data collected 
at two time points were included. The vast majority 
of them had their samples collected 10 years apart. 
Seven participants had sampling occasions deviat-
ing from the 10-year interval, of which four had an 
interval within 9–11 years, one had 7 years and two 
had 20 years. The participants had previously been 
selected as part of a prospective study of biomarkers 
for colorectal cancer [19], and half of them (n = 40) 
were diagnosed with colorectal cancer between 3  
months and 5 years (M = 2.0, SD = 1.2) after blood 
sampling. The remainder were control participants 
who were matched pairwise to the colorectal cancer 
cases based on age (±12 months), sampling date 
(±12 months) and fasting status (all>8 hours). 
Controls also had to be free of cancer for at least 
five years after the colorectal cancer diagnosis of 
their corresponding case, or at the end of follow up.

DNA methylation analysis

DNA-methylation measurements were generated 
as part of a previous study [20]. In short, buffy 
coat DNA samples were bisulphite treated using 
the EZ DNA Gold Methylation kit from Zymo 
Research (Cat No: D5006) and analysed for 
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methylation using Infinium MethylationEPIC 
BeadChip (Illumina, Cat No; WG-317-1001). 
DNA quality control, pre-processing, processing, 
and output data quality control were performed 
at the SNP&SEQ Technology Platform, Uppsala, 
Sweden, part of the National Genomics 
Infrastructure (NGI) Sweden and Science for 
Life Laboratory.

DNA methylation pre-processing

Raw DNA methylation data were pre-processed using 
the ENmix R package [21]. Prior to pre-processing, 
probes were excluded (N = 2420) if they were either 
SNP related [22], had a call-rate of P < 0.01, were 
outliers, or were missing in more than 20% of the 
samples. Other exclusions included two samples with 
a gender mismatch error, one with low quality in>5% 
of CpGs, and four with>20% of CpGs missing (after 
removing outliers). Next, we conducted background 
correction of methylation signal intensities, using out- 
of-band Infinium I intensities, and performed quan-
tile normalization of methylation intensity values for 
Infinium I and Infinium II probes separately. Finally, 
the data were corrected for probe type bias using the 
Regression on Correlated Probes (RCP) method. 
Methylation data were expressed as beta values at 
each CpG site, ranging from 0 (unmethylated) to 1 
(fully methylated). After exclusion of cross-reactive 
probes, as suggested by Pidsley et al. [23], the final 
number of CpG sites used in downstream analysis was 
819,902. As methylation patterns can vary across cell 
types, we estimated white blood cell distribution 
within the buffy coat fraction using a method based 
on a reference dataset, as proposed by Houseman 
et al. [24]. Finally, we also estimated surrogate vari-
ables to account for batch effects and unknown 
experimental confounders. This was done using 
intensity data for non-negative internal control 
probes and setting minimum percentage of variation 
explained by surrogate variables to 95%, which 
resulted in seven surrogate variables.

Sex hormone analysis

Because some samples stored in the biobank had 
insufficient volume for sex hormone analysis (<320 
uL), only 149 out of 160 plasma samples were sent 
for sex hormone analysis. Levels of sex hormones 

and sex hormone binding globulin (SHBG) were 
analysed as previously described [25]. All analyses 
were conducted at the International Agency for 
Research on Cancer in Lyon, France.

In brief, sex hormones (oestradiol, oestrone, tes-
tosterone, androstenedione, dehydroepiandroster-
one, and progesterone) were measured using 
a validated liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) method. SHBG was mea-
sured using a commercially available enzyme-linked 
immunoassays kit by DRG (DRG Instruments 
GmbH, Marburg, Germany).

Cases and matched controls were measured 
within the same analytical batch. In each batch, 4 
quality control samples were measured in dupli-
cate. Intra-batch coefficients of variation (CVs) 
ranged from 0.8% for SHBG to 9.2% for proges-
terone, and inter-batch CVs ranged from 0.8% for 
progesterone to 11.8% for SHBG.

Free levels of oestradiol and testosterone were 
estimated from total oestradiol and testosterone 
concentrations, SHBG concentrations and an 
assumed constant concentration of albumin of 43  
g/l, using a previously validated algorithm [26,27].

One sample had a progesterone concentration 
below the lower limit of quantification (LLOQ<15  
pg/ml). In downstream analyses this concentration 
was set to the LLOQ.

Statistical analysis

Prior to multivariable analyses, we replaced miss-
ing data for BMI (N = 1), smoking status (N = 7), 
and alcohol consumption (N = 9) using values 
from the other sampling occasion. For alcohol 
consumption, an additional four participants 
lacked data also from the other sampling occasion. 
These missing values were replaced by the median 
of the colorectal cancer cases or controls as appro-
priate. Sex hormone and SHBG levels were log2 
transformed to account for skewed distributions 
and to reduce the effect of outliers. Remaining 
outliers, or values greater or lower than Q1||Q3  
± 1.5 IQR (interquartile range) were excluded. To 
investigate associations between sex hormones, 
SHBG and CpG site-specific DNA methylation, 
we fitted linear regression models at each time 
point using the CpGassoc R package [28] and 
mixed effects models using the lme4/lmerTest 
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R packages [29]. Prior to modelling, methylation 
beta values were transformed to M-values, 

Mi ¼ log Betai
1� Betai

� �
, which are more suitable for 

this type of statistical modelling [30]. All models 
included body mass index (BMI), smoking status, 
alcohol consumption, age, colorectal cancer case- 
control status, estimated cell-type composition, 
and the first seven surrogate variables as fixed 
effects in the mixed effects models. Participant 
identification number and case-control pair iden-
tification number were included as random effects. 
The model including SHBG was further adjusted 
for testosterone and oestradiol due to its regula-
tory role for these sex hormones. We chose not to 
adjust the testosterone and oestradiol models for 
SHBG levels, respectively, and considered instead 
free levels of these hormones, which are unbound 
and therefore independent of SHBG. Associations 
were tested using t-tests of regression coefficients 
equal to zero using Satterthwaite’s approximation 
of degrees of freedom. To control for multiple 
comparisons, we considered the genome-wide sig-
nificance level of p < 9e-08 as proposed by Mansell 
et al. [31] and the less conservative false discovery 
rate (FDR; q < 0.05). In addition, we plotted the 
observed P values (negative log10 transformed) 
against the expected P values (negative log10 trans-
formed) in QQ-plots and calculated the genomic 
inflation factor (lambda).

Results from the epigenome-wide association 
study (EWAS) were further analysed to identify 
differentially methylated regions (DMR) affected 
by hormone levels. Although associations between 
sex hormones, sex hormone binding globulin, and 
methylation at individual CpG sites might not 
exceed a significance level corrected for multiple 
testing, regions comprising multiple neighbouring 
CpG sites may exert a joint significant effect. To 
identify such DMRs, we used the comb-p method 
[32] as implemented in the ENmix (v. 1.30.01) [21] 
R Bioconductor package. The method is based on 
estimating auto-correlation of adjacent P values 
from an EWAS. Once that is done, P values are 
weighed, using the Stouffer–Liptok–Kechris correc-
tion (slk), based on the previously calculated auto- 
correlations. Additionally, FDR correction is used, 
and regions surpassing the cut-off (q < 0.05) are 

returned. Finally, the P value of each region is 
further adjusted using Sidak correction, which 
takes into account the size of the region and the 
total number of regions. We applied the default 
maximum distance threshold of 500 base pairs 
between sites and an FDR threshold of 0.01. 
Furthermore, we only considered DMRs with 
a Sidak P value<0.05 and that consisted of at 
least 2 CpG sites. We repeated DMR analyses for 
linear regression and mixed effects models and 
noted overlapping significant DMRs for the first 
and second sampling time point, as well as in the 
linear regression models and mixed effects models. 
Significant findings were further tested for inter-
action with case-control status to determine dis-
ease influence on the associations. We applied 
FDR control to address multiple testing of inter-
action effects.

All statistical analyses were conducted in 
R v.4.1.1 (R Foundation for Statistical 
Computing, Vienna, Austria). All statistical tests 
for significance were two-sided and a P value of 
below 0.05 (or in the case of FDR, q < 0.05) was 
considered statistically significant, unless other-
wise noted.

Gene enrichment, pathways, and associated 
diseases

We performed gene enrichment and pathway ana-
lysis using the gometh function in the missMethyl 
R package [33]. Analysis was conducted by search-
ing for significant CpGs from the EWAS and 
DMR analyses in the Gene Ontology (GO) data-
bases as well as the Kyoto Encyclopedia of Genes 
and Genomes (KEGG). The gometh function spe-
cifically mapped the CpGs to the corresponding 
genes and tested GO enrichment and KEGG path-
ways using a Wallenius’ non central hypergeo-
metric test. This method accounts for the 
number of CpGs per gene as well as CpGs anno-
tated to multiple genes. P values were corrected 
using the false discovery rate (FDR). Finally, we 
searched DisGeNET database for the genes anno-
tated to the significant CpGs [34]. We used the 
gene2disease function from the disgenet2r 
R package to find diseases related to those genes 
with a minimum score of 0.5.
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Results

Study participants and characteristics

The final study population consisted of 142 sam-
ples from 77 men (Supplemental Figure S1). 
Participant characteristics are presented in 
Table 1. In general, the men were 50 years old at 
the first sample time point and 60 years old at 
the second time point. Both BMI and alcohol 
consumption increased over time (median BMI 
increased from 25.7 to 26.5 kg/m2 and alcohol 
consumption by about one gram/day). For smok-
ing status, most participants were non-smokers 
(never or former) at both time points, with 
a trend towards smoking cessation, as the propor-
tion of current smokers decreased (from 26.5% to 
13.5%) while former smokers increased (from 
26.5% to 32.5%). Finally, as expected, endogenous 
sex hormone concentrations decreased between 
sample time points, with androgens and progester-
one decreasing more than oestrogens. In contrast, 
SHBG increased slightly over time. Participant 
characteristics stratified by case-control status are 
found in Supplemental Table S1.

Linear regression models

In linear regression models of single CpG sites and 
DNA methylation (Table 2), higher levels of free 
oestradiol were associated with DNA hyper- 

methylation at one CpG site, cg06070446 (q <  
0.05), though only at the first measurement. An 
association of borderline statistical significance (q  
= 0.055) was observed between higher levels of 
dehydroepiandrosterone at the second measure-
ment and DNA hypomethylation at the CpG site 
cg02327694. No other significant associations were 
found for single CpG sites in the linear regression 
models, and no association was statistically signifi-
cant across both sampling time points.

Mixed effects models

Results from mixed effects models of single CpG 
sites are shown in Manhattan and Volcano plots 
(Figure 1 and Supplemental Figure S2, respec-
tively). We identified one association that sur-
passed the proposed genome-wide significance 
level of<9e-08 [31], between higher circulating 
levels of dehydroepiandrosterone and hypo-
methylation at cg14319657 in chromosome 22 
(Figure 1a). This CpG site is located upstream 
of the LINC00898 gene. As apparent from the 
Volcano plot (Figure 1b), the regression coeffi-
cient is negative (approximately −0.18), suggest-
ing an inverse relationship between levels of 
dehydroepiandrosterone and DNA methylation 
at that specific site. For the remaining sex hor-
mones, there were no statistically significant 
associations (Supplemental Figure S2).

Table 1. Study participant characteristics.

Variable

Study Population

Sample time point 1 (n = 68) Sample time point 2 (n = 75)

Age, years 50.0 (40.1–50.2) 60.0 (50.5–60.1)
Body mass index, kg/m^2 25.7 (23.6–27.4) 26.5 (24.4–28.4)
Body mass index groups, n (%) Underweight (<18.5) 0 (0.0) 0 (0.0)

Normal weight (18.5–24.9) 26 (38.2) 23 (31.1)
Overweight (25.0–29.9) 36 (53.0) 38 (51.3)
Obese (>30.0) 6 (8.8) 12 (16.2)
Unknown 0 (0.0) 1 (1.4)

Smoking status, n (%) Never 29 (42.6) 36 (48.7)
Former 18 (26.5) 24 (32.4)
Current 18 (26.5) 10 (13.5)
Unknown 3 (4.4) 4 (5.4)

Alcohol consumption, grams/day 4.4 (2.2–7.6) 5.4 (2.3–7.9)
Serological levels Androstenedione, ng/mL 0.9 (0.7–1.2) 0.7 (0.5–0.9)

Dehydroepiandrosterone, ng/mL 3.6 (2.9–5.0) 2.4 (1.5–3.1)
Estrone, pg/mL 31.9 (25.1–35.5) 30.0 (25.4–37.6)
Estradiol, pg/mL 17.6 (15.7–22.6) 17.6 (15.3–22.1)
Progesterone, pg/mL 57.9 (40.2–84.3) 47.7 (32.8–70.5)
Testosterone, ng/mL 3.7 (3.1–4.1) 3.1 (2.7–3.7)
Free estradiol, pg/mL 0.5 (0.4–0.7) 0.5 (0.4–0.6)
Free testosterone, pg/mL 75.3 (66.5–85.4) 64.8 (53.7–70.8)
SHBG, nmol/L 25.1 (19.1–33.3) 25.56 (19.6–36.0)
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In terms of P-value inflation, as indicated by 
the genomic inflation factor lambda, three expo-
sures deviated from 1 by more than 0.1 
(Supplemental Figure S3): dehydroepiandroster-
one λ ¼ 1:14ð Þ, testosterone λ ¼ 1:23ð Þ, and 
SHGB λ ¼ 1:11ð Þ.

Differentially methylated regions

Regions in which DNA was differentially methy-
lated were identified using the comb-p method 
in two different ways. First, we combined 
P values from linear regression models at the 

different sampling time points. Here we identi-
fied 82 and 128 DMRs significantly (Sidak P <  
0.05) associated with sex hormones and/or sex 
hormone binding globulin at the first 
and second sampling time point, respectively. 
As these are based on samples from the same 
individuals, we were also interested in seeing 
how many of the significant DMRs regions over-
lapped between time points. Four DMRs over-
lapped between the two time-points (Table 3). 
Furthermore, using P values from mixed effects 
models, 44 significant DMRs were identified 
(Table 4), 11 of which were also identified in 

Figure 1. Manhattan plot (a) and Volcano plot (b) for the associations between DNA methylation and dehydroepiandrosterone 
estimated using mixed effects models.

Table 2. List of all most significant association between DNA methylation and each sex hormone and SHBG at each sampling time 
point, respectively.

Hormone CpG Time point P.value FDR Gene Location Median methylation value (1st Q. − 3rd Q.) Effect size

A cg18740861 1 1,78E–06 0.64 KNDC1 Body 0.97 (0.97–0.98) −5.83e-04
A cg21112943 2 1,07E–06 0.88 BAT4;CSNK2B TSS20 0.03 (0.02–0.03) 5.82e-04
DHEA cg16374953 1 2,06E–07 0.17 USPL1 TSS200 0 (0–0.01) 4.53e-01
DHEA cg02327694 2 6,71E–08 0.06 LINC01340 Body 0.72 (0.69–0.75) −1.68e-04
E1 cg11472319 1 5,62E–07 0.46 AGPAT3 TSS1500 0 (0–0.01) 2.08e-02
E1 (Total) cg20992700 2 3,54E–07 0.29 MCTP1 Body 0.92 (0.9–0.93) −1.62e-02
E2 (Total) cg20513546 1 1,23E–07 0.06 0.91 (0.86–0.93) −4.58e-02
E2 (Total) cg07360763 2 4,37E–07 0.26 MIR646HG Body 0.97 (0.96–0.97) −3.36e-02
E2 (Free) cg06070446 1 5,56E–08 <0.05 GALNT3 Body 0.94 (0.92–0.95) 1.44e+00
E2 (Free) cg12034938 2 4,35E–07 0.36 CD84 Body 0.86 (0.84–0.87) −6.42e-01
P4 cg15565234 1 1,42E–06 0.42 KIAA1462 5‘UTR 0.15 (0.13–0.18) 3.13e-03
P4 cg09535047 2 3,64E–07 0.30 0.96 (0.95–0.97) −9.27e-03
SHBG cg04615411 1 1,91E–06 1.00 GRM8 TSS200 0.02 (0.01–0.02) 3.79–01
SHBG cg16656729 2 1,94E–07 0.16 C3orf20 Body 0.96 (0.94–0.97) −3.80e-01
T (Total) Cg16065899 1 1,72E–06 0.65 TLE1 5‘UTR;1stExon 0.11 (0.06–0.18) −4.59e-01
T (Total) cg20878647 2 1,93E–06 0.87 UBASH3A Body 0 (0–0) 2.84e-04
T (Free) cg08608892 1 2,43E–07 0.20 0.39 (0.32–0.47) 1.12e+00
T (Free) cg01280180 2 2,31E–06 0.59 TXNDC6 5‘UTR 0.76 (0.73–0.8) −4.84e-01

Androstenedione (A), dehydroepiandrosterone (DHEA), oestrone (E1), oestradiol (E2), progesterone (P4), sex hormone binding globulin (SHBG), 
testosterone (T). 
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the linear models at any sampling time point. 
Also, as seen in Tables 3 and 4, the majority of 
DMRs overlap with androgen- and oestrogen 
response elements. Detailed information on sig-
nificant DMRs is found in Supplemental Tables 
S2 & S3. Finally, none of the associations were 
significant for interaction by case-control status 
(all qinteraction>0.05).

Gene enrichment, pathways and associated 
diseases

We entered 28 and 281 unique CpGs from linear 
regression models and mixed models, respectively, 
into gene enrichment and pathway analyses. None 
of the CpGs were significantly associated with any 
GO terms or KEGG pathways (FDR<0.05). The 
corresponding top 5 hits for each sex hormone 
and SHBG are presented in Supplemental Tables 
S4-S7. Looking at associations between annotated 
genes and diseases in the DisGeNET database, 
genes were commonly associated with mental dis-
orders (BLHE40, DGKH, FOXG1, and FOXP2) and 
nervous system diseases (FOXG1, FOXP2, and 
PLXND1), as illustrated in Supplemental Figure S4.

Discussion

Using samples from 77 men, 65 of which had 
repeated samples, we estimated associations 
between levels of circulating sex hormones, sex 
hormone binding globulin (SHBG) and DNA 
methylation in white blood cells. Assessing gen-
ome-wide DNA methylation levels, we identified 
three CpG-sites significantly and borderline signif-
icantly associated with levels of dehydroepiandros-
terone (DHEA) and free oestradiol. We also 

identified multiple differentially methylated 
regions (DMRs) significantly associated with sex 
hormones and SHBG.

To our knowledge, this study is the first to 
analyse associations between genome-wide DNA 
methylation and levels of sex hormones and 
SHBG in men (aged between 40 and 50 years at 
first sampling and with a repeat sample taken ten 
years later). The two previous studies of CpG 
specific DNA methylation and endogenous sex 
hormones included were restricted to children 
and adolescents [16,17]. The first study [16] iden-
tified, despite not finding any individual signifi-
cant CpG sites, eleven DMRs that were associated 
with total and bioavailable testosterone, as well as 
with SHBG in child and adolescent males. In ado-
lescent females, levels of SHBG were significantly 
associated with DNA methylation at three indivi-
dual CpG sites as well as two DMRs. None of the 
DMRs or individual CpG sites were replicated in 
our study, most likely due to the differently aged 
populations. The other previous study [17], which 
had longitudinal data, found 999 CpGs signifi-
cantly associated with levels of testosterone in 
boys. In girls, there were no significant associa-
tions. However, models were not adjusted for 
important confounding factors including BMI 
and not modelled longitudinally using mixed 
effects models despite the longitudinal study 
design. In addition to the previously described 
studies on DNA methylation and sex hormone 
levels in human samples, several studies have 
shown that sex hormones are involved in the reg-
ulation of epigenetic programs in multiple differ-
ent cell types [35], including endometrial cells [36] 
and adipocytes [37]. Although not addressed in 
this study (as it only included male subjects), 

Table 3. Differentially methylated regions calculated using the Comb-p method based on linear regression models. Restricted to 
regions overlapping between timepoints.

Hormone CHRa Starta Enda Genes Location
Overlap with Transcriptional 

regulators

Number of CpGs

Total
Negative 

association
Positive 

association

DHEA 5 110062342 110062837 TMEM232 Body – Promoter AR & ER 14 14 0
DHEA 20 44451666 44451973 TNNC2b 3’UTR AR & ER 5 5 0
E1 5 110062342 110062837 TMEM232 Body – Promoter AR & ER 14 14 0
P4 17 37123637 37123949 FBXO47 Body – Promoter AR & ER 9 0 9

Androstenedione (A), dehydroepiandrosterone (DHEA), oestrone (E1), oestradiol (E2), progesterone (P4), sex hormone binding globulin (SHBG), 
testosterone (T), untranslated region (UTR), Androgen Receptor (AR), Oestrogen Receptor (ESR). aChromosome positions refer to the Genome 
Reference Consortium Human Build 37 (GRCh37). bWithin 100k bp up/downstream of DMR. 
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Table 4. Differentially methylated regions calculated using the Comb-p method based on mixed effects models.

Hormone CHRa Starta Enda Included genes Location

Overlap with 
Transcriptional 

regulators

Number of CpGs

Overlap 
with LMc

Total
Negative 

association
Positive 

association

A 3 45067542 45067713 CLEC3B Promoter AR & ER 4 4 0
A 6 31650734 31651059 LY6G5Cb AR 10 0 10 X
A 10 6188148 6188415 PFKFB3 Promoter - 

Body
ER 3 3 0 X

A 17 7348315 7348490 CHRNB1 Promoter - 
Body

AR & ER 8 8 0 X

A 17 37123637 37123949 FBXO47 Body - 
Promoter

AR & ER 9 0 9 X

A 19 38545676 38545847 SIPA1L3 5’UTR ER 3 3 0
DHEA 1 20617282 20617456 VWA5B1 Promoter - 

Body
ER 7 7 0

DHEA 2 74726632 74726892 LBX2 Body - 
Promoter

AR & ER 7 7 0

DHEA 3 5024760 5024963 BHLHE40 Body ER 5 0 5
DHEA 5 110062342 110062837 TMEM232 5’UTR – 

Promoter
AR & ER 14 14 0 X

DHEA 6 15401023 15401067 JARID2 5’UTR – 
Body

AR & ER 3 3 0

DHEA 7 70597350 70597599 WBSCR17 Promoter AR & ER 5 5 0
DHEA 7 114055073 114055419 FOXP2 Body − 

5’UTR
AR & ER 7 0 7

DHEA 10 63808851 63809170 ARID5B Promoter – 
Body

AR & ER 11 0 11

DHEA 11 128414617 128414808 ETS1 Body ER 2 2 0
DHEA 14 23623662 23623935 SLC7A8 Body – 

Promoter
AR & ER 5 5 0

DHEA 16 10912498 10912718 TVP23A; 
FAM18A

Body – 
Promoter

AR & ER 4 4 0

DHEA 20 42544647 42545022 TOX2 Promoter - 
Body

AR & ER 9 9 0

DHEA 20 43935221 43935551 MATN4;RBPJL Body – 
Promoter

AR & ER 10 9 1 X

DHEA 22 41763092 41763417 TEF Promoter - 
Body

AR & ER 9 9 0

DHEA 22 44568724 44568913 PARVG Promoter - 
Body

AR & ER 6 6 0

E2 
(Total)

11 85862605 85862822 PICALMb AR & ER 3 0 3 X

E2 
(Total)

11 128694183 128694388 FLI1b AR & ER 3 0 3 X

E2 
(Total)

13 42613606 42613702 DGKH Promoter ER 3 0 3

E2 
(Total)

17 46676098 46676375 LOC404266; 
HOXB6

Body 3 0 3

E2 (Free) 6 32120862 32121566 PPT2;PRRT1 Promoter - 
Body

AR & ER 28 28 0

E2 (Free) 20 52224624 52224849 LOC105372672b AR & ER 5 5 0
P4 20 36148698 36148994 BLCAP;NNAT 5’UTR – 

Promoter
AR & ER 12 0 12

SHBG 3 129323777 129323941 PLXND1 Body AR & ER 3 3 0
SHBG 5 178986130 178986559 RUFY1 Promoter - 

Body
AR & ER 6 6 0

SHBG 12 49782965 49783222 SPATS2 5’UTR AR & ER 5 5 0
SHBG 18 77905390 77905699 LOC100130522 Promoter AR & ER 5 5 0
SHBG X 8751265 8751557 FAM9Ab AR & ER 5 0 5
T (Total) 6 31627632 31627714 C6orf47 Body ER 4 4 0
T (Total) 6 155537929 155538155 TIAM2 Body − 

5’UTR
AR 5 0 5

T (Total) 14 29235903 29236221 FOXG1 Promoter AR & ER 10 10 0 X
T (Total) X 11446027 11446217 ARHGAP6 Promoter - 

Body
AR & ER 6 6 0

T (Total) X 101906108 101906288 GPRASP1 Promoter 6 6 0
T (Total) X 137793763 137794009 FGF13 Promoter – 

Body
AR & ER 6 6 0 X

(Continued )
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there appear to be significant differences in the 
potential of sex hormones to illicit downstream 
responses in men and women, a concept that 
should be further investigated, especially in the 
context of colon cancer [25].

In the EWAS, we identified one CpG site 
(cg14319657) at which DNA methylation was sig-
nificantly associated with levels of dehydroepian-
drosterone in mixed models. Cg14319657 is 
located in a CpG island upstream of the long 
intergenic non-protein coding RNA 898 
(LINC00898). Long noncoding RNAs (lncRNAs) 
are involved in various diseases, including cancer 
[38,39], and upregulation of LINC00898 has been 
observed in bladder cancer [40], oesophageal squa-
mous cell carcinoma [41], and lung adenocarci-
noma [42]. However, as for the majority of 
lncRNAs, the exact function of LINC00898 
remains unknown.

In linear regression models based on specific 
sampling time points, we identified two CpG 
sites of interest. One site (cg06070446) was signif-
icantly associated with free oestradiol levels. It 
mapped to the gene body of GALNT3, previously 
found to be correlated with osteoporosis [43], 
a disease in which oestrogen levels have an impor-
tant role [44]. The other CpG site (cg02327694) 
was borderline significantly associated with dehy-
droepiandrosterone. Cg02327694 mapped to an 
lncRNA called LINC01340, which is not function-
ally well characterized. However, as the relation-
ship for baseline and repeated sampling measures 
was modelled separately, we conducted more sta-
tistical tests, and thus the risk that these two CpGs 
are false positives is larger. Additionally, the low 
number of samples at each time point could have 

led to insufficient statistical power to confirm 
these associations. Another explanation could be 
that sex hormone levels and DNA methylation at 
these CpG sites followed different time 
trajectories.

Aside from CpG site specific analyses, we also 
identified more than 40 DMRs that were differen-
tially methylated and associated with sex hormones 
and/or SHBG. The combined effect of multiple 
methylated CpG sites, as it is the case in DMRs, is 
more likely to impact gene expression compared to 
methylation at individual sites. One DMR 
(CHR5:110062342–110062837) was associated with 
both dehydroepiandrosterone and oestrone levels, 
which is interesting as the former decreases and the 
latter increases in men over time. The DMR is anno-
tated to the promoter region of the gene TMEM32 in 
chromosome 5 and includes 14 CpG sites, all of 
which were hypomethylated with median beta values 
ranging from 0.16 to 0.42 and a negative direction of 
effect. The gene TMEM32 has been associated with 
various diseases, including mild cognitive impair-
ment [45], in which a region within the gene was 
differentially methylated, and atopic dermatitis 
[46,47], associated with genetic variants of 
TMEM32. The latter is associated with both sex 
hormones and DNA methylation, mostly of genes 
regulating immune responses and inflammatory 
processes [48,49]. Another interesting DMR 
(CHR17:37123637–37123949), located within the 
promoter region of FBXO47 in chromosome 17, 
was associated with both progesterone and andros-
tenedione. Median beta values ranged between 0.05 
and 0.42 across both sampling time points, and 
methylation was positively associated with proges-
terone and androstenedione levels across all CpGs. 

Table 4. (Continued). 

Hormone CHRa Starta Enda Included genes Location

Overlap with 
Transcriptional 

regulators

Number of CpGs

Overlap 
with LMc

Total
Negative 

association
Positive 

association

T (Total) X 150151571 150151823 HMGB3 Promoter – 
Body

AR & ER 12 12 0

T (Free) 6 31627632 31627714 C6orf47 Body ER 4 4 0
T (Free) 10 119590449 119590665 RAB11FIP2b ER 4 0 4
T (Free) 12 49782965 49783222 SPATS2 5’UTR AR & ER 5 5 0
T (Free) 13 95364907 95364993 SOX21 Promoter AR 5 4 1

Androstenedione (A), dehydroepiandrosterone (DHEA), oestrone (E1), oestradiol (E2), progesterone (P4), sex hormone binding globulin (SHBG), 
testosterone (T), untranslated region (UTR), Androgen Receptor (AR), Oestrogen Receptor (ESR) aChromosome positions refer to the Genome 
Reference Consortium Human Build 37 (GRCh37) bWithin 100k bp up/downstream of DMR cRegions that overlapped with regions based on 
P values from linear regression models (LM) at any time point. 
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FBXO47 belongs to a family of genes, F-Box only 
genes, of which many have oncogenic or tumour 
suppressive functions [50]. FBXO47 in particular, 
has been suggested to have a tumour-suppressor 
role in kidney, liver, pancreas and gastric cancer 
[51,52]. However, it is unclear what, if any, role sex 
hormones have in the aetiology of these cancers.

The link between circulating sex hormone 
levels and DNA methylation in white blood cells 
could be connected to inflammatory pathways. 
Inflammation is a complex process involving 
multiple different immune responses, and both 
oestrogens and androgens have been shown to 
have anti-inflammatory effects [53]. Our lab pre-
viously investigated associations between circu-
lating levels of inflammatory markers and DNA 
methylation in samples from the same cohort as 
in this study [20], and were able to validate pre-
vious findings showing e.g., how CRP levels relate 
to DNA methylation levels.

Despite our findings, we cannot draw conclusions 
about the possible mediating aspect of DNA methy-
lation on the association between sex hormones and 
sex hormone dependent diseases. Additionally, sex 
hormone levels are regulated through negative feed-
back loops involving, for example, expression of 
receptors. However, we found no statistically signifi-
cant association between DNA methylation and sex 
hormones in regions coding for these receptors. 
Thus, we deem it more likely that the direction of 
the association is that sex hormones, and SHBG, can 
potentially alter DNA methylation in men.

A major strength of our study is the use of 
repeated samples, making it possible for us to con-
duct longitudinal assessments of the relationship 
between circulating sex hormones, sex hormone 
binding globulin, and DNA methylation. Although 
the two previous studies on males [16,17] also had 
data at different ages, these were either not repeat 
measurements of the same individuals or not mod-
elled using mixed effects models. Further major 
strengths of our study are the use of a validated liquid 
chromatography tandem mass spectrometry 
(HPLC-MS/MS) method to measure sex hormones, 
as well as the use of the Illumina Infinium 
MethylationEPIC array, covering more than 
850,000 CpG sites, to measure DNA methylation. 
In addition, we included a more comprehensive 
panel of sex hormones, also containing testosterone 

precursors (dehydroepiandrosterone and androste-
nedione), oestrogens (oestrone and oestradiol), and 
progesterone. All sex hormones and SHBG were 
measured in plasma collected after at least 8 hours 
of fasting and during the morning when concentra-
tions of many sex hormones peak [54]. Another 
strength was the adjustment for potentially impor-
tant confounders such as BMI, which was measured 
by a health professional, alcohol consumption and 
physical activity, aside from age and estimated cell- 
type composition.

One limitation of our study is the modest sam-
ple size. However, this was partially compensated 
by the use of repeated samples. Another potential 
limitation was the inclusion of participants from 
a previous nested case-control study of colorectal 
cancer. Although the prospective cohort is popula-
tion-based, the participants are not fully represen-
tative of the cohort, and the inclusion of cases 
could potentially distort associations between cir-
culating sex hormones, sex hormone binding glo-
bulin, and DNA methylation in peripheral white 
blood cells. To account for this, we adjusted the 
analyses for colorectal cancer case status and tested 
for interaction by case-control status. However, we 
acknowledge that future studies with adequate sta-
tistical power should consider stratifying their data 
by case-control status to elucidate any differences 
caused by disease influence. Furthermore, as 
reflected by inflation factors values, some unex-
plained variation remains, despite the addition of 
case-control status and surrogate variables. 
Therefore, to adequately control the false-positive 
rate in analyses using EPIC array data, we adopted 
the proposed epigenome-wide significance level p  
< 9e-08 [31]. Another potential limitation is the 
fact that DNA methylation was measured in 
buffy coat and not in other tissues (that might, in 
some cases, be more relevant for disease develop-
ment). In the current study, however, investigating 
associations between buffy coat DNA methylation 
and circulating hormone levels is of particular 
interest as oestrogen has documented anti- 
inflammatory effects and have been shown to 
resolve inflammation in white blood cells such as 
macrophages [55]. Despite this, future studies con-
sidering mediating effects of DNA methylation 
might consider measuring levels in the target tis-
sue instead of blood [56–58] or try to validate key 
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findings from epidemiological studies in vitro e.g., 
in hormone-receptor positive breast cancer cells. 
Finally, our approach to impute for missing data 
assumed that BMI, alcohol intake and smoking did 
not change between sampling time points, which 
could have led to some bias.

Conclusion

In summary, we identified one novel CpG site that 
met a genome-wide significance level and more 
than 40 DMRs, associated with different sex hor-
mones, and sex hormone binding globulin, sup-
porting the relationship between sex hormones 
and DNA methylation. As these individually 
already play important roles in different diseases, 
we deem it likely that either the epigenetic regula-
tion of sex hormone levels or the effect mediation 
of DNA methylation can be involved in disease 
initiation/progression. Nonetheless, mechanisms 
through which sex hormones may alter DNA 
methylation remain mostly unknown. Therefore, 
future studies focusing on this area, are needed.
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