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Gender‑affirming hormone therapy induces 
specific DNA methylation changes in blood
Rebecca Shepherd1, Ingrid Bretherton2,3, Ken Pang4,5,6, Toby Mansell1,7, Anna Czajko1, Bowon Kim1, 
Amanda Vlahos1, Jeffrey D. Zajac2,3, Richard Saffery1,7, Ada Cheung2,3† and Boris Novakovic1,7*†   

Abstract 

Background:  DNA methylation is an epigenetic mark that is influenced by underlying genetic profile, environment, 
and ageing. In addition to X-linked DNA methylation, sex-specific methylation patterns are widespread across auto-
somal chromosomes and can be present from birth or arise over time. In individuals where gender identity and sex 
assigned at birth are markedly incongruent, as in the case of transgender people, feminization or masculinization may 
be sought through gender-affirming hormone therapy (GAHT). GAHT is a cornerstone of transgender care, yet no 
studies to date have investigated its effect on genome-wide methylation. We profiled genome-wide DNA methyla-
tion in blood of transgender women (n = 13) and transgender men (n = 13) before and during GAHT (6 months and 
12 months into feminizing or masculinizing hormone therapy).

Results:  We identified several thousand differentially methylated CpG sites (DMPs) (Δβ ≥ 0.02, unadjusted p 
value < 0.05) and several differentially methylated regions (DMRs) in both people undergoing feminizing and mascu-
linizing GAHT, the vast majority of which were progressive changes over time. X chromosome and sex-specific auto-
somal DNA methylation patterns established in early development are largely refractory to change in association with 
GAHT, with only 3% affected (Δβ ≥ 0.02, unadjusted p value < 0.05). The small number of sex-specific DMPs that were 
affected by GAHT were those that become sex-specific during the lifetime, known as sex-and-age DMPs, including 
DMRs in PRR4 and VMP1 genes. The GAHT-induced changes at these sex-associated probes consistently demonstrated 
a shift towards the methylation signature of the GAHT-naïve opposite sex, and we observed enrichment of previously 
reported adolescence-associated methylation changes.

Conclusion:  We provide evidence for GAHT inducing a unique blood methylation signature in transgender people. 
This study advances our understanding of the complex interplay between sex hormones, sex chromosomes, and DNA 
methylation in the context of immunity. We highlight the need to broaden the field of ‘sex-specific’ immunity beyond 
cisgender males and cisgender females, as transgender people on GAHT exhibit a unique molecular profile.

Keywords:  DNA methylation, EPIC array, Transgender, Masculinization, Feminization, GAHT, Epigenetics, Gender, 
Immunity
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Background
In the era of personalized medicine, inclusivity of all 
genders and sexes in research is vital for providing 
equitable and inclusive health care [1]. Although often 
used interchangeably, gender and sex are separate con-
structs. ‘Gender identity’ refers to one’s self-perception 
of gender, while ‘sex’ refers to the underpinning bio-
logical features, which is assigned at birth and defined 
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by reproductive anatomy or sex chromosomes [2, 3]. 
Gender dysphoria occurs when an individual’s gender 
identity and sex assigned at birth do not align. In those 
where these are markedly and consistently incongruent, 
as in the case of transgender individuals, feminization 
or masculinization may be sought through gender-
affirming hormone therapy (GAHT). In those seeking 
feminization, GAHT includes oestrogen (in the pres-
ence of absence of progesterone) in combination with 
anti-androgens, while testosterone therapy is used for 
those seeking masculinization.

A wealth of research exists on ‘sex-specific’ immunity, 
including evidence of sex-specific vaccine and infection 
responses (reviewed in [4, 5]). Additionally, sexual dimor-
phism exists within several immunological diseases, such 
as the heightened prevalence of some autoimmune and 
inflammatory diseases among adult individuals presumed 
female at birth compared to adult individuals presumed 
male at birth [6]. However, these findings are based on 
binary comparisons based on sex, and it is important 
to broaden the current understanding of immunity to 
include transgender individuals. Moreover, sex hormones 
have an immunomodulatory role (reviewed in [7–9]), and 
therefore the effects of GAHT warrant investigation as it 
marks a period of profound change in the internal hor-
monal milieu.

DNA methylation is an epigenetic mark that influences 
gene expression in a context-specific manner [10]. This 
mark is highly dynamic during pre-implantation devel-
opment and during cell differentiation [11], but is  also 
susceptible to environmental factors throughout the life-
time [12]. The inactivation of the second X chromosome 
in females is an example of a co-ordinated sex-specific 
epigenetic remodelling process. This process involves a 
non-coding RNA, chromatin remodelling, and finally the 
addition of DNA methylation on the inactive X [13]. In 
addition to X inactivation-associated DNA methylation 
differences [13, 14], sex-specific (XX females versus XY 
males) DNA methylation patterns on autosomal chro-
mosomes have been reported in a range of cell types 
[15–18]. At least some of these are potentially due to 
hormonal change, but these are hard to delineate from 
genetic influence, as hormones are regulated by biologi-
cal sex in isolation. Periods of hormonal change have 
been shown to induce changes in DNA methylation over 
time, including pregnancy [19], puberty [20, 21], meno-
pause, and menopausal hormone therapy [22, 23]. Ana-
lysing GAHT-induced DNA methylation change provides 
a unique model to study the effect of hormones sepa-
rate from genetics. Here we report the first Epigenome-
wide association study (EWAS) of GAHT, and describe 
the longitudinal changes observed in the blood methyl-
ome of 13 transgender men and 13 transgender women 

newly commencing GAHT at baseline, 6  months, and 
12 months.

Results
Gender‑affirming hormone therapy induces progressive 
changes in blood DNA methylation
To investigate whether DNA methylation levels in blood 
change in response to GAHT, we analysed epigenome-
wide methylation data in transgender women commenc-
ing feminizing hormone therapy and transgender men 
commencing masculinizing hormone therapy (Fig.  1A). 
In both models, we profiled longitudinal samples of 13 
individuals at baseline, and after  6  months (6  m) and 
12 months (12 m) GAHT (Table 1, Additional file 10: Fig. 
S1). No probes reached significance after adjustment for 
multiple testing in both feminizing and masculinizing 
GAHT analysis.

In transgender women, we identified 5657 differ-
entially methylated probes (DMPs) after 6  m or 12  m 
of feminizing GAHT (p value (unadjusted) < 0.05 and 
mean Δβ ≥ 0.02) (Fig.  1B, Additional file  1: Table  S1). 
In transgender men, we identified 4110 DMPs (p value 
(unadjusted) < 0.05 and mean Δβ > 0.02) (Fig.  1B, Addi-
tional file 2: Table S2). The mean methylation difference 
for the top DMPs in transgender women and transgen-
der men and the associated closest genes, are shown in 
Additional file 10: Fig. S2A and S2B. There was little over-
lap between 6 and 12 m DMPs (Fig. 1C, Additional file 1: 
Table S1), however when DNA methylation levels for the 
12 m DMPs were plotted, the 6 m time point showed an 
intermediate level of methylation (red plots in Fig.  1D, 
and blue plots in Fig. 1E), indicating progressive change 
over time. There was a strong correlation in Δβ between 
‘baseline v 6 months’ and ‘baseline v 12 months’, with no 
anti-correlating DMPs (Additional file  10: Fig. S3A and 
S3B, and Additional file  2: Table  S2), which is also evi-
dent in a direction-of-change stratified Venn diagram 
(Additional file  10: Fig. S3C and S3D). Based on these 
DMPs the baseline group separates from the 6-month 
and 12-month groups, which cluster together in both 
transgender women and transgender men by principal 
component analysis (Additional file 10: Fig. S3E and S3F). 
In summary, DNA methylation profile is remodelled by 
6 months post-GAHT in a hormone-specific manner, and 
this pattern is maintained or enhanced by 12 months.

Temporal GAHT‑associated DNA methylation dynamics
While the primary pattern of change following GAHT 
was a progressive gain or loss of DNA methylation, due to 
the poor overlap between significant DMPs (Fig. 1C) we 
wanted to explore temporal DNA methylation dynam-
ics (Additional file  10: Fig. S4). Using k-means cluster-
ing, we identified 8 unique DMP clusters in feminizing 
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GAHT (Additional file 10: Fig. S4A) and 6 unique DMP 
clusters in masculinizing GAHT (Additional file 10: Fig. 
S4B). The largest cluster for feminizing GAHT was pro-
gressive loss of DNA methylation (1193 DMPs), while the 
largest cluster for masculinizing GAHT was progressive 
gain of DNA methylation (1154 DMPs). We additionally 
identified transient clusters (gain in DNA methylation at 
6 m, followed by return to baseline levels at 12 m), as well 

as those that show early change in DNA methylation at 
6 m and maintain it to 12 m. We annotated the DMPs in 
Additional file 1: Table S1 and Additional file 2: Table S2 
with the cluster they belong to (Additional file 1: Table S1 
and Additional file  2: Table  S2) and performed gene 
ontology analysis using genes near these clusters (Addi-
tional file  3: Table  S3). In addition to this approach, we 
also used a time-course model in limma to identify DMPs 
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Fig. 1  Gender-affirming hormone therapy model induced progressive change in blood DNA methylation. A Longitudinal GAHT model with 
blood collection at baseline (before hormone therapy), and 6 and 12 months after treatment. In total, samples from 13 transgender women and 13 
transgender men were included in the study. B Number of differentially methylated probes (DMPs) with an unadjusted p value cut-off < 0.05 and a 
Δβ cut-off of ≥ 0.02. C Venn diagram showing the overlap between 6 and 12 m DMPs. D Boxplots of DNA methylation z-scores at DMPs that gain or 
lose DNA methylation at 12 months compared to baseline in transgender women. At 6 months, these probes show an intermediate level of DNA 
methylation. E Boxplots of DNA methylation z-scores at DMPs that gain or lose DNA methylation in transgender men
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that were significant for a linear change across all three 
time points (Additional file  4: Table  S4 and Additional 
file 5: Table S5). Time could also have been modelled as 
a factor to derive results similar to the stratified analysis, 
but this was not performed in this study’.

Feminizing and masculinizing GAHT remodel DNA 
methylation profiles in opposing directions
After 12  months GAHT, the majority of DMPs showed 
gains in DNA methylation in transgender men, whereas 
the majority of DMPs in transgender women showed 
loss of DNA methylation (Fig. 1B). Only a small overlap 
of 64 DMPs (1.9%) was found between feminizing and 
masculinizing GAHT comparisons (Fig.  2A, Additional 
file  6: Table  S6). Of these, 46 showed a negative corre-
lation, with 39 gaining DNA methylation in transgen-
der men and losing methylation in transgender women 
(Fig.  2B). An example of this is an IL21 promoter-asso-
ciated DMP (cg08417104) which is similarly methylated 
in transgender women and transgender men at baseline, 
but gains DNA methylation after 12  months masculin-
izing GAHT (mean Δβ 0.025) and loses DNA methyla-
tion after 12 months feminizing GAHT (mean Δβ  -0.043) 
(Fig.  2D and 2E). Clustering of individual samples by 
PCA based on these 39 DMPs shows a shift of samples 

from transgender men on masculinizing GAHT towards 
that of GAHT-naïve individuals assigned male at birth 
(up on PC2 in Fig. 2C) and vice versa for samples from 
transgender women on feminizing GAHT (down on PC2 
in Fig. 2C). This opposing direction of DNA methylation 
change is also evident when clustering samples based 
on all 5838 significant DMPs (unadjusted p value < 0.05, 
Δβ > 0.02) (Additional file 10: Fig. S5A).

GAHT‑associated DMPs are enriched at promoters of genes 
associated with anatomical development and immune 
processes
Genes with promoter-associated DMPs, defined as a 
DMP within 5 kilobases of a transcription start site 
(TSS), were involved in numerous biological processes 
relating to the immune response, cell signalling, metabo-
lism, hormone signalling, and sex-associated anatomical 
processes, among others (Fig.  3A, B, Additional file  7: 
Table  S7). In transgender women receiving feminizing 
GAHT, 488 genes had a loss-of-methylation promoter 
DMPs and 196 genes had a gain-of-methylation promoter 
DMPs at 12  months. In loss-of-methylation promoter 
DMPs, anatomical development processes were among 
the most enriched, including ‘ectodermal placode mor-
phogenesis’ (unadjusted p value 8.45E−05) (comprised of 

Table 1  Age, body mass index and baseline, 6- and 12-month biochemistry in transgender women and transgender men

Expressed as median (interquartile range). Follicle-stimulating hormone (FSH), luteinizing hormone (LH), estradiol (E2), testosterone (T), sex hormone binding 
globulin (SHBG)

Transgender Women (n=13) (TW) Transgender Men 
(n=13) (TM)

Age (years) 29.0 (22.0, 61.0) 23.0 (21.0, 24.0)

BMI (kg/m²) 24.2 (22.3, 24.6) 22.8 (21.8, 30.5)

Baseline (TW) 6 months (TW) 12 months (TW) Baseline (TM) 6 months (TM) 12 months (TM)

Biochemistry
FSH (IU/L) 5.2 (2.6, 7.4) 0.8 (0.1, 1.2) 0.2 (0.1, 0.8) 6.4 (3.3, 7.2) 5.4 (4.9, 6.3) 4.1 (3.5, 5.4)

LH (IU/L) 6.1 (5.4, 6.7) 2.0 (0.1, 3.9) 0.1 (0.1, 2.2) 7.5 (5.9, 8.3) 7.2 (6.2, 10.0) 4.7 (2.1, 7.0)

E2 (pmol/L) 56.0 (50.0, 76.0) 259.0 (196.0,393.0) 340.0 (294.0, 419.0) 210.0 (90.5, 460.5) 165.0 (92.0, 171.0) 157.0 (120.0, 197.0)

T (nmol/L) 19.6 (19.8, 20.4) 0.7 (0.4, 1.6) 0.5 (0.4, 0.7) 1.6 (1.2, 1.7) 20.9 (15.3, 27.1) 20.4 (17.5, 29.2)

SHBG (nmol/L) 51.0 (43.5, 54.0) 74.0 (49.0, 105.0) 76.0 (53.0, 98.0) 51.0 (39.5, 74.5) 37.0 (21.0, 56.0) 33.0 (23.0, 62.0)

(See figure on next page.)
Fig. 2  Little overlap in DMPs between transgender men on masculinizing GAHT and transgender women on feminizing GAHT. A Summary 
of DMPs identified in transgender women and transgender men comparison at p value < 0.05 and Δβ > 0.02. B Scatter plot of change in DNA 
methylation during GAHT (12 months - baseline) for transgender men (x axis) and transgender women (y axis) for 64 DMPs that are significant in 
both GAHT groups. The largest group of DMPs (39 in total) show higher DNA methylation after 12 months of masculinizing GAHT and lower DNA 
methylation after 12 months of feminizing GAHT. C PCA plot of individual samples at baseline and 12 months based on the 39 anti-correlating 
DMPs. PC2 separates 12 months from baseline samples, with transgender women moving downwards and transgender men moving upwards. D 
and E Dot plot showing DNA methylation level for individual donors at baseline and 12 months at top probes that show an inverse change in DNA 
methylation between transgender women and transgender men groups. The probes are associated with IL21 and UBE2H genes
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TBX3, HDAC1, TBX2, and CTNNB1) and ‘male genitalia 
development’ (unadjusted p value 0.00016) (comprised 
of BMP6, TBX3, LGR4, CTNNB1, and AR). We also 
observed enrichment of numerous immune-related bio-
logical processes including ‘immune response’, ‘response 
to stimulus’, ‘lymphocyte-mediated immunity’, ‘positive 
regulation of NF-kB activity’, and ‘positive regulation of 
type I interferon production’ (Additional file 7: Table S7). 
When expanding gene lists to those with a DMP within 1 
megabase of a transcription start site, we also observed 
strong enrichment of ‘anatomical structure develop-
ment’ in both loss-of-methylation (unadjusted p value 
5.57E−29) and gain-of-methylation (unadjusted p value 
2.97E−07) gene lists (Fig. 3A, Additional file 7: Table S7).

In transgender men on masculinizing GAHT, 104 
genes were associated with loss-of-methylation promoter 
DMPs, and 592 genes were associated with gain-of-meth-
ylation promoter DMPs at 12 months. The most enriched 
biological process in loss-of-methylation promoter 
DMP associated genes was ‘androgen receptor signal-
ling pathway’ (unadjusted p value 7.84E−04) comprised 
of DAXX, RWDD1, and PPARGC1A (Fig. 3B). Again we 
observed strong enrichment of anatomical related pro-
cesses when using lists of genes associated with DMPs 
within 1 megabase of transcription start sites, with strong 
enrichment of ‘anatomical structure development’ ( 
unadjusted  p value 2.29E−25) in gain-of-methylation 
DMP associated genes, and ‘regulation of muscle adap-
tation’ (unadjusted p value 1.33E−05) in loss-of-methyl-
ation DMP associated genes (Fig.  3B). The top 50 most 
significantly enriched (unadjusted p value < 0.05) biologi-
cal processes and KEGG pathways of DMP associated 
genes can be found in Additional file 7: Table S7. These 
results suggest epigenetic remodelling at genomic loci 
associated with sex-associated anatomical changes, the 
immune response, and hormone signalling.

Further, in the comparison of our DMPs to a vali-
dated pregnancy-associated 15 probe DNA methyla-
tion signature, 3/15 were present in transgender women 
on feminizing GAHT and none in transgender men on 
masculinizing GAHT, reflecting the oestrogen-specific 
response (Additional file 10: Fig. S6A). Finally, we saw no 

overlap between our GAHT-associated DMPs and those 
identified in rheumatoid arthritis patients, a known sexu-
ally dimorphic autoimmune disease (Additional file  10: 
Fig. S6B).

Next, we scanned genomic regions surrounding pro-
moter DMPs and distal DMPs for enrichment of tran-
scription factor binding motifs (Fig.  3C). These provide 
insights into the potential regulatory mechanisms at 
regions with dynamic DNA methylation levels follow-
ing GAHT. A motif was considered enriched if it had 
an unadjusted p value of < 0.05, showed an increase 
in abundance of > 5%, and a fold change in abundance 
of > 1.5 compared to background sequences. Generally, 
Egr1, Kruppel-like factor (KLF), and Sp family motifs 
showed higher abundance around promoter DMPs 
compared to distal DMPs, while AP-1 and BATF motifs 
were more abundant around distal DMPs (Fig.  3D). 
Some motifs showed exclusive enrichment in a particu-
lar group, including IRF8 and MITF motifs in gain-of-
methylation promoter DMPs in transgender women and 
the  NFAT motif in loss-of-methylation promoter DMPs 
in transgender women (Fig. 3D).

Masculinizing GAHT DMRs include an age‑associated 
sex‑specific region in the promoter of PRR4
Next, we examined differentially methylated regions 
(DMRs) which contain multiple DMPs that show cor-
relative methylation (Additional file  10: Fig. S7A, Addi-
tional file 8: Table S8). We identified three DMRs in the 
transgender men group at 12 months (near PRR4, PHF19, 
and MMP17) (Additional file 10: Fig. S7B), with no DMRs 
detected in the transgender men group at 6 months. The 
PRR4 DMR was in the promoter region, overlapped an 
ENCODE defined open chromatin region (Fig. 4A), and 
showed the largest change in DNA methylation relative 
to baseline, which was present at both 6  months and 
12 months (Fig. 4, Additional file 10: Fig. S2F). To inves-
tigate this area further, we plotted the DNA methylation 
levels of probes in and around the DMR (Fig.  4B). This 
revealed that the region was sex-specific, showing lower 
DNA methylation in people assigned male at birth com-
pared to people assigned female at birth (mean Δβ − 0.12 

Fig. 3  Genes with DMPs in promoters are enriched for biological processes and transcription factor binding motifs. A Top five most significantly 
enriched biological processes (BP) terms of genes with a DMP (transgender women 12 months vs baseline) within 5 kilobases (Kb) (in orange) 
or within 1 megabase (Mb) (in green) of a transcription start site (TSS). B Top five most significantly enriched BP terms of genes with a DMP 
(transgender men 12 months vs baseline) within 5 Kb or 1 Mb of a TSS. In A and B, BP terms are followed by (unadjusted p value) and [number 
of target genes in term]. Adjusted p values can be found in supplementary tables. C Outline of the number of 12-month GAHT-associated DMPs 
for feminizing (pink) or masculinizing (blue) GAHT, and whether DMP is promoter proximal (< 5 Kb of TSS) or distal (> 5 Kb of TSS). D Enriched 
transcription factor binding motifs (TFBMs) in genomic sequences spanning 50 bp upstream and downstream of promoter DMPs and distal DMPs. 
Heatmaps show the fold change (FC) in TFBM abundance relative to average background abundance (row-scaled), with white squares indicating 
TFBMs with unadjusted p value < 0.05, FC > 1.5, and change in abundance of > 5%

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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across the DMR). Masculinizing GAHT was associated 
with a loss of DNA methylation (mean Δβ − 0.03 across 
the DMR), shifting the DNA methylation pattern from 
that observed in people assigned female at birth towards 
that observed in people assigned male at birth (Fig. 4B). 
Within this DMR, cg23256579 exhibited the greatest 
loss of methylation following masculinizing GAHT, with 
12 out of 13 donors showing robust loss of methylation 
(mean Δβ -0.084, p value 5.96E−05, Fig. 4C, Additional 
file 10: Fig. S2F). The promoter region of PRR4 is known 
to be differentially methylated in an age-associated sex-
specific manner, with people assigned male at birth start-
ing to lose DNA methylation faster than people assigned 
female at birth during puberty [17, 24–27]. The sex-asso-
ciated age-related methylation of cg23256579 was vali-
dated using publicly available data from another cohort 
(GSE131433, [28]) which is comprised of matched blood 
samples taken at birth (Guthrie cards) and in adult-
hood (venous blood collected at 22 to 35  years old). At 
this probe, we observed similar methylation levels at 
birth between people assigned male and people assigned 
female, with a loss of methylation in adult individuals 
assigned male compared to adult individuals assigned 
female (mean Δβ − 0.142, Fig. 4D).

Feminizing GAHT‑associated differentially methylated 
regions include an age‑associated sex‑specific region 
in the promoter of VMP1
We identified five DMRs in transgender women at 
6  months post-feminizing GAHT (near TAS1R2, 
ZFP36L1, MED31, VMP1, and SLC35D3) and three 
DMRs at 12  months post-feminizing GAHT (near 
CAT, LANCL3, and HUS1) (Additional file  10: Fig. S7D 
and Additional file  8: Table  S8). A DMR at the 3’ UTR 
of VMP1 (chr17:57,915,665-57,915,773, Fig.  5A, 5B) 
showed the largest change in DNA methylation relative 
to baseline, with 3 probes within this DMR (cg16936953, 
cg12054453, and cg18942579) being significantly less 
methylated at both 6  months and 12  months (Fig.  5C, 
Additional file  10: Fig. S2E, and Additional file  10: Fig. 
S7D). By analysing the broader region at the VMP1 3’ 
UTR, we identified eight probes that show lower DNA 
methylation after 6  months of feminizing GAHT and 
nine showing lower DNA methylation after 12  months 
of feminizing GAHT compared to baseline (Fig. 5B). The 

methylation levels of the top three probes in individual 
donors from baseline to 6 months are plotted in Fig. 5C 
(mean Δβ − 0.05, − 0.04, and − 0.03, respectively) and 
this loss of methylation was sustained at the 12-month 
time point (Additional file 10: Fig. S2E). The three probes 
also exhibit  sex-associated  methylation in our cohort 
at baseline, with participants assigned female at birth 
showing lower methylation than participants assigned 
male at birth (mean Δβ − 0.049, − 0.049, and − 0.032, 
respectively). The sex-associated methylation of two of 
these probes (cg16936953 and cg12054453) was validated 
using publicly available data (GSE131433) (Fig.  5D), 
and cg12054453 was also validated as a sex-associated 
age-related CpG showing similar methylation profiles 
between sexes at birth with a significant loss of methyla-
tion (p value < 0.01, mean Δβ − 0.023) in people assigned 
female at birth compared to people assigned male at birth 
by adulthood.

X chromosome and autosomal sex‑specific DNA 
methylation is largely unaffected by GAHT
Considering that the two top GAHT-induced DMRs, at 
PRR4 and VMP1, were both age-associated sex-specific 
loci, we were interested to explore the overall effect of 
GAHT on sex-associated DNA methylation. By com-
paring GAHT-naïve transgender men and women 
(baseline samples), we identified 1271 sex-associated 
autosomal DMPs, with 788 showing higher methyla-
tion (p value < 0.01 and mean Δβ > 0.05) (Fig.  6A) and 
483 showing lower methylation (Δβ < − 0.05) in indi-
viduals assigned female at birth compared to individuals 
assigned male at birth (Additional file 10: Fig. S8A). We 
then investigated whether these DMPs were affected by 
(mean Δβ < − 0.02, p value < 0.05) 12  months of mascu-
linizing or feminizing GAHT, and whether this change 
reflected a transition towards the profile of the oppo-
site sex. A total of 12,516 DMPs (mean Δβ > 0.05) were 
identified on the X chromosome, of which 98.9% were 
unaltered after 12 months of GAHT (Additional file 10: 
Fig. S8B), indicating that GAHT has little influence on 
X inactivation-associated DNA methylation patterns, 
including at the XIST locus (Additional file 10: Fig. S9). 
Of the 1271 sex-associated autosomal DMPs, 1228 
(96.6%) were unaltered after 12 months of GAHT, while 
19 (1.5%) were altered after feminizing GAHT and 24 

Fig. 5  Detailed DNA methylation map of the VMP1 gene. A Map of the VMP1 gene in hg19, showing EPIC probe locations. B Mean DNA 
methylation level at VMP1 for transgender women at baseline, 6 months GAHT, and 12 months GAHT. Error bars are 95% confidence intervals. Nine 
DMPs show the same direction of DNA methylation change within the DMR. C Line plot showing individual donor changes in DNA methylation for 
the top 3 probes within the VMP1 DMR. D Bar plot showing difference in DNA methylation between people assigned female at birth and people 
assigned male at birth at the top 2 VMP1 probes at birth and in adults. E Boxplot of cg12054453 in blood at birth (Guthrie cards) and in adults 
(23-35yo), showing that sex-specific DNA methylation at this probe become significant during the lifetime. *p value < 0.01

(See figure on next page.)
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(1.9%) were altered after masculinizing GAHT (Fig. 6A, 
Additional file 10: Fig. S8A, Additional file 9: Table S9). 
Of the 43 DMPs that were affected by GAHT, 41 showed 
a trend towards the methylation profile of the GAHT-
naïve opposite sex (Additional file 10: Fig. S10). Among 
sex-associated autosomal DMPs affected by GAHT were 
probes in the promoter regions of ACACB (cg03619736), 
HLA-DPB1 (cg00798281), and PRR4 (cg23256579 and 
cg27615582) (Additional file 10: Fig. S10, Table S9). Fur-
ther, the correlation between ‘assigned female at birth v 
assigned male at birth’ Δβ and ‘baseline v 12 m GAHT’ 
Δβ (Additional file 10: Fig. S5B, C), indicates that GAHT 
remodels DNA methylation towards the profile of the 
opposing sex.

We then tested the hypothesis that GAHT only influ-
enced the DNA methylation level of CpG sites that 
become sex-specific over time, as was the case for PRR4 
and VMP1 loci (Figs. 4 and 5). By correlating the change 
in DNA methylation between individuals assigned female 
at birth and individuals assigned male at birth at the 
1271 sex-associated autosomal DMPs at birth (Guthrie 
cards) and in adulthood, we observe a strong correlation 
(Fig. 6B), indicating that most sex-specific DMPs are sta-
ble over time (grey dots). DMPs in response to GAHT are 
shown as red dots (Fig.  6B), with the majority showing 
no evidence of sex specificity at birth, in line with them 
being age-associated sex-specific DMPs. This was par-
ticularly true for DMPs that lose methylation in people 
assigned male at birth (Fig. 6C).

Discussion
Gender-affirming hormone therapy is a cornerstone 
of transgender health care, but it is still not known 
whether GAHT influences immune function, susceptibil-
ity to autoimmune disease, or infection risk. With about 
0.4% of the USA population identifying as transgender 
[29], of which 80% have either taken or are consider-
ing GAHT [30], it is important to understand how this 
treatment influences the molecular biology of immune 
cells [3]. Cells of the human hematopoietic lineage are 
sensitive to environmental exposures, which may influ-
ence their function through epigenetic remodelling 

[31–33]. Further, there is sexual dimorphism in cytokine 
responses [34], susceptibility to infection [35], and devel-
opment of autoimmune disease [36]. A proportion of 
these effects are due to hormone-associated epigenetic 
remodelling, with periods of hormonal change, such as 
puberty [20, 21], pregnancy [37], and menopause HRT 
[38], associated with genome-wide DNA methylation 
changes in blood. In this study, we characterized longi-
tudinal genome-wide DNA methylation changes in blood 
of transgender individuals undergoing GAHT (baseline, 
6 months and 12 months post-GAHT). We demonstrate 
that both feminizing and masculinizing GAHT alter the 
blood methylome in a progressive manner (Fig.  1). This 
indicates that once established by 6 months, GAHT-asso-
ciated DNA methylation changes are largely stable in the 
presence of hormone treatment.

It remains unclear whether transgender women and 
transgender men on GAHT retain the autoimmunity and 
infection risks of their sex assigned at birth. Case reports 
have indicated changes in autoimmunity following com-
mencement of GAHT, including the improvement of 
subacute cutaneous lupus in transgender men receiving 
masculinizing hormone therapy [39] and onset of lupus 
or systemic sclerosis in transgender women following 
feminizing hormone therapy or sex reassignment sur-
gery [40–43], suggesting a potential role of estradiol (or 
the absence of androgens) in the pathogenesis of auto-
immune disorders. We found minimal overlap (0.1%) 
between GAHT-induced and the top five thousand rheu-
matoid arthritis-associated CpGs reported by Liu et  al. 
(2013) (GEO dataset GSE42861, published in [44]) (Addi-
tional file  10: Fig.  S6B), and no overlap with Sjogren’s- 
and SLE-associated CpGs [45] (data not shown). We did, 
however, find that gene promoters containing GAHT-
associated DMPs are enriched for immune system pro-
cesses, most markedly in genes that lose promoter DNA 
methylation during feminizing GAHT and genes that 
gain DNA methylation during masculinizing GAHT 
(Additional file 7: Table S7).

Transgender individuals are a highly marginalized 
population at higher risk of depression and antidepres-
sant drug use [46], both of which have been associated 

(See figure on next page.)
Fig. 6  GAHT specifically influences age-associated sex-specific DMPs. A Boxplot of DNA methylation (z-scored) of sex-specific autosomal DMPs that 
show higher DNA methylation in people assigned female at birth compared to people assigned male at birth in our cohort (p value < 0.01, mean 
Δβ < − 0.05). See Additional file 10: Fig. S8 for X chromosome and autosomal DMPs with lower DNA methylation in people assigned female at birth. 
764 DMPs are not affected by GAHT, while 10 and 14 DMPs are significant in the feminizing or masculinizing GAHT comparisons, respectively (mean 
Δβ > 0.02 or < − 0.02, p value < 0.05). B Scatter plot of change in DNA methylation (Δβ) between people assigned female and people assigned male 
at time of birth (Guthrie cards) (x axis) or in adulthood (y axis) based on a publicly available dataset (GSE131433). Red dots represent probes that 
are significant in transgender women or transgender men comparisons, grey dots are not significant. The red dots are generally different between 
sexes in adults, but not at birth. C Bar plot showing change in DNA methylation between sexes at probes shown in red in B, in adults (brown) and at 
birth (yellow)
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with variation in blood DNA methylation patterns [47, 
48]. A recent meta-analysis of more than 11,000 individu-
als identified 3 DMPs in blood associated with depres-
sion [49], but more longitudinal studies are required to 
explore this phenomenon further. Due to the small sam-
ple size, we were not able to explore the effect antidepres-
sant use on GAHT-associated DNA methylation changes. 
Additionally, a higher chronic allostatic load in transgen-
der individuals may affect their response to GAHT and 
the expression of inflammatory markers in the circulation 
[50, 51]. The present study involved longitudinal samples 
from transgender individuals without matched longitudi-
nal cisgender controls. Future studies should include age-
matched GAHT-free cisgender individuals to control for 
i) differences between the baseline methylation profile of 
transgender individuals compared to cisgender individu-
als and for ii) potential longitudinal changes that may be 
common across cisgender individuals  and transgender 
individuals. Recently, Ramirez et  al. (2021) identified 87 
DMPs between cisgender men and transgender women 
prior to feminizing GAHT and 2 DMPs between cisgen-
der women and transgender men prior to masculinizing 
GAHT [52].

In future studies, it would also be informative to 
investigate the effect of hormone blockers in younger 
transgender individuals and the effects of estradiol ther-
apy alone compared to a combination of  estradiol and 
progesterone or anti-androgens. Anti-androgen treat-
ment was administered to 10 out of 13 transgender 
women in this study, but our sample size was too small 
to explore its effects compared to estradiol therapy only. 
Future studies with more interspersed time points and 
a longer follow-up period are also needed to fully char-
acterize the stability and nature of the dynamic changes 
we observed at 6 months to 12 months following GAHT. 
Previously, Aranda et  al. (2017) reported increased 
methylation of the androgen receptor (AR) promoter in 
transgender women after 12  months of feminizing hor-
mone therapy and increased methylation of the oestro-
gen receptor 1 (ESR1) promoter in transgender men after 
12  months of masculinizing hormones therapy [53].The 
same group showed that cisgender and transgender indi-
viduals display different levels of methylation at the ESR1 
promoter, which GAHT alters [54]. We did not observe 
DNA methylation changes at the ESR1 promoter in our 
genome-wide data.

Our top DMRs were present at the promoter of PRR4 
and 3’ UTR region of VMP1 (Figs.  4, 5). The proline-
rich protein 4 (PRR4) is expressed in lacrimal glands 
and has been detected in a variety of other human 
tissues and cells (including CD4+ T cells, platelets, 
salivary glands, and skin). The biological function of 
PRR4 is not known, but PRR4 has been shown to be 

downregulated in cancerous laryngeal tissue and in 
the tear fluid of pathological conditions of the eye 
[55]. Loss of methylation of the top probe in the DMR, 
cg23256579, was reported in peripheral blood cells 
and purified CD4+ T cells in people assigned female 
at birth with systemic lupus erythematosus (SLE) [56]. 
The PRR4 DMR exhibits an age-associated sex-specific 
blood methylation pattern in adults [17, 24–27], with a 
recent study showing that the sex-specific loss of DNA 
methylation in people assigned male at birth occurs 
around 16 years of age [26]. This suggests that puberty-
associated changes in circulating testosterone may be 
a potential driver of this sex-specific methylation. Our 
data shows that this testosterone-driven change can 
also be induced in adults, highlighting the epigenetic 
plasticity of the human immune system.

Vacuole membrane protein 1 (VMP1/TMEM49), is 
involved in the formation of autophagosomes and  in 
the interaction between the endoplasmic reticulum and 
other organelles [57]. Sex-specific differences in methyla-
tion at the VMP1 DMR have been previously reported, 
also in an age-associated pattern [27, 58, 59]. Suderman 
et  al. (2017) found that cg12054453 and cg16936953 
show significant sex differences in methylation at age 17 
(people assigned female showing lower methylation) but 
not at birth or age seven [26]. In agreement, we found 
that probes within this region show modest sex asso-
ciation, with people assigned female at birth showing a 
lower methylation than people assigned male at birth. 
After 6  months and 12  months of feminizing GAHT, 
transgender women exhibit a significant loss of meth-
ylation of approximately the same magnitude as the sex 
difference observed at baseline, thus resembling the 
methylation profile of people assigned female at birth 
(Fig.  5). One of the probes (cg16936953) has also been 
reported as progressively hypomethylated across preg-
nancy [37] (Additional file 10: Fig. S6), further support-
ing a role of female reproductive hormones, specifically 
estradiol, in inducing hypomethylation in pregnancy. In 
recent years, this region of VMP1 has been consistently 
reported as hypomethylated in blood of patients with 
inflammatory bowel disease (IBD), Crohn’s disease (CD), 
and ulcerative colitis (UC) [60–62]. It is worth highlight-
ing that the loss of methylation observed in IBD patients 
compared to healthy controls is more pronounced than 
the loss of methylation observed across feminizing 
GAHT [60, 61]. In childhood, people assigned female 
at birth have been shown to have a reduced risk of CD 
compared to people assigned male at birth (up until age 
10–14), but then an increased risk after 25  years of age 
[63], suggesting a potential role of reproductive hor-
mones in the sex bias of CD. Interestingly, hypogonadism 
has been observed in males with IBD at rates higher than 
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expected [64], and testosterone therapy has been shown 
to have a positive effect in the clinical course of CD [65]. 
Moreover, Somineni et  al. (2019) report that the meth-
ylation profiles of cg12054453 and cg16936953 in CD 
patients change after treatment to resemble methylation 
patterns observed in people without intestinal inflamma-
tion, and the authors conclude that CD-associated loss of 
methylation is likely a result of inflammation rather than 
CD pathogenesis. Nonetheless, the relationship between 
VMP1 methylation, sex hormones, and the risk of CD 
warrants further investigation, as it is unclear whether 
transgender women are at higher risk of CD following 
GAHT.

Conclusions
The GAHT model provided a unique opportunity to 
determine the proportion of previously published sex-
specific differences on autosomal chromosomes that 
are sensitive to hormonal influence post-puberty. In 
total, GAHT affected 3% of all sex-specific autosomal 
DMPs, but with 15.8% of these previously reported as 
age-associated sex-specific DMPs (Fig.  6) [24]. This 
indicates that sex-specific DNA methylation that is pre-
sent throughout life, from birth to adulthood, is hard-
wired and determined by genetic and developmental 
programmes, and not susceptible to change in response 
to hormones. The second conclusion from this analy-
sis is that puberty-associated changes in DNA meth-
ylation can be induced in adults. There are limitations 
to this study that are worth highlighting, such as the 
small sample size (n = 13 in each group), the poor over-
lap between 6-month and 12-month DMPs, and the 
lack of a replication in an independent dataset. Addi-
tionally, the sample type used in this study was buffy 
coat, and thus potential cell-specific changes in DNA 
methylation are masked. We recommend future stud-
ies to investigate DNA methylation changes in particu-
lar immune cell subsets. We measured cell composition 
using the ‘estimateCellCounts’ tool [66] and also per-
formed analysis without cell composition in the model, 
but future studies may consider using additional cell 
composition tools [67–69]. Although the use of longi-
tudinal samples allows for a reduced sample size, we 
did not have the power to look at the effect of age. Con-
sidering that we identified sex-associated age-related 
CpGs that are altered by GAHT, the magnitude of 
GAHT-induced effects may differ between age groups. 
There are several unexplored questions about the effect 
of GAHT, and from an epigenetic perspective, it would 
be interesting to explore if GAHT in adulthood, and 
puberty blockers in children and adolescents, influ-
ences ‘DNA methylation age’, a predictor of disease 
risk and all-cause mortality [70, 71]. Additionally, other 

molecular events, such as post-translational histone 
modifications and gene expression changes may be 
informative, especially for acute responses to GAHT. In 
summary, our study is the first epigenome-wide analy-
sis of transgender men and transgender women during 
GAHT, and the observed epigenetic changes in blood 
warrant further cell-specific functional and molecu-
lar profiling. This study advances our understanding 
of the complex interplay between sex hormones, sex 
chromosomes, and DNA methylation in the context of 
immunity. We highlight the need to broaden the field 
of ‘sex-specific’ immunity beyond cisgender males and 
cisgender females to include transgender people, as we 
show that GAHT induces a unique molecular profile.

Methods
Study participants
Thirteen transgender men (assigned female at birth) 
seeking masculinizing GAHT and thirteen transgen-
der women (assigned male at birth) seeking feminizing 
GAHT gave informed consent and consented to genetic 
testing of blood samples, as part of the project ‘The 
effects of cross-sex hormone therapy on bone micro-
architecture in transgender individuals; a prospec-
tive controlled observational study’ based at the Austin 
Health (Human Research Ethics Committee project 
HREC/17/Austin/74). Median age at the commencement 
of GAHT was 23 years in transgender men , and 29 years 
in transgender women [22, 61].

Gender‑affirming hormone therapy regimen
Transgender men were taking full doses of either trans-
dermal or intramuscular testosterone and transgen-
der women were taking standard doses of either oral or 
transdermal estradiol as well as anti-androgen agents. 
Transgender individuals were recruited from endocrinol-
ogy outpatient clinics and primary care general practice 
clinics specializing in transgender health in Melbourne, 
Australia.

All 13 transgender men received testosterone therapy 
(intramuscular (IM) testosterone undecanoate 1000  mg 
12 weekly n = 7, IM testosterone enanthate (250 mg fort-
nightly) n = 1, transdermal testosterone gel 1% (1.25–5 g/
day) n = 5). All 13 trans women received estradiol (oral 
estradiol valerate (dose range 1–8  mg daily) n = 5, or 
transdermal estradiol (25–200  mcg/24  h) n = 8. A total 
of 85% (n = 11) of the feminizing hormone therapy 
group were taking androgen blocking therapy in addi-
tion to estradiol therapy (cyproterone acetate 12.5  mg 
daily n = 6, spironolactone 100–200 mg daily n = 3, pro-
gesterone 100  mg daily n = 2). One participant (n = 1) 
had undergone orchiectomy since study enrolment. No 
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individuals in the masculinizing hormone therapy group 
had undergone oophorectomy.

Estradiol was measured using immunoassay (Cobas 
E801, Roche Diagnostics, inter-assay variation 25% 
at level of 100 pnmol/L or less and 25% at a level of 
greater than 100  pmol/L). Testosterone was measured 
using electrochemiluminescent immunoassay (Cobas 
E801, Roche Diagnostics, inter-assay CV is 5.3% at a 
level of 3.4  nmol/L, 4.5% at 13.3  nmol/L, and 4.0% at 
27.2  nmol/L). SHBG was measured on immunoassay 
(Cobas E801, Roche Diagnostics, inter-assay variation 6% 
at a level of 21 nmol/L and 6% at a level of 40 nmol/L). 
Adherence to hormone therapy regimens was evi-
denced by median sex hormone levels rising to within 
the affirmed gender reference range in both transgender 
men (serum testosterone reference range 10–35 nmol/L, 
2.88–10.09  ng/mL) and transgender women (estradiol 
reference range 211–400 pmol/L, 57–109 pg/mL, serum 
testosterone reference range 2–4 nmol/L, 0.57–1.15 ng/
mL) [72].

Sample processing
Venous blood was collected at baseline (prior to or within 
14 days of commencement of GAHT), and at 6 months 
and 12  months post-GAHT commencement. Part of 
the blood sample was sent for immediate analysis. The 
remaining blood sample was centrifuged, and the plasma 
component removed. An aliquot of the remaining buffy 
coat containing concentrated circulating blood cells was 
stored at − 30 °C.

Genomic DNA extraction and DNA methylation profiling
Buffy coats were lysed with proteinase K for 2 h and the 
DNA was extracted using the Qiagen kit QIAamp® DNA 
Mini spin kit (Ref 56304) and eluted in 120 µL of elution 
buffer. Gel electrophoresis was used to confirm success-
ful DNA extraction. Genomic DNA extracted from buffy 
coats was plated into 96-well plates at a concentration of 
50 ng/µL (15 µL per well) and sent to Erasmus Medical 
Centre, Netherlands, for sodium bisulphite conversion 
and genome-wide methylation analysis using the Illu-
mina Infinium Methylation EPIC Array, which measures 
DNA methylation across 850,000 CpG sites (referred to 
as EPIC ‘probes’), spanning promoter regions, gene bod-
ies, and ENCODE-assigned distal regulatory elements. 
The output of the EPIC array is beta (β) values for each 
probe, which range from 0 to 1.

DNA methylation data cleaning and normalization
Raw IDAT files for were processed using the MissMe-
thyl and minfi packages for R [73, 74]. All samples had 
a good quality score (mean detection p value of < 0.01). 
Data were normalized for both within and between array 

technical variation using SWAN (Subset-quantile Within 
Array Normalization) [75]. We additionally performed 
analysis using M values normalized using Funnorm [76] 
to ensure that all results we discuss can be replicated 
using an alternative approach. Probes with poor average 
quality scores (detection p value > 0.01), those that over-
lap a SNPs at their CG site, and cross-reactive probes 
were removed from further analysis [77]. This left a total 
of 787,296 probes for downstream analysis. Cell compo-
sition was determined using the estimateCellCounts tool, 
with the ‘Blood’ reference dataset [66].

Identification of GAHT‑associated differentially methylated 
probes
Differential methylation analysis by linear regression 
modelling was performed on M values using limma’s 
lmFit function for model fitting and eBayes function for 
empirical Bayes analysis [78]. The relationship between 
M value and B value is M = log2(B/(1−B)), as previ-
ously described [79]. The M value is used to obtain 
normality in response variable to satisfy linear model-
ling assumptions. Confounders and covariates were 
identified using principal component analysis (shown 
in Additional file  10: Fig. S1). The models for compar-
ing sample mean methylation (M value) at each probe 
between time points (Feminizing baseline v 6 m, baseline 
v 12 m, and Masculinizing baseline v 6 m, and baseline 
v 12 m) included: an indicator for time point, cell com-
position (CD8T + CD4T + NK + Bcell + Neutrophils), 
technical covariates (Sentrix_ID + Sample_well + Sen-
trix_position), and donor ID. Analysis was additionally 
performed without cell composition data as a covariate 
(Time point + Sentrix_ID + Sample_well + Sentrix_posi-
tion + donor ID) and including age as a covariate (Time 
point + CD8T + CD4T + NK + Bcell + Neutrophils + Sentrix_
ID + Sample_well + Sentrix_position + donor ID + age). 
The donor was modelled as a fixed effect, but we con-
firmed that probes remain significant when the donor 
was modelled as a random effect in mixed-effects models 
using the duplicateCorrelation function in limma. The 
limma output was then merged with a table of mean beta 
values. Differentially methylated probes (DMPs) were 
those with an unadjusted p value of < 0.05 and a change in 
methylation (delta beta or Δβ) of ≥ 0.02 (Additional file 1: 
Table  S1 and Additional file  2: Table  S2). These tables 
include the limma output, the mean DNA methylation 
for each group: Transwomen baseline, transwomen 6 m, 
transwomen 12 m, transmen baseline, transmen 6 m and 
transmen 12  m, and additional columns stating if the 
DMP was significant after Funnorm normalization, addi-
tion of age as a covariate, removal of cell composition as 
covariates. In order to identify temporal DMPs, k-means 
clustering was performed using MultiExperiment Viewer 
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(MeV) [80], which groups DMPs into clusters with the 
nearest mean over time. This approach identified tran-
sient or progressive DMPs over time, as previously 
described [81]. Finally, sex-specific probes were identi-
fied as those that were significantly different between 
assigned males and assigned females at p value < 0.01, 
Δβ > 0.05. These were further separated into those that 
occur on the X chromosome and those on autosomes.

DMPs were assigned to the nearest gene within 1 
megabase (1  Mb) using the GREAT tool [82]. Differ-
entially methylated regions (DMRs) were identified 
using the DMRcate tool (version 2.8.0) [83] with p 
value < 0.05, and a minimum of 3 CpGs with at least one 
containing a Δβ of > 0.02 or < − 0.02. Bedtools was used 
to intersect DMRs with individual probes [84].

Publicly available DNA methylation data
To put our findings into context, we used previously gen-
erated EPIC array data from age-specific sex-associated 
profiles GSE71245 [16], GSE60275 [85], GSE67393 [86], 
and rheumatoid arthritis GSE42861 [44].

Motif enrichment and gene ontology analysis
DMPs were mapped to the closest gene using GREAT 
(http://​great.​stanf​ord.​edu/​public/​html/) and gene 
promoters were scanned for enriched transcription 
factor binding motifs (TFBMs) using the HOMER find-
Motifs tool (http://​homer.​ucsd.​edu/​homer/) [87]. DNA 
sequences spanning DMPs (± 50 base pairs) were also 
scanned for enriched motifs using the HOMER findMo-
tifsGenome tool. HOMER scans for 440 validated motifs 
and the output include the frequency of the motif in the 
test regions and a p value (determined by hypergeomet-
ric test). Motifs were considered enriched if they had a p 
value < 0.05,an increase in motif frequency of > 5% com-
pared to a background set of regions (% targets sequences 
containing motif—% background sequences containing 
motif ) and a fold change in frequency of > 1.5 (% target 
sequences containing motif / % background sequences 
containing motif ), as previously described [81]. To gain 
insight into biological function of genes associated with 
DMPs, enriched biological processes (BP) and KEGG 
pathways, were also identified using HOMER (HOMER 
scans for enrichment of 16,577 BP terms and 502 KEGG 
pathway terms and returns an unadjusted p value (deter-
mined by hypergeometric test)). The nearest gene to 
the DMP was the input for the hypergeometric analy-
sis. DMPs were selected only by an unadjusted p < 0.05. 
Using a more restrictive DMP set with a lower selected p 
value cut-off could potentially change the gene ontology 
results. In addition to the HOMER unadjusted p value for 
pathway enrichment, we added a Benjamini–Hochberg 

corrected p value in the supplementary tables (Additional 
file 3: Table S3 and Additional file 7: Table S7).

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13148-​022-​01236-4.

Additional file 1: Table S1. DMPs in transgender women (TW) on femin-
izing GAHT 6-month or 12-month comparison.

Additional file 2: Table S2. DMPs in transgender men (TM) on masculin-
izing GAHT 6-month or 12-month comparison.

Additional file 3: Table S3. Gene Ontology terms for genes associated 
with DMPs in each k-means cluster shown in Figure S4.

Additional file 4: Table S4. DMPs in transgender women (TW) on femin-
izing GAHT using the timecourse model.

Additional file 5: Table S5. DMPs in transgender men (TM) on masculin-
izing GAHT using the timecourse model.

Additional file 6: Table S6. 64 DMPs that overlap between transgender 
women and transgender men 12-month comparisons.

Additional file 7: Table S7. Gene Ontology terms for 12m feminizing or 
masculinizing GAHT, using genes within 1Mb of a DMP or those with a 
DMP in their promoter (5kb of a DMP).

Additional file 8: Table S8. Differentially methylated regions (DMRs) in 
transgender women and transgender men comparisons.

Additional file 9: Table S9. Sex-specific DMPs affected by GAHT.

Additional file 10: Fig. S1. Summary of covariates used in the EWAS 
analysis. A. PCA loadings in B. Heatmap highlighting the contribution 
of different variables to each principal component. Technical variation, 
such as location of sample in the EPIC array, was the biggest contributor 
to variation, followed by cell composition. The top number in each box 
within the heatmap is the correlation between principal component 
and data traits and underneath in brackets are the p values. Covariates 
with a high correlation and low p value are highlighted in red for positive 
correlations and blue for negative correlations. Fig. S2. A. Bar plot show-
ing change in DNA methylation (Δβ) relative to baseline for top DMPs 
in the baseline vs 6 months or baseline vs 12 months comparison for 
transgender women. B. Bar plot showing change in DNA methylation (Δβ) 
or top DMPs in transgender men. C-F. Line plot showing DNA methyla-
tion changes per donor (different colour per donor) over time for selected 
DMPs. The mean DNA methylation level is shown as a bar plot. The X-axis 
refers to the GAHT group and time: TW = Transgender women, TM = 
Transgender men. Fig. S3. DNA methylation signature separates baseline 
from 6-month and 12-month GAHT samples. A. Scatter plot of change in 
DNA methylation relative to baseline for DMPs that are significant at both 
6m and 12m following feminizing GAHT. There is a positive correlation 
between 6m-baseline Δβ (x axis) and 12m-baseline Δβ (y axis). B. Scatter 
plot of change in DNA methylation relative to baseline for DMPs that are 
significant at both 6m and 12m following masculinizing GAHT. There is a 
positive correlation between 6m-baseline Δβ (x axis) and 12m-baseline 
Δβ (y axis). C. Direction-of-change Venn diagram depicting overlap of 6m 
and 12m gain or loss of methylation DMPs in transgender women (TW). 
D. Direction-of-change Venn diagram depicting overlap of 6m and 12m 
gain or loss of methylation DMPs in transgender men (TM). In C. and D., 
we observe that overlapping DMPs show the same pattern of change 
(gain or loss). E. PCA Plot showing separation of samples based on DMPs 
in transgender women. A clear separation of 6m and 12m samples from 
baseline is observed on PC3. F.  PCA Plot showing separation of samples 
based on DMPs in transgender men. A clear separation of 6m and 12m 
samples from baseline is observed on PC2. Fig. S4. DMP clusters identify 
temporal DNA methylation dynamics during GAHT. A. Boxplots showing 
DNA methylation level (z-score) for feminizing GAHT DMP clusters. B. 
Boxplots showing DNA methylation level (z-score) for masculinizing GAHT 
DMP clusters. K-means clustering identified 8 feminizing GAHT clusters 
and 6 masculinizing GAHT clusters. The dynamic nature of each cluster 
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is labelled at the top of each boxplot and the number of DMPs in each 
cluster is displayed under the cluster description. The gene ontology 
terms associated with these clusters are shown in Table S3, while the 
DMPs that belong to each cluster are labelled in Table S1 and S2. TM = 
transgender men, TW = transgender women. Fig. S5. GAHT-associated 
DNA methylation change generally trends towards the profile of opposite 
assigned sex. A. PCA plot based on all DMPs identified in transgender 
women or transgender men comparisons. Individual donors are shown, 
as are the trajectory of group averages (open circles and triangles). In 
general, the two GAHT groups move in opposite directions on PC2, 
similarly to the pattern observed when only the 39 anti-correlating DMPs 
are used in Fig. S2. B. Scatter plot showing correlation between change 
in DNA methylation in transgender women 12m – baseline (x axis) and 
people assigned female at birth – people assigned male at birth (y axis). C.  
Scatter plot showing correlation between change in DNA methylation in 
transgender men at 12m – baseline (x axis) and people assigned male at 
birth – people assigned female at birth (y axis). Fig. S6. Overlap between 
GAHT DMPs and pregnancy and autoimmune disease-related DMPs. A. 
Overlap between GAHT DMPs identified in our study and a pregnancy 
cohort. Out of a total of 15 validated pregnancy-associated DMPs, 3 (20%) 
are significant in the feminizing GAHT group, while none are significant in 
the masculinizing GAHT group. This confirms that these DMPs are sensi-
tive to oestrogen in both GAHT and third trimester pregnancy. B. Overlap 
between GAHT DMPs and rheumatoid arthritis-associated DMPs, only a 
0.1% overlap was identified. Fig. S7. Summary of Differentially Methyl-
ated Regions (DMRs) associated with GAHT. A. Strategy for identifying 
DMRs using DMRcate. B. Summary of DMRs identified at 6 months and 
12 months following GAHT in feminizing and masculinizing groups. C. 
Bar plots of 12-month DMRs in transgender men. Bar plots show change 
in DNA methylation (Δβ) after 6 months (light blue) and 12 months (dark 
blue) of masculinizing GAHT relative to baseline in transgender men. D. 
Bar plots of 6-month DMRs in transgender women. Bar plots show change 
in DNA methylation (Δβ) after 6 months (pink) and 12 months (red) of 
feminizing GAHT relative to baseline in transgender women. E. Bar plots 
of 12-month DMRs in transgender women. No DMRs were identified in 
the 6-month comparison in transgender men. Fig. S8. Effect of GAHT on 
sex-specific DNA methylation patterns on autosomes and X chromosome. 
Boxplots of DNA methylation (z-scored) of sex-specific autosomal DMPs 
(A), and X chromosome DMPs (baseline transgender men vs baseline 
transgender women Δβ > 0.05 or < -0.05 and p value <0.01) (B and C). The 
first panels (left) are DMPs that are not influenced by GAHT, while centre 
and right panels are DMPs that are significant in transgender women 
and transgender men 12-month vs baseline comparisons, respectively 
(Δβ > 0.02 or < -0.02, and p value < 0.05). Fig. S9. Effect of GAHT on DNA 
methylation levels at the XIST locus. Bar plot shows the mean level of DNA 
methylation in transgender women and transgender men at baseline, 6 
months, and 12 months into GAHT. Both feminizing and masculinizing 
GAHT had no effect on XIST DNA methylation. Fig. S10. Direction of 
change at sex-specific DMPs that are affected by GAHT. Bar plots showing 
change in DNA methylation (Δβ) for (A) sex-specific DMPs that show gain 
of methylation in people assigned female at birth (red) and are significant 
in the transgender men (12-month masculinizing GAHT) comparison 
(blue) and (B) sex-specific DMPs that show gain of methylation in people 
assigned female at birth and are significant in the transgender women 
(12-month feminizing GAHT) comparison (pink). C. Change in DNA meth-
ylation (Δβ) for sex-specific DMPs that show loss of methylation in people 
assigned female at birth and are significant in the transgender men (12-
month masculinizing GAHT) comparison and (D) sex-specific DMPs that 
show loss of methylation in people assigned female and are significant in 
the transgender women (12-month feminizing GAHT) comparison. Com-
mon probes are highlighted, with the corresponding gene name.
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