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Single cell RNA-sequencing reveals that testosterone reduces estrogen
signaling in the healthy human mammary gland
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Abstract

Testosterone is the most studied androgen in hormone replacement therapy in postmenopausal women. Many transgender
men also receive long-term testosterone replacement therapy (TRT) and have high serum testosterone levels compared to
the low levels seen in cisgender women. Compared to other sex hormones such as estrogen and progesterone, the effects
of testosterone on the mammary gland have been relatively understudied and there is little data regarding the long term
safety of this treatment. Comparison of mammary glands from transgender men on TRT and cisgender women can reveal
the effects of testosterone treatment on mammary gland biology and provide critical information regarding the long-term
effects of TRT on patient health and disease outcomes. In this study, we performed single-cell RNA sequencing of breast
tissues from a demographics-matched cohort of cisgender women and transgender men on TRT. Participants on TRT had
unchanged plasma levels of estradiol compared to controls. However, TRT treatment was associated with dramatically
reduced expression of genes downstream of estrogen signaling pathways in hormone receptor positive (HR+) luminal
epithelial cells, as well as a decreased overall menstrual cycle-related hormone signaling. We confirmed this finding
experimentally by showing reduced expression of progesterone receptor a/b, a prominent marker of estrogen signaling, in
donors on TRT. Our results support the hypothesis that high levels of testosterone in transgender men on TRT suppress
sex hormone signaling in the breast as seen by their impact on HR+ mammary epithelial cells, with implications for TRT
as an antagonist of estrogen signaling and protection against breast cancer.
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Introduction across the menstrual cycle, and in the mammary gland it

activates estrogen receptor alpha (ERa) in hormone recep-

Estrogens and testosterones are the primary sex steroid
hormones and have complex and varied impacts on the
mammary gland where they can either stimulate or inhibit
epithelial proliferation depending on the context [1]. As the
most potent of the physiologic estrogens during reproduc-
tive life, estradiol is produced in the ovaries and plays an
indispensable role in mammary gland development and
physiology [2, 3]. Serum estradiol level also rises and falls
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tor-positive luminal epithelial cells to initiate a complex
series of paracrine signals that control cell proliferation,
differentiation, and tissue morphology [3]. Increased expo-
sure to ovarian hormones correlates with increased risk of
developing breast cancer, for example through an increased
number of years in hormone cycling [4].

Androgens, such as testosterone, also play many impor-
tant roles in the well-being of women, exerting effects on
both reproductive and non-reproductive tissues [5, 6].
Although no current FDA-approved testosterone formula-
tion has been approved for use in post-menopausal women,
clinical trials suggest that low-dose testosterone can lead
to improvements in select patients diagnosed with hypoac-
tive sexual desire disorder, and the recommended dosage is
1/10th of the dosage for testosterone treatment in men [7].
However, the long-term safety of this treatment is unclear,
particularly when not used in conjunction with estrogens
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therapy [5, 8]. Testosterone is the precursor of all estrogens
through the activity of aromatase, which is widely expressed
in many tissues including breast epithelium and adipose
tissues. Testosterone can also signal through the androgen
receptor (AR), which is expressed more broadly compared
to ERa [1]. High testosterone levels, together with high aro-
matase activity, can therefore lead to increased local tissue
availability of estrogens and cell proliferation [1]. However,
experiments using cancer cell lines and mouse models sug-
gest that androgen treatment can reduce epithelial prolifera-
tion and is protective against breast cancer [9—11]. Thus, the
role of testosterone in breast cancer is complex, with poten-
tially conflicting or context-dependent effects.

Testosterone is also commonly used in hormone replace-
ment therapy for transgender men. Transgender individu-
als are people whose gender identity differ from their sex
assigned at birth. In recent years, there has been increased
recognition and accounting for the number of people who
identify in the trans umbrella [12], with over 1.4 million
adults identifying as transgender in the US in 2022 [13].
Of that population, about 35.9% identify as transgender
men, which refers to individuals who were assigned female
at birth but have a male/masculine gender identity. Many
transgender men undergo long-term hormone replacement
therapy with testosterone to achieve a masculine pheno-
type, which include changes to body compositions and
muscle and fat distributions, development of facial and
body hair, as well as cessation of menstruation, which is
reported in 86-97% of participants [14]. The serum levels
of testosterone in transgender men who are in testosterone
replacement therapy (TRT) are much higher than that of cis-
gender women, and can be in the range of cisgender men
[15]. Since there is evidence supporting a role for testoster-
one in both promoting and inhibiting pathways associated
with ER+ breast cancers, the impact of TRT on the breast
in transgender men is unclear [9]. Breast cancer is one of
the most common cancers in cisgender women, and thus
their screening and care recommendations are made based
on extensive studies. On the other hand there is a lack of
breast cancer risk data specific to transgender men, making
it difficult to provide evidence-based care for this popula-
tion [16—19]. While many transmen may elect to undergo
gender-affirming mastectomy, many may not for a variety of
reasons including preferences, medical comorbidities, and
limited healthcare access. Gender-affirming mastectomy
has different goals than prophylactic mastectomy, and may
not provide the same level of protections against breast can-
cer incidence [20]. Therefore, there is an additional need for
research to elucidate the effects of androgen treatment on
the mammary gland in transgender men relative to breast
cancer risks, and specifically on how testosterone modifies
the tissue exposure and response to estradiol.
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Bentz et al. [21] performed bulk RNA microarray of a
cohort of donors before and after TRT, and identified dif-
ferentially-regulated genes after testosterone treatment.
However, the data acquisition method does not account for
changes in cell type composition, given that transgender
men on testosterone have been reported to show various
degrees of lobular atrophy and fibrous stroma [22]. More
recently, Raths et al. [23] established an important single-
cell resource on the molecular effects of testosterone and
described a variety of changes across cell types present
in the breast, including changes to gender-specific gene
expression, laminin production, and metabolic activities.

Here we build on this previous work to establish a cohort
of breast tissue donors to study the effects of TRT on the
mammary gland. Participants in this cohort were selected to
have similar parity status, ages, BMIs, and other demograph-
ics parameters. We performed single-cell RNA sequencing
(scRNA-seq) on the mammary tissues from donors with
and without testosterone treatment and performed immu-
nofluorescence staining to validate the results from tran-
scriptomic analysis. Among our major findings, we reveal
that the hormone receptor-positive (HR+) luminal epithelial
cells in patients on TRT have a reduced amount of hormone
response signaling and particularly the estrogen signaling
pathways, despite having serum estrogen levels within the
physiological range for cis women not receiving TRT treat-
ment. Protein staining of estrogen and progesterone recep-
tors validated this finding. Overall, our analysis shows that
in transgender men, TRT reduces signaling downstream of
estrogen in the mammary gland. This finding also suggests
that the high concentration of testosterone in these donors
does not lead to increased estrogen signaling due to local
aromatase activities in the mammary gland.

Methods
Sample collection

Human breast tissues were collected from reduction mam-
moplasty or gender-affirming mastectomy surgeries per-
formed at University of California, San Francisco. This
study was approved by the Institutional Review Board of
UCSF (IRB number 18-25800), and consent and a demo-
graphics questionnaire were obtained from all donors prior
to collection. After surgical resection, tissues were placed in
cold collection medium (1x Antibiotic-antimycotic (Gibco
15240062), 50 U/mL polymyxin B (Sigma P4932), 2%
charcoal-dextran stripped FBS (Gemini Bio-Products 100-
119) in phenol red-free DMEM/F-12 (Gibco 21041025))
and processed within 2-3 h. From each donor, approxi-
mately 5 mL of blood was drawn and centrifuged at 800
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x g for 10 min to collect plasma. Plasma testing was done
at Quest diagnostics for total testosterone (MS test 15983),
estradiol (ultrasenstitive LC/MS 30289), and progesterone
(LC/MS 2839-9).

Tissue processing

Breast tissue samples were processed into epithelium-
enriched tissue microfragments according to LaBarge et
al. [24] before cryopreservation. Briefly, the tissues were
minced into a slurry before overnight enzymatic digestion
at 37 °C in a spinner flask with digestion medium: phenol
red-free DMEM/F12 (Gibco 21041025) containing 200 U/
mL collagenase type 3 (Worthington CLS-3), 100 U/mL
hyaluronidase (Sigma H3506), 1x Antibiotic-antimycotic
(Gibco 15240062), 50 U/mL polymixin B (Sigma P4932),
and 10% charcoal-dextran stripped FBS (Gemini Bio-Prod-
ucts 100-119). The digested tissues were centrifuged at 400
x g for 10 min, resuspended in phenol red-free DMEM/F12
medium containing 2% stripped FBS, and passed through
serial filtration with 100 um and 40 pm nylon mesh strain-
ers to separate large tissue microfragments, medium size
organoids, and single cells. After size separation, each tissue
fraction was cryopreserved in cell freezing medium (RPMI
1640, 40% stripped FBS, 10% DMSO) and maintained in
liquid nitrogen cell storage.

Single-cell RNA sequencing

The tissue microfragments (> 100 um) were thawed and
digested in 0.05% trypsin at 37°C for 2—5 minutes, followed
by treatment with 5 U/mL dispase (Stem Cell Technologies
07913) and 1 mg/mL DNase (Stem Cell Technologies 07900)
for 2 minutes at room temperature. The suspension was neu-
tralized in PBS + 2% stripped FBS and passed through a
40 pum cell strainer to obtain single-cell suspensions. Cells
from each donor were then labeled with MULTIseq oligo-
nucleotides (McGinnis 2019 [25] and Murrow 2022 [26])
before pooling. The pooled cells were then sorted on a BD
FACSAria III Cell Sorter for viable cells using DAPI as a
live/dead indicator. Single-cell gene expression libraries
were generated with the Chromium Next GEM Single-cell
3’ Kit (v3.1, 10x Genomics) following standard protocols
with some modifications to also generate the MULTIseq
barcode libraries. Library concentrations and quality con-
trols were performed on High Sensitivity DNA Bioana-
lyzer Chips (Agilent Technologies 5067 — 4626) and Qubit
dsDNA HS Assay Kit (Thermo Fisher Q32854). The tran-
scriptome and barcode libraries were pooled and sequenced
with a NovaSeq 6000 system on a S4-200 chip (Illumina),
targeting 50,000 reads per cell for the transcriptome librar-
ies and 3,000 reads per cell for the barcode libraries.

Data processing and demultiplexing

The transcriptome fastq files were preprocessed using 10x
Genomics Cellranger v5.0.0 and aligned to the human refer-
ence genome GRCh38-3.0.0. Cell barcodes were defined as
those associated with > 630 RNA UMIs and < 10% of reads
being mitochondrial genes to exclude empty droplets and
low-quality cells (Figure S1b-c). Sample demultiplexing
was performed on the MULTIseq barcode libraries using
the deMULTIplex2 pipeline (Zhu et al. [27]) that assigns
each cell barcode to a single donor. To validate the deMUL-
TIplex2 classifications, the cellsnp-lite [28] and Vireo [29]
pipeline were used to assign cells based on donor single
nucleotide polymorphisms (SNPs). Analysis of the sequenc-
ing data was performed in RStudio (Posit Software, build
561) using Seurat v5.1.0 package [30]. Perturbation analysis
was performed with the R package Augur [31] on a down-
sampled dataset to minimize error from cell count mismatch
between donors (see Figure S4).

Immunofluorescence

Mammary tissue microfragments were fixed in 4% parafor-
maldehyde for 2 h at room temperature and then embedded
in 1% agarose blocks in Tris-Acetate EDTA buffer (Sigma-
Aldrich 574797). The blocks were placed in a sequential
sucrose infiltration gradient up to 30%, then immersed in
OCT before transferring into a cryomold and frozen down
in an isopentane-dry ice (Sigma 320404) slurry. The frozen
blocks were then sectioned at 5—7 um thickness on a cryo-
stat (Thermo CryoStar NX70). For IF staining, the slides
were air-dried at room temperature for 30 min before rehy-
drating in PBS, permeabilized with 0.2% Triton-X, and
antigen retrieval was performed in a citrate buffer (10 mM
citric acid, 28 mM NaOH in water) in an electric pressure
cooker (Instant Pot IPLUX60 V3) on high-pressure steam
setting for 3 min before cooling down under tap water. The
sections were then blocked with 10% normal goat serum
in PBS for one hour before overnight incubation with pri-
mary ERa antibody at 4 °C. Sections were washed three
times with PBS+0.05% Tween (PBS-T) and tyramide sig-
nal amplification (TSA) protocol was applied per manu-
facturer’s instructions. After TSA staining, the sections
go through another round of antigen retrieval to remove
the first primary antibody, undergo an additional round of
blocking and primary antibody incubation for PRa/b and
Cytokeratin 19, followed by TSA staining against the PRab
primary antibody. Finally, sections were incubated with
DAPI and secondary antibody against Cytokeratin 19 pri-
mary antibody for 1 h before washing three times with PBS-
T, and coverslips were mounted with VectaShield Vibrance
Antifade mounting medium (Vector Laboratories H-1700).
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Immunofluorescence imaging was performed on a Zeiss
Axio Observer Z1 spinning disk confocal microscope with
a Yokagawa spinning disk system.

Antibodies and reagents used are as follow: ERa (1:500;
Abcam ab16660), PRa/b (1:100; Cell Signaling Technol-
ogy 8757 S), Cytokeratin 19 (1:200; BioLegend 628502),
Alexa Fluor™ 555 Tyramide SuperBoost™ Kit (Invitrogen
B40923), Alexa Fluor™ 647 Tyramide SuperBoost™ Kit
(Invitrogen B40926), normal goat serum (Gibco 16210064).

Quantification of hormone receptor expression

Image segmentation was performed in ilastik (v1.3.3) [32]
with the pixel classification pipeline to generate masks for
the luminal cell marker KRT19 and the hormone receptors
ERa and PRa/b. Then the luminal cell mask is applied to
the original image, which subsequently goes into the cell
density counting pipeline to estimate the number of luminal
cells. Quantification and statistical analyses are performed
in Fiji [33] and RStudio (Posit Software, build 561).

Results

Testosterone treatment most strongly affects the
transcriptome of hormone receptor-positive luminal
cells

We collected breast tissue from 14 donors undergoing either
reduction mammoplasty or gender-affirming mastectomy,
with 7 donors on active testosterone replacement therapy
(TRT) and 7 donors without TRT. All donors are nullipa-
rous and were selected to have matched age and BMI ranges

(Table 1). No donor had a known history of breast cancer
at the time of surgery. Donors who are on TRT had been
in treatment for 18.4 (+6.78) months on average, and their
plasma total testosterone levels range from 234 to 758 ng/
dL. Total plasma testosterone levels of those not on TRT are
from 11 to 42 ng/dL. For comparison, the cis male range is
300-800 ng/dL and the cis premenopausal female range is
<50 ng/dL. There is no significant difference in the plasma
estradiol levels between the donor groups. Most donors not
on TRT report regular menstruation (except EKO011 and
EKO035), while almost all donors on TRT report that they
don’t have regular menstrual cycles. Most donors on TRT
use testosterone cypionate, which is formulated as an intra-
muscular injection.

To investigate the effects of testosterone on the mammary
gland, we performed single cell RNA sequencing on breast
tissues from the 14 donors using the 10x Chromium plat-
form (Fig. 1A). We pooled samples after MULTIseq bar-
coding [25] to multiplex samples and reduce batch effects,
thereby allowing for more direct comparison of gene expres-
sion between individuals. Input cells were selected for live
singlets (DAPI-negative gate) by FACS without enriching
for any tissue compartment to capture the full complexity of
the breast tissue (Figure S1A). After filtering for cell qual-
ity metrics, demultiplexing with deMULTIplex2 [27] and
the SNP-based demultiplexing algorithm Vireo [29] (Figure
S1B-C), the dataset contains 24,544 cells that resolve into
12 distinct clusters (Fig. 1B-D) that are annotated based on
expressions of known cell type markers (Figure S2). The
epithelial clusters are annotated as HR+ luminal cells, secre-
tory luminal cells, and myoepithelial cells, which are also
labeled as luminal hormone sensing cells, luminal adaptive
secretory precursor cells, and basal-myoepithelial cells,

Table 1 Demographics information of the donor cohort, and the measured plasma levels of estrogen, progesterone, and total testosterone at the

time of surgery

Donor Age BMI Testosterone Time on testoster-  Estradiol, plasma  Progesterone, Total tes-
treatment one (months) (pg/mL) plasma (ng/mL) tosterone,
plasma
(ng/dL)
EK007 26 31 No 30 <0.1 13
EKO011 20 26.6 No 28 <0.1 24
EKO013 24 25.09 No 106 0.3 21
EK024 19 23.83 No 95 7.8 11
EKO031 18 29.95 No 104 0.1 22
EK034 25 20.35 No 171 44 42
EKO035 24 28.84 No 21 <0.1 31
EK004 20 23 Yes 24 12 <0.1 384
EKO005 27 23.8 Yes 10 24 <0.1 234
EK008 19 25.8 Yes 15 67 <0.1 389
EK009 21 17.4 Yes 16 25 <0.1 758
EK012 31 24.85 Yes 20 34 <0.1 618
EK028 24 24.96 Yes 14 38 <0.1 507
EK029 20 33.2 Yes 30 87 <0.1 357
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Fig. 1 Single-cell RNA sequencing of breast tissue in a cohort com-
prising healthy donors receiving testosterone replacement therapy
(TRT) and controls. a Tissue processing pipeline from donor sample
to 10x library preparation. b UMAP embedding of the demultiplexed
scRNAseq dataset colored by donor. ¢ UMAP embedding of the data-
set colored by testosterone replacement therapy (TRT) status. d UMAP
embedding of the dataset annotated for the major epithelial and stro-
mal cell types in the mammary gland (see Figure S2 for the marker
gene panels). e Cell type prioritization with Augur on a downsampled

respectively, in a recent consensus on single-cell annotation
of breast epithelia [34]. The stromal clusters include fibro-
blasts, endothelial cells, lymphatic endothelial cells, smooth
muscle cells, and vascular smooth muscle cells. Finally, the
immune clusters comprise T/NKT cells, B cells, and plasma
cells.

dataset shows that hormone receptor-positive (HR+) luminal cells
have the highest AUC score, indicating that these cells have the largest
transcriptomic changes based on testosterone treatment status. f Dot
plot of the gene expression of the hormone receptors estrogen recep-
tor alpha (ESR1), progesterone receptor (PGR), and androgen receptor
(4R) among the cell types in the dataset across all the participants,
showing that HR+ luminal cells are the cells expressing these receptors
on the transcriptome level

We first investigated whether hormone treatment influ-
ences the proportion of cell states within each cell type.
We found differential representation of hormone-treated
and untreated donors in each cluster (Figure S3). However,
the direct comparison of cluster distribution is not reliable
because certain cell types and donors are over-represented
in terms of cell numbers, which could have resulted from
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uneven tissue sampling and dissociation. For example, we
observed a disproportionate number of fibroblasts from
donor EK031 compared to all other donors, and these cells
form a large subcluster among the fibroblasts. In order to
perform a more balanced quantification of the effects of tes-
tosterone treatment on each cell type, we applied the cell
type prioritization algorithm Augur [31] to our data, with
TRT as the perturbation. The Augur algorithm uses a ran-
dom forest classifier to classify cells within each cell type
based on the perturbation status and assigns a score based
on how well the classifier performs, with a higher score
indicating that cell type is more strongly affected by the per-
turbation. To reduce the influence of cell count imbalances
between donors, we down-sampled the number of cells of
a given cell type from each donor to the average cell count
of that cell type, and then sampled an equal number of cells
for each category of testosterone treatment (Figure S4A-
B). The Augur analysis revealed that testosterone treatment
has the strongest effect on HR+ luminal cells, followed by
fibroblasts, myoepithelial cells, and secretory luminal cells
(Fig. 1E). Additionally, the hormone receptor genes such

HR+ luminal celis by TRT status

as estrogen receptor alpha (ESRI), progesterone receptor
(PGR), and androgen receptor (4R) are mostly expressed
within the HR+ luminal population, and 4R is present in
higher percentage of cells compared to ESR/ and PGR (Fig.
1F). This expression pattern suggests that the HR+ luminal
cells are the most likely to respond to the presence of estra-
diol and testosterone compared to other cell types. These
results together motivated further investigation into specific
transcriptional changes within the HR+ luminal population.

HR+ luminal cells show decreased signatures of
hormone signaling

HR+ luminal cells play a major role in sensing estradiol/
progesterone levels and coordinating tissue responses
through the release of a variety of paracrine signals.
Therefore, changes to the hormone microenvironment are
expected to have a strong and direct impact on these cells.
The UMAP embedding of HR+ cells shows clear separa-
tion of populations based on testosterone treatment status
(Fig. 2A), with decreased expression of many genes related
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Fig. 2 HR+ luminal cells in transgender men receiving TRT have
decreased expression of hormone response genes. a UMAP embed-
ding of the HR+ luminal epithelial population colored by TRT status.
b Volcano plot illustrating differential gene expression in HR+ lumi-
nal cells based on TRT status. ¢ Significant GO Biological Process
terms and their normalized enrichment scores (NES) based on the fold-
changes of the differentially expressed genes between TRT statuses.
These terms have negative NES indicating that they are enriched in
donors not on TRT and down-regulated in donors on TRT. d Compari-
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the Wilcoxon rank sum test
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to the estrogen signaling pathway in testosterone treated
donors (Fig. 2B). In particular, amphiregulin (AREG), an
essential direct mediator of estrogen signaling in mammary
gland development [2, 3], is down-regulated in donors on
TRT. Wnt Family Member 4 (WNT4) and tumor necrosis
factor ligand superfamily, member 11 (TNFSFI11/RANKL),
which are major signaling nodes downstream of progester-
one and are important paracrine factors to progesterone-
induced proliferation and side-branching of the mammary
epithelium in vivo, also exhibited decreased expression
(log2 fold change are — 3.31 and — 4.47, respectively). The
most significantly down-regulated gene in donors on TRT
is parathyroid hormone-like hormone (PTHLH) (log2 fold
change of -6.81 and adjusted p-value of 2.12e-280), which
is a key factor in mammary gland development [35] and
is expressed downstream of epidermal growth factor recep-
tor (EGFR), where it is activated by extracellular signal-
regulated kinases (ERK) and p38 signaling [36]. Gene set
enrichment analysis on the list of differentially expressed
genes in HR+ luminal cells shows a negative enrichment
score in cells from donors on TRT for pathways related to
cell chemotaxis, humoral immune response, G protein-cou-
pled receptor signaling pathway, and cell motility (Fig. 2C).

We then applied AUCell [37] to calculate the activity
score for hormone response signature genes in our dataset.
These gene sets are derived from a bulk sequencing dataset
of breast biopsies from women at different phases of their
menstrual cycle [38]. Given that menstrual cycle-related
changes in the mammary gland are driven by the rise and fall
of estrogens, progesterones, and their downstream paracrine
signaling between various cell types in the tissue, this metric
is used to quantify the diverse tissue-level responses to these
hormones. The advantage of this method is being able to
use an empirical metric to quantify the varied downstream
effects of these signaling pathways in addition to the direct
activation of either estrogen or progesterone pathways that
are specific to the mammary gland. When comparing the
AUCell score for luteal phase hormone response activity,
HR+ luminal cells show the most significant score differ-
ence based on TRT status among all the cell types (Fig. 2D).
While these gene sets are derived from bulk sequencing of
tissues containing multiple cell types, the AUCell score for
each gene set is calculated on a single-cell basis. Therefore,
given that the HR+ luminal cells only make up a relatively
small proportion of the breast, this result highlights that they
are the major source of gene expressions that contribute to
hormone response activities in the breast.

The distribution of hormone response activity score for
control donors shows a wide range of values. Given that
hormone levels rise and fall across the menstrual cycle, and
scheduling of surgery is independent of menstrual cycle
stage, this observation is consistent with the notion that

the donors are at different phases of their menstrual cycles,
therefore they have varying serum levels of sex hormones
and hormone response activity scores (Fig. 2E-F). For
example, one would expect that donors who are in the luteal
phase of their menstrual cycle will have a higher score for
luteal phase hormone response activity while those in the
follicular phase will have a lower score. The donors with the
highest plasma progesterone levels and high estradiol lev-
els, EK024 and EK034, also show the highest AUCell score
for the luteal signaling pathway, which is consistent with
the high hormone environment interpretation of this score.
HR+ luminal cells from donors on TRT, in contrast, have
uniformly low luteal phase activity scores, which suggest
that these cells don’t experience the high hormone signal-
ing environment of the luteal phase. Plasma measurements
of these donors also show consistently very low levels of
progesterone, while their estradiol levels show a decreas-
ing trend but are not significantly lower compared to that of
donors not on TRT. Consistent with the low activity scores
and plasma measurements, almost all the donors on TRT
reported that they are amenorrhic, in contrast to those not
on TRT who almost all reported to have regular menstrua-
tion. Combined, our analysis suggests that the mammary
glands from the donors on TRT do not experience luteal
phase hormone response activity, which is normally driven
by increased serum levels of estrogens and progesterone.
This result is consistent with our finding of reduced expres-
sions of signaling factors downstream of estrogens and pro-
gesterone activity.

The AUCell method also shows that HR+ luminal cells
in donors on TRT has a significantly increased score for the
Hallmark androgen response pathway (Figure S5), which is
consistent with the donor groups. However, this is a very
modest increase, as the pathway was not defined specifically
for the mammary gland, and there could be tissue-specific
responses to androgen.

Our findings are mostly consistent with the results of an
independent study by Raths et al., where they performed
single nucleus RNAseq and single nucleus ATACseq of
flash-frozen breast tissues from cisgender women and
transgender men [23]. In their study, the HR+ luminal cells
in transgender men show no change in ESR/ expression,
but there is a reduction in its downstream signaling path-
ways, including AREG and epiregulin (EREG), as well as
parathyroid hormone-like hormone (PTHLH, Figure S7).
Furthermore, progesterone receptor transcript expression
is downregulated in transgender men in their study. They
also observed an increase in expression of genes down-
stream of AR like ryanodine receptor 2 (RYR2), which we
also observed in this study (Fig. 2B). Overall, our results are
generally consistent with Raths et al. on the impact of TRT
on HR+ luminal cells as well as similar trends in other cell
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types. Integration of our results with the Raths et al. single
nucleus RNAseq data shows generally similar distributions
for the cell types (Figure S8). However, some discrepancies
in findings may reflect differences in the underlying biology
or the low power of these two studies (Supplementary Table
3). In our cohort, we did not observe any significant change
in the expression of various ECM-related genes and path-
ways in either HR+ luminal cells or other cell types (Figure
S9).

Mammary glands from TRT patients show decreased
expression of progesterone receptors a/b

We performed immunofluorescence staining on the mam-
mary tissue of an expanded cohort of donors (11 not on
TRT, and 8 on TRT) to confirm the key findings from tran-
scriptomic analyses. Staining was performed on digested
microtissues to increase the amount of epithelial tissues
for quantification. Among the donors on testosterone, we
observed a significant decrease in the staining for PRa/b,
and a non-significant increase in ERa staining (Fig. 3A).
Quantification of the number of PRa/b-positive luminal
cells relative to the total number of luminal cells shows that
there is a significant decrease in the expression of the hor-
mone receptor in donors on testosterone (Fig. 3B). PRa/b
is a target for upregulation by the estrogen receptor in the
mammary gland [39], therefore decreased expression of
this hormone receptor is consistent with our observation of
decreased estrogen signaling pathway genes in donors on
testosterone.

Discussion

Androgen exposure and androgen receptor expression
are known factors influencing breast cancer prognosis.
However, there is conflicting evidence on the influence
of androgen on breast cancer progression, likely due to
the complexity of interactions between the androgen and
estrogen signaling pathways and the cellular context. Tes-
tosterone replacement therapy is increasingly being used in
pre- and post-menopausal women to treat hypoactive sexual
desire disorder. It was estimated that over 2 million pre-
scriptions for testosterone therapy for cisgendered women
are prescribed annually [40]. No FDA-approved formula-
tion exist in the US due to a lack of long-term safety data
but commercial options are available in other countries such
as Australia (e.g. AndroFeme 1). In these patients, the dos-
age is tuned such that the testosterone level should approxi-
mate the pre-menopausal female physiological levels which
might represent a different physiology than that presented
in this paper as many transgender men undergo testosterone
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replacement therapy to achieve serum testosterone levels
similar to cisgender men, and thus their tissues are exposed
to a much higher levels of androgen compared to cisgender
women. There is concern regarding the long-term effects
of such high testosterone treatment. Current guidelines for
breast cancer screening and care for these patients are based
on epidemiological data from cisgender women, and there
is a lack of data specific to this population. In this study, we
have established an independent cohort of donors compris-
ing cisgender women and transgender men on TRT to study
the impact of testosterone on their breast tissues. These
results extend our understanding of the effects of testoster-
one replacement therapy on the healthy mammary gland,
and potentially can provide supporting evidence for the
safety of long-term low-dose testosterone treatment in post-
menopausal women.

The major finding in our analysis is that despite having
normal physiological levels of estradiol, TRT leads to a
decrease of signaling downstream of estrogen in the hor-
mone receptor-positive luminal epithelial cells, as shown by
the decreased expression of genes downstream of estrogen
receptor such as AREG/EREG, PTHLH, WNT4/RANKL,
and others. AREG is an EGFR ligand that is up-regulated
by estrogen, and plays a role in mammary ductal elongation
and in driving the proliferation of the mammary stroma [2].
Further downstream, PTHLH is a peptide hormone that has
been shown to be is regulated by the EGFR pathway, and
blockage of EGFR ligands such as AREG leads to reduced
PTHLH expression [35, 36]. PTHLH is also involved in
the signaling from epithelium to the stroma, particularly
in specifying the mammary mesenchyme during develop-
ment but is also implicated in breast cancer development
and bone metastasis [35, 36]. Bone metastasis is one of the
most prevalent sites of breast cancer metastasis regardless
of tumor subtype, where up to 85% of metastatic patients
show bone metastasis, and particularly hormone receptor-
positive tumors may show higher levels of bone metastasis
compared to hormone receptor-negative or triple negative
cancer [41]. The impact of PTHLH on prognosis of metas-
tasis disease is complex, where it may be protective against
tumorigenesis and cancer growth in the early phase, while
promoting metastatic bone disease and reducing median
survival rates for late stage cancer [42, 43]. WNT4 and
TNFSF11 (RANKL) are additional secreted factors that are
important mediators of progesterone signaling in the mam-
mary gland and are pivotal in the control of stem cell func-
tion and postnatal mammary gland development [44, 45].
During normal progesterone signaling in the breast, WNT4
is secreted by the HR+ luminal cells in response to proges-
terone receptor activity, and activates canonical WNT sig-
naling in myoepithelial cells, which results in additional
changes that feed back to the luminal compartment [45].
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Fig. 3 Testosterone treatment reduces PRa/b protein expression in
luminal epithelial cells. a IF staining of partially digested epithelial
microtissues for donors with and without TRT. KRT19 (green) is a
marker for luminal epithelial cells, and ERa (red) and PRa/b (magenta)

These changes are consistent with a reduction in the
activity of the estrogen signaling pathway and its down-
stream autocrine and paracrine mediators in the mammary
gland of transgender men on TRT. Expression of the pro-
gesterone pathway is also decreased potentially due to the
downregulation of the progesterone receptor because of the
reduced estrogen signaling. The hormone response signa-
ture analysis provides additional support for this model, as
this signature score quantifies both the expression of the
estrogen and progesterone pathways, and their downstream
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are hormone receptors for estrogen and progesterone, respectively. b
Quantification of hormone receptor staining shows minor difference
in ERa expression, and a significant decrease of PRa/b expression in
donors on TRT. P-values are produced by the Wilcoxon rank sum test

paracrine interactions with other cell types in the mammary
gland. The reduced scores in the donors on TRT indicate
there is an overall reduced amount of hormone signaling in
the HR+ luminal cells, since the luteal phase is characterized
by increased circulating levels of estrogens and progester-
one. Physiologically, progesterone receptor is up-regulated
by estrogen signaling, which primes the mammary gland to
respond to an increased level of circulating progesterone
during the luteal phase. If there is suppression of the estro-
gen signaling pathways, then the corresponding decrease of
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progesterone receptor expression would lead to a decreased
activation of the progesterone signaling pathway. Addition-
ally, most of the donors on TRT in our cohort report that
they don’t have regular menstrual cycles. Unlike estrogen
levels, which were in the normal range for donors on TRT,
their plasma levels of progesterone are in the low range
typically only found in the follicular phase. These obser-
vations suggest that these donors are anovulatory, and the
systemic impact of testosterone on the endocrine system is a
potential mechanism driving the reduced luteal signature in
HR+ luminal cells, which no longer receives the high hor-
mone signaling from the luteal phase of the menstrual cycle.
Given that these cells are the major source of paracrine sig-
nals driving the tissue responses to changing hormone lev-
els during puberty, menstruation, and pregnancy, alterations
in the state of the HR+ luminal cells may lead to dramatic
changes in both the hormonal microenvironment and the
other cell types in the breast that respond to these paracrine
signals. Therefore, the impact of testosterone treatment on
the HR+ luminal cells can lead to changes in other cell types
that are independent of its activation of the androgen signal-
ing pathways.

Compared with an independent study by Raths et al. [23],
our findings in HR+ luminal cells show similar impacts of
TRT on gene expression, as well as many changes in other
cell types (Supplementary Table 3). In particular, they also
showed impacts of testosterone treatment on PGR, AREG,
and EREG, which are consistent with the decrease of estro-
gen signaling in the donors on TRT. While each of these two
independent studies examined relatively small cohorts, the
fact that they both arrived at similar conclusions regarding
the major impact of TRT on the mammary gland transcrip-
tome provides strong support for these findings. Testoster-
one has been reported to reduce the secretion of ovarian
hormones, including estrogens [14]. Thus, the molecular
changes we observe could have resulted from reduced cir-
culating estrogen levels or repression of estrogen signaling
pathway by testosterone activation of androgen signal-
ing pathways. In the Raths et al. cohort, as there was no
hormone measurements this potential mechanism could
not be ruled out. In our donor cohort, however, there is no
significant difference in plasma levels of estradiol between
the TRT groups, which strongly suggests that the reduced
estrogen signaling is due to the suppressive effects of tes-
tosterone on estrogen receptor-mediated signaling. In vitro
stimulation studies of mammary organoids should allow for
the isolation of these factors and uncover the specific effects
of testosterone on the mammary gland and further validate
these findings. However, conditions for in vitro stimulations
should be carefully considered, as the effects of androgens
on the mammary gland are complex and context-dependent.
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This complexity of androgen signaling is also demon-
strated in our dataset where HR+ luminal cells from partici-
pants on TRT show only a modest increase in the androgen
response pathway, which was not derived from a mammary
gland context. Androgen signaling has been recognized to
have tissue-specific effects dependent on the tissue compo-
sition of androgen target cells [46]. Additionally, activation
of androgen-regulated genes is also modulated by cell type-
specific expressions of transcriptional co-regulators and
pioneering factors [47]. These facets altogether underscore
the conflicting roles of androgen signaling to either improve
or impair patient prognosis in different disease contexts [48]

One important aspect of testosterone signaling in the
mammary gland is that it can be converted into 17f3-estradiol
by aromatase, which is expressed in mammary and adipose
tissues. Particularly after menopause when the ovarian hor-
mone production has decreased, aromatase is thought to be
a significant source of estrogens through converting avail-
able androgens into estrogens and exerting influence on the
local hormonal microenvironment [1, 49]. Dysregulation of
aromatase has been reported in a variety of breast cancers,
and aromatase inhibitor has been evaluated in many clinical
trials for treating hormone receptor-positive breast cancer,
or as adjuvant to improve survival after tamoxifen treat-
ment [50]. One major concern about elevated testosterone
levels in transgender men on TRT is that increased testos-
terone levels would lead to local aromatization of testoster-
one into estradiol, thus exposing their mammary glands to
high levels of estrogen signaling. Our data does not support
this concern in the context of high testosterone levels, as it
points to a reduction of estrogen signaling in the mammary
glands of individuals exposed to high levels of testosterone.
This could potentially result from aromatase activity being
suppressed in these tissues, or that the unusually high abun-
dance of testosterone in donors on TRT counteracts the local
production of estradiol by aromatase in the tissue. While
there is no evidence for the suppression of aromatase activ-
ity by AR signaling, future studies could conclusively refute
this possible mechanism by measuring aromatase activity
in standardized units of fresh mammary tissues, as well as
in vitro tests after hormone stimulation. These signaling
pathways may also become dysregulated in the context of
breast cancer. There have been reports of high AR/ER ratios
in the context of high testosterone levels leading to poorer
outcomes in pre-menopausal women with breast cancers
[51]. These results highlight the complex interplay among
these pathways and the need to understand the mechanisms
of androgen receptor activity in breast cancer cases in order
to provide effective treatment [52].

ERa and PR are the canonical receptors mediating the
activity of estrogens and progesterone in the mammary
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gland. Our investigations show that there is a non-signifi-
cant trend of increased ERa expression in donors on TRT in
our expanded cohort, and a significant decrease in PR stain-
ing. The trend of increase in ERa expression could indicate
a complex role of AR activity in modulating the expression
of this nuclear receptor. There is conflicting evidence on
whether deleting AR in a mouse model will stimulate or
inhibit mammary gland development and downstream estro-
gen signaling [53, 54], potentially due to different activities
of the AR domains. On the other hand, PR is commonly
used as a biomarker for the activity of estrogen signaling.
The decrease in PR expression therefore is consistent with
the anti-estrogenic effects of androgen receptor stimulation
[10, 11] and demonstrates that there is a reduced estrogen
signaling in the mammary gland of donors on TRT.

A limitation of our study is the small size of the donor
cohort. Potentially increasing the number of donors in
each group would allow a more detailed investigation of
the effects of TRT, increasing the statistical power of some
comparisons that currently shows a non-significant trend, as
well as increasing confidence in the luteal signature analy-
sis. However, integrating our data with the data previously
published by Raths et al. (Figure S7) shows similar pat-
terns of cell clustering and gene expressions, thus increas-
ing the confidence in our findings. Another drawback is that
single-cell sequencing data only captures a static picture of
gene expressions, and future stimulation studies in either an
organoid or mouse model is needed to determine the kinet-
ics and mechanistic effects of testosterone in the mammary
gland.

In conclusion, we established a single-cell dataset of
breast tissues from a matched cohort of cisgender women
and transgender men. We observed that testosterone treat-
ment produced the biggest effect on the transcriptome of
HR+ luminal cells, leading to a decrease in expression of
genes in the estrogen signaling pathways and other down-
stream processes despite the presence of physiological lev-
els of estrogen in donor serum. We observe no evidence of
activation of the estrogen pathway due to local activity of
aromatase in the context of high testosterone levels in TRT.
These molecular changes, together with systemic changes
in hormone levels, result in a decrease in the luteal phase
hormone response activity in these cells in transgender
men donors. Combined, these findings point to antagonism
between the activity of TRT on the mammary gland and
signaling downstream of the estrogen receptor. Increased
exposure to hormone cycling through the menstrual cycle
has been shown to increase the overall risk of breast can-
cer [4], and thus the reduction in hormone signaling could
indicate a systemic protective effect of testosterone in this
population [9] and a potential therapeutic target for certain
hormone receptor-positive breast cancer subtypes [10, 55].

Future studies could validate this finding in larger indepen-
dent cohorts, dissect the effects of the activation of androgen
pathways, and investigate how it could impact carcinogen-
esis in the mammary gland. Together, these results could
create a meaningful impact on the clinical care and man-
agement for transgender men on long-term TRT, as well as
the use of TRT in cisgender women for treating hypoactive
sexual desire disorder.
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