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Abstract

Background: The role of nuclear receptors in both the aetiology and treatment of breast cancer is exemplified by
the use of the oestrogen receptor (ER) as a prognostic marker and treatment target. Treatments targeting the
oestrogen signalling pathway are initially highly effective for most patients. However, for the breast cancers that fail
to respond, or become resistant, to current endocrine treatments, the long-term outlook is poor. ER is a member of
the nuclear receptor superfamily, comprising 48 members in the human, many of which are expressed in the breast
and could be used as alternative targets in cases where current treatments are ineffective.

Methods: We used sparse canonical correlation analysis to interrogate potential novel nuclear receptor expression
relationships in normal breast and breast cancer. These were further explored using whole transcriptome profiling
in breast cancer cells after combinations of ligand treatments.

Results: Using this approach, we discovered a tumour suppressive relationship between the mineralocorticoid
receptor (MR) and retinoic acid receptors (RAR), in particular RARB. Expression profiling of MR expressing breast
cancer cells revealed that mineralocorticoid and retinoid co-treatment activated an expression program consistent
with a reverse Warburg effect and growth inhibition, which was not observed with either ligand alone. Moreover,
high expression of both MR and RARB was associated with improved breast cancer-specific survival.

Conclusion: Our study reveals a previously unknown relationship between MR and RAR in the breast, which is
dependent on menopausal state and altered in malignancy. This finding identifies potential new targets for the
treatment of breast cancers that are refractory to existing therapeutic options.
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Background

It has long been recognized that breast cancer is a
hormone-dependent disease. Treatments targeting the
oestrogen signalling pathway are very effective and rep-
resent standard treatment for the 70-80% of breast can-
cers expressing oestrogen receptors (ER). Moreover, ER
and the progesterone receptor (PR) are important prog-
nostic factors, generally associated with less aggressive
disease features and a more favourable outcome [1].
However, for breast cancers lacking ER and PR, or for
those in which resistant disease emerges, treatment op-
tions are much more limited, and the outlook is poorer
overall. With the exception of HER2-targeted treat-
ments, which exploit the amplification of the human epi-
dermal growth factor 2 gene, in the subset of cases
where this is observed, there are limited treatment op-
tions available, with cytotoxic chemotherapies the main-
stay of disease management. ER and PR are members of
the nuclear receptor (NR) superfamily of which there are
48 members in the human [2]. NR play a diverse variety
of roles in normal human physiology, spanning funda-
mental developmental processes, reproductive functions
and metabolic homeostasis. They are also implicated in
a range of diseases aside from cancer, including obesity,
diabetes and cardiovascular disease [3]. Synthetic ligands
have been developed targeting a number of NR, and
many of these are approved for use in a range of clinical
applications. In recent years, there has been considerable
interest in the identification of novel targets that are
members of the NR family, in the context of breast can-
cer, that might be targeted for treatment or provide
prognostic power in cancers lacking ER or PR.

The mineralocorticoid receptor (MR) is a member of
the steroid receptor sub-family of NR and is expressed
in many tissues including the kidney, heart, central ner-
vous system and breast [4, 5]. MR can be activated by
the primary adrenal cortical steroid hormone, aldoster-
one (ALDO), as well as the physiological glucocorticoid,
cortisol, although MR preferentially binds ALDO in epi-
thelial tissues while in other tissues, including presump-
tively breast, cortisol is the primary ligand [6].
Progesterone binds MR as an antagonist, with similar af-
finity as aldosterone, and reaches sufficient levels during
pregnancy and in the luteal phase of the normal men-
strual cycle to potentially act as an inhibitor [7, 8]. MR
is prominently associated with modulation of ion trans-
port and homeostasis, as well as membrane excitability
in neurons and muscle cells, tissue responses to injury
and the early cell response to stress [9]. However, its
breast tissue-specific roles remain underexplored. Struc-
turally, MR is a classical NR, comprising a C-terminal
ligand binding domain, central DNA binding domain
and long, unstructured N-terminal domain, which is in-
volved in receptor transactivation and stabilization
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through an N-C interaction [10]. Ligand binding elicits a
conformational change, dimerization and recruitment of
coregulatory proteins to activation functions in the lig-
and binding domain and N-terminal region, leading to
DNA binding and transcriptional activation. A spectrum
of coregulatory molecules interacts with MR and is a
likely source of tissue specificity [11]. Only a small sub-
set of the now more than 400 described coregulators
have been assayed directly for a mechanistic relationship
with MR, suggesting the existence of yet to be described
interactions.

There have been few reports of a functional role for
MR in the breast [12]. MR has been reported to cross-
talk with the progesterone receptor to induce cell adhe-
sion and growth inhibition in breast cancer cells [13]. In
our previous study [14] which examined the expression
of all 48 members of the NR superfamily in a cohort of
normal and cancer breast tissues, we observed that (i)
MR expression is lower in cancer compared to normal
breast tissues and that (ii) MR is an independent pre-
dictor of metastasis-free survival in tamoxifen-treated
breast cancer patients. We have also reported that MR is
correlated with many NR and coregulators in normal
breast tissues, but that there is marked disruption of
these associations in breast cancers [15]. Moreover, we
have identified MR as part of a group of NR with prog-
nostic value in ER-negative (ER-), human epidermal
growth factor receptor 2 (HER2)-amplified and basal
breast cancer subtypes. These observations suggest a po-
tential role of MR in both the normal breast and breast
cancer, which we have investigated in this study through
in silico analyses, in vitro experiments and clinical corre-
lations. In particular, in this study, we have studied the
correlation between all 48 nuclear receptors and 238
transcriptional coregulators, in normal and malignant
breast subsets, to identify relationships between key fac-
tors that may indicate novel regulatory roles in the
breast.

Methods

Human breast tissues

The primary normal breast and breast cancer tissues
used for Tagman low-density array expression profiling
have been described in detail previously [14, 15]. Data
and de-identified breast tissue samples (either fresh fro-
zen tissue or purified total RNA) were obtained from the
tissue banks listed in the Acknowledgements. The study
was approved by the human research ethics committees
of the participating institutions.

Briefly, the cohort studied included 66 individual cases
of primary invasive ductal carcinoma (IDC) with associ-
ated histopathological grades and clinical information
(age at diagnosis, ER, PR and HER2 status, HRT history)
and 50 normal breast samples. Thirty-three breast



Doan et al. Breast Cancer Research (2020) 22:122

cancer cases were ER positive and 33 cases were ER
negative according to immunohistochemical classifica-
tion provided by the tissue banks, and this was con-
firmed by examination of ER mRNA expression values
(as generated by the TagMan PCR arrays) in the individ-
ual samples. Robust cut-offs were imposed on both pro-
tein and mRNA measurements for selection of ER
status, as previously described [14].

The 4 breast tissue groups in this study were ER+, n =33
(mean age = 58.8 years, age range = 36 to 90); ER—, n =33
(mean age=532years, age range=27 to 85); pre-
menopausal normal, #=30 (mean age=37.6years, age
range =20 to 46) and post-menopausal normal, n =20
(mean age = 60.4 years, age range =28 to 78). All analyses
in this study used the combined normal sample groups
(n=50) as the normal breast cohort (mean age =49 years,
age range = 20 to 78).

TagMan low-density array

Total RNA was prepared from frozen tissues by
homogenization in Qiazol Lysis Reagent (Qiagen),
followed by extraction using RNeasy Lipid Tissue Mini
Kit (Qiagen) as per the manufacturer’s instructions. Nu-
clear receptor and coregulator expression was estimated
using Tagman low-density array (TLDA) microfluidic
cards containing custom gene expression assays for the
48 members of the nuclear receptor family, 238 coregu-
lators and 16 internal controls, as described previously
[14, 15]. Assays were run on an ABI 7900HT real-time
PCR instrument (Applied Biosystems).

Cell culture

MCE-7 Tet-On ER+ breast cancer cells, which stably ex-
press the reverse tetracycline-controlled transactivator,
were from Clontech Laboratories (Mountain View, CA).
Cells were maintained in RPMI-1640 growth medium
supplemented with 10% foetal bovine serum and 200 pg/
ml G-418. MR-inducible MCF-7 cells were generated by
stable introduction of the FLAG-MR pTRE-hyg expres-
sion construct, expressing Flag-tagged human MR,
under the control of a Tet response element-driven min-
imal CMV promoter, into MCF-7 Tet-On cells with
hygromycin selection. MR expression was absent in
these cells until induction with 1ug/ml doxycycline
(Dox).

Western blot analysis

Western blotting was performed with mouse monoclonal
antibody MR1-18 (1:1000) (a gift from Celso Gomez-
Sanchez, Department of Internal Medicine, University of
Miississippi, Jackson, MS). The membrane was incubated
with a horseradish peroxidase-linked anti-mouse 2° anti-
body (1:5000) (Dako, Carpinteria, CA, USA) for 60 min at
room temperature. Antibody binding was visualized by
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chemiluminescence using the ‘Amersham ™ECL Plus
Western Blotting Detection System’ (GE Healthcare, UK).

Gene expression profiling on microarrays

MR-inducible MCF-7 breast cancer cells were cultured
with RPMI +10% charcoal-stripped heat-inactivated
foetal calf serum with or without Dox (1 pg/ml) for 48 h
with daily media replacement. Cells were then treated
for 6 h with the pure MR agonist, aldosterone (10 nM),
all-trans retinoic acid (1 pM), 17p-estradiol (10 nM) or
their combination.

Total RNA was isolated using RNAqueous purification
columns (Invitrogen). Total RNA (500 ng) was amplified
and biotin labelled using Illumina TotalPrep reagents
(Invitrogen). The amplified samples (750 ng) were hy-
bridized to human whole genome HT-12v4 gene expres-
sion bead arrays using the recommended Illumina
reagents and following the manufacturer’s protocol.

Bioinformatic analysis

TLDA gene expression analysis

TLDAs were analysed by the relative quantification
method of DCt [14]. The geNorm algorithm [16] in the
Integromics StatMiner software package was used to se-
lect the most stable housekeeping genes to be used as a
reference for normalization. The Ct values of each assayed
gene were then normalized against the median of the se-
lected housekeeping genes to obtain the delta Ct (DCt)
values for NR coregulators. DCt values previously ob-
tained for the 48 NR in [14] were used to perform com-
bined analyses of the expression correlation pattern of
nuclear receptors and coregulators. Ct value measure-
ments above 35 cycles were considered inaccurate. Sam-
ples for which more than 40% of genes had Ct values
above 35 were deemed to be outliers and removed from
subsequent analyses. Three breast cancer samples (two ER
negative and one ER positive) were removed from both
the nuclear receptor and coregulator TLDA data.

TCGA

Whole transcriptome expression profiles of 988 primary
breast tumours and 106 adjacent normal breast tissues
were obtained from the Breast Invasive Carcinoma
dataset of The Cancer Genome Atlas (TCGA). The
gene-based ‘scaled estimate’ value provided in TCGA’s
RNA-SeqV2 data was taken as the expression measure
for each gene. In all analyses, this value was transformed
by multiplying by 10° to obtain a measure in terms of
Transcripts Per Million (TPM) followed by a log2
transformation.

lllumina whole genome gene expression arrays
Raw data was background corrected, variance stabilized
and quantile normalized using the lumiExpresso
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function from Bioconductor’s lumi package [17]. Differ-
ential expression analysis was performed using Biocon-
ductor’s limma package [18]. Genes with FDR-adjusted
P values <0.05 and at least 1.5-fold up- or downregu-
lated were taken as differentially expressed.

Gene ontology functional analysis

Gene ontology (GO) terms significantly enriched in
genes co-expressed with MR or retinoic acid receptor-p
(RARB) in normal breast and breast cancer samples were
identified using the Database for Annotation,
Visualization and Integrated Discovery (DAVID) v6.8
online tool [19, 20], using a significance cut-off of en-
richment P value < 0.005 and false discovery rate < 10%.

Survival analysis

To assess the prognostic association of combined MR
and RARB status with breast cancer outcome, the
METABRIC cohort of breast cancer cases was stratified
into groups based on MR and RARB transcript levels.
The METABRIC dataset consists of 1992 breast cancer
microarrays (of which 1853 were annotated with survival
data) from the METABRIC study [21] profiled on the
Mumina HT-12 v3 platform. Illumina HT-12 v3 array
data (EGAD00010000210 and EGADO00010000211) were
downloaded from the European Genome-Phenome
Archive, and the normalized expression values as pub-
lished in the METABRIC publication were used. The as-
sociation between MR and RARB expression with
outcome was assessed in the selected cases by Kaplan-
Meier analysis. A Kaplan-Meier log rank P value < 0.05
was considered to indicate a significant difference in
outcome association between two groups.

Results

Inter-correlation between MR and RAR indicates potential
functional crosstalk in the normal breast

Coregulators are integral to the mechanisms by which
nuclear receptors exert their physiological functions.
Therefore, we reasoned that identification of changes in
NR-coregulator interactions in breast cancer compared
to the normal breast would yield potentially useful in-
sights into novel roles of NR in breast cancer biology.
Using highly sensitive high-throughput quantitative RT-
PCR expression profiles of 48 NR and 238 coregulators
[14, 15], we investigated potential NR-coregulator asso-
ciations based on gene expression correlations. To do
this, we applied Sparse Canonical Correlation Analysis
(SCCA) [22] to detect independent maximally correlated
groups of NR and coregulators in different sample sub-
groups: pre-menopausal normal breast (n=30), post-
menopausal normal breast (n=20), pre-menopausal
breast cancer (n =20) and post-menopausal breast can-
cer (n=46). Within each sample subgroup, SCCA
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identified distinct, potentially functionally related, com-
binations of inter-correlating NR and coregulators,
analogous to tightly interconnected groups of genes in a
gene co-expression network.

SCCA analysis revealed that in pre-menopausal nor-
mal breast tissues, the strongest inter-correlation be-
tween NR and coregulators was observed between the
five nuclear receptors MR, RARA, RARG, RXRB, LXRf3
and a group of 19 coregulators (Fig. 1a). The coregula-
tors involved are known to participate in multiple path-
ways with various functions including apoptosis,
immune response, proteolysis and RNA splicing. The
inter-correlation between these nuclear receptors and
coregulators was much stronger in pre-menopausal nor-
mal samples than in post-menopausal normal breast
(Fig. 1b). Strikingly, the correlation between these NR
and coregulators was reduced in pre-menopausal can-
cers (defined as cancers with age <50 years; Fig. 1c) or
post-menopausal cancers (Fig. 1d). This suggested that
potential crosstalk between MR and RAR signalling oc-
curring in the pre-menopausal normal breast, at least in
the context of coregulator utilization, may be altered in
breast cancer.

As further support for the functional interaction of
MR and retinoid receptors in the normal breast, co-
expression profiles using RNA-Seq data from TCGA
showed that a high percentage of genes co-expressed
with MR in normal breast tissues were shared with
RARB co-expressed genes (68%, 724 genes). In cancer
tissues, there was a lower percentage of MR co-
expressed genes shared with RARB (104 genes; 21% of
MR co-expressed genes identified in breast cancer)
(Fig. 2a). Hierarchical clustering of the expression of MR
and the three retinoic acid receptors in the TCGA data-
set showed that the expression profile of MR more
closely resembled that of RARB compared to RARA or
RARG (Fig. 2b). The expression of both MR and RARB
was higher in normal breast tissues and decreased in
breast cancers while the expression of RARG and RARA
was high and largely invariant in both sample cohorts.

Thus, correlation-based analyses in two different gene
expression datasets suggested possible crosstalk between
MR and RAR signalling. RARB expression was identified
as most closely related to MR expression in the TCGA
dataset while RARA and RARG were identified as co-
correlated with MR in the TLDA dataset. These isoform
differences may relate to the specific clinical characteris-
tics of the sample cohorts. The pre-menopausal normal
cohort of the TLDA dataset consisted of 30 normal
breast samples from pre-menopausal women. In con-
trast, the normal samples derived from the TCGA are
histologically normal tissues adjacent to paired tumour
samples from all menopausal stages, with the majority
being post-menopausal. Given the data shown in Fig. 1,
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Fig. 1 SCCA analysis of NR and coregulator expression in normal and malignant breast. Sparse Canonical Correlation Analysis identified strong
inter-correlation between a set of nuclear receptors that include MR and 3 retinoic acid receptors and a set of coregulators in pre-menopausal
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it is likely that the nature of MR crosstalk with different
members of the retinoic acid receptors is dependent on
menopausal status. Although the TLDA data provided
robust measurements of NR and coregulators in a care-
fully curated cohort, the dataset lacked information on
other potentially correlated genes and was limited by the
small number of cases. The TCGA data represent
transcriptome-wide expression profiles derived from 106
normal tissue samples, for which there is also matched
tumour expression profile information, allowing more
extensive mining and comparisons to be made. There-
fore, the normal samples from the TCGA dataset were
chosen for subsequent analyses due to the genome-wide
nature of the data and larger cohort size.

Functional roles of MR and RARB co-expressed genes

To further explore the potential functional roles of
MR and RARP in the breast, genes with expression
that was positively or negatively correlated with ex-
pression of MR or RARB were categorized according
to whether their expression was correlated with MR
or RARB, and whether the correlation was positive or

negative (listed in Supplementary Table 1). The over-
lap between genes that were correlated with MR and
those that were correlated with RARB was markedly
greater in the normal breast than the overlap in
breast cancer, and this was reflected in a more sub-
stantial overlap in the functional associations with the
two NR in the normal breast.

In the normal breast (Supplementary Fig. 1), gene
ontology enrichment analysis revealed that MR and
RARB positively correlated genes were enriched with
genes involved in cilium assembly, mRNA processing,
protein modification (ubiquitination, sumoylation), chro-
matin modification, cell cycle and DNA damage re-
sponse (Supplementary Fig. 1A). Gene sets negatively
correlated with MR or RARB in the normal breast were
most strongly enriched for genes involved in metabolic
processes. In particular, oxidative phosphorylation
through the mitochondrial electron transport chain ap-
peared to be enriched in both MR and RARB negatively
correlated gene sets (Supplementary Fig. 1B). Addition-
ally, there were a number of functions associated with
genes correlated uniquely with either MR or RARB, but
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not both, in the normal breast, and these are also indi-
cated in Supplementary Fig. 1.

In breast cancer (Supplementary Fig. 2), whereas in the
normal breast the pattern of co-expressed genes suggested
that MR and RARB shared association with a number of
biological processes, many of these connections were lost.
We observed a divergence in the biological processes that
were overrepresented in the sets of processes associated
with MR or RARB co-expressed genes, although both re-
ceptors were co-expressed with genes involved in bio-
logical processes important to breast cancer biology. MR
positively correlated gene sets were specifically enriched
for genes involved in angiogenesis, cell adhesion and

response to estradiol (Supplementary Fig. 2A). By contrast,
RARB positively correlated gene sets were specifically
enriched for genes involved in the inflammatory response,
apoptosis and protein phosphorylation (Supplementary
Fig. 2A). Gene sets negatively correlated with MR in breast
cancer showed strong enrichment for genes involved in
cell cycle regulation while RARB correlated gene sets were
strongly enriched with genes involved in cellular metabol-
ism (Supplementary Fig. 2B). Both MR and RARB were
positively correlated with genes involved in transcrip-
tional regulation, cell proliferation and signal trans-
duction (GO terms marked with red boxes
Supplementary Fig. 2A).

in



Doan et al. Breast Cancer Research (2020) 22:122

Confirming the divergence of functions associated
with MR-RARB in the normal breast and breast cancer,
there was a poor overlap of correlated genes of MR in
normal and cancer (Fig. 2c). The same is observed for
RARB. By contrast, Fig. 2c also highlights the strong
overlap of MR and RARB correlated genes in normal tis-
sues reflecting the strong overlap in GO terms enriched
in MR and RARB co-expressed genes (as shown in Sup-
plementary Fig. 1).

Convergence of MR and RAR signalling in the breast

To directly test the convergence of MR and RAR signal-
ling observed in in silico analyses, we constructed an
ER+ breast cancer cell line in which MR could be in-
duced. Consistent with the overall lower expression of
MR in malignant breast tissues, breast cancer cell lines
either do not express MR or express it at a very low level
[23]. We therefore chose the MCF-7 cell line as a well-
established, well-characterized model of ER+PR+ breast
cancer to construct MR-inducible breast cancer cells.
MR-inducible MCE-7 breast cancer cells were treated
with either the MR ligand aldosterone (ALDO), retinoic
acid (RA) or both, and expression profiling was per-
formed using Illumina human whole genome expression
microarrays. Aldosterone rather than cortisol was used
as the MR-activating ligand to avoid any confounding ef-
fects that might arise from cortisol activation of the en-
dogenous glucocorticoid receptor in MCF-7 cells. Gene
expression that changed at least 1.5-fold between two
conditions, with a false discovery rate P value less than
0.05, was considered to be significantly altered.

MR is robustly expressed both at the mRNA and pro-
tein expression level when induced with doxycycline
(Fig. 3a and b, respectively). Figure 3¢ shows the number
of genes differentially expressed on ALDO, RA or
ALDO+RA treatment in MR-inducible breast cancer
cells. Figure 3d shows the overlap of the differentially
expressed genes for the three treatment conditions. Fig-
ure 3e shows a clustered heatmap of the expression of
all genes differentially expressed in any of the three
treatment conditions. Differentially expressed genes are
grouped into seven clusters and further divided into
sub-clusters depending on whether they are up- or
downregulated. The genes in each cluster are also anno-
tated according to their association with the Glycolysis
or Oxidative Phosphorylation Hallmarks according to
MSigDB. ALDO- and RA-regulated genes were largely
non-overlapping, except for the small clusters 6 and 7
(Fig. 3e). ALDO+RA treatment resulted in the acquired
differential expression of a substantial number of genes
that were not regulated when cells were treated with
ALDO alone or RA alone (Fig. 3e, cluster 1). This sug-
gests that the expression of these genes is regulated only
with convergence of mineralocorticoid and retinoid
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signalling. ALDO+RA treatment also resulted in loss of
differential expression of genes regulated by either
ALDO or RA alone (Fig. 3e, clusters 2 and 3).

To better understand the biological processes influ-
enced by ALDO and RA signalling, gene ontology en-
richment analysis was performed on each of the gene
clusters identified in Fig. 3e and summarized in Fig. 3f.
Genes associated with RNA transcription and post-
transcriptional processing (GO terms in black) were
largely downregulated by RA and ALDO+RA (Fig. 3e, f;
clusters la and 4a), whereas ALDO and ALDO+RA ap-
peared to regulate gene expression associated with
growth inhibition (green GO terms, Fig. 3e, f; clusters 5a
and 5b). Co-treatment of ALDO+RA upregulated a set
of genes involved in the response to endoplasmic
reticulum stress (GO terms in pink, Fig. 3e, f; clusters 1b
and 5c), whereas these genes did not show significant
expression change with ALDO or RA single treatments.
Genes involved in oxidative phosphorylation (GO terms
in blue text) were downregulated in both RA single
treatment and ALDO+RA co-treatment (Fig. 3e, f, clus-
ters 4a and 4c). Furthermore, many genes involved in
glycolysis were upregulated in ALDO, RA and ALDO+
RA treatments (Fig. 3e, side panel). Together, ALDO
and RA signalling appears to promote glycolysis while
suppressing oxidative phosphorylation. This observation
suggests that MR and RA signalling together promotes
the Warburg effect, which describes a shift towards aer-
obic glycolysis in preference to oxidative phosphoryl-
ation as the major means of ATP generation in cancer
cells [24]. However, this could be seen to contradict
other evidence suggesting that RARP is a tumour sup-
pressor gene that inhibits breast cancer migration and
growth [25-29]. Since metabolic reprogramming is now
recognized as a cancer hallmark [30], we investigated
further the effect of MR and RAR signalling on glycolysis
and oxidative phosphorylation in breast cancer cells by
looking at the expression of key genes involved in the
regulation of glycolysis and oxidative phosphorylation.

Key pro-glycolysis genes were increased by MR-RAR
activation (Fig. 4a). Specifically, on ALDO+RA treat-
ment, we observed an increase in the expression of the
GLUT]1 glucose transporter (SLC2A1I), increased expres-
sion of HIFIA and genes related to hypoxia response, in-
creased glycolysis and increased expression of MCT4
(SLC16A3) which facilitates lactate export across the cell
membrane, as well as an increase in the expression of
the HIF-associated mitophagy marker BNIP3L. When
these effects were overlaid onto a schematic diagram
(Fig. 4b) of the key cellular metabolic pathways affecting
glycolysis and oxidative phosphorylation in cancer cells,
it was noted that in addition to promoting glycolysis and
downregulating many genes involved in oxidative phos-
phorylation, ALDO+RA treatment also upregulated
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Fig. 3 Differentially expressed genes in ALDO-, RA- and ALDO+RA-treated MCF-7 cells. Gene expression profiling of MR-inducible MCF-7 breast
cancer cells treated for 6 h with aldosterone (10 nM), all-trans retinoic acid (1 uM) and 17B-estradiol (10 nM) or their combination and profiled on
lllumina’s HT-12 gene expression bead arrays. a MR mRNA expression, measured by RT-gPCR, uninduced and induced with doxycycline. b MR
protein expression uninduced and induced with doxycycline. ¢ Numbers of genes up- or downregulated in each treatment condition. d Venn
diagram of the gene overlaps between treatment conditions. @ Heatmap of the log2 fold change of genes differentially expressed in each
treatment condition. Genes are grouped into different gene clusters and annotated with whether the genes are annotated to be involved in the
glycolysis or oxidative phosphorylation hallmarks according to MSigDB. f Heatmap presentation of Biological Processes GO terms significantly
enriched (enrichment P value <0.005 and FDR < 10%) in gene clusters annotated in e, only gene clusters with significantly overrepresented GO
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PDK4, which is known to inhibit the pyruvate dehydro- by MR-RAR would promote glycolysis and suppress
genase (PDH) complex, an enzyme that catalyses the oxidative phosphorylation, hence promoting the War-
oxidative decarboxylation of pyruvate to acetyl-CoA, the burg effect that has been reported to offer prolifera-
input into the Krebs cycle. Inhibiting PDH would there-  tive advantage to cancer cells.

fore cause a disconnection between glycolysis and the To test the prediction that MR-RAR activation was
Krebs cycle preventing ATP generation by the electron  consistent with increased glycolysis in cancer samples,
transport chain (oxidative phosphorylation). These data  the genes in Fig. 4a were measured in the TCGA dataset
are consistent with the view that activation of PDK4  (Fig. 4c). In support of the findings in the cell line, breast
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Fig. 4 Effect of ALDO+RA treatment on cellular metabolism. a The fold change in expression on ALDO+RA treatment in MR-inducible MCF-7 cells
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J

cancers expressing high levels of MR and RARB express PDK4 expression is however higher in the normal
higher levels of key pro-glycolysis genes compared with  breast when compared to breast cancer tissues as shown
cancers with low MR/RARB expression (Fig. 4c). in Fig. 4c. It can be observed in Fig. 4c that in addition
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to PDK4, the expression profiles of other key pro-
glycolysis genes including BNIP3L and BFKFB3 are
higher in the normal breast compared to breast cancer
tissues. Furthermore, in breast cancer samples express-
ing high levels of both MR and RARB, the expression
profile of these pro-glycolysis genes is closer to that ob-
served in normal breast than in breast cancer, whereas
in breast cancer samples expressing low levels of both
MR and RARB, these pro-glycolysis genes are also
expressed at a lower level than observed generally in
breast cancer samples. This is a puzzling observation
which seems to suggest that in breast cancer, increased
glycolysis is not required by breast cancer cells. A caveat
may be that expression of some of these genes may re-
flect adipose-stromal cells which will inevitably be
present in normal breast rather than normal or malig-
nant epithelial cell gene expression.

Effect of MR and RAR signalling on breast cancer cell
proliferation and patient survival

To test the functional effect of combined MR-RAR
activation on breast cancer growth, we investigated
the expression of proliferative genes in ALDO-, RA-
and ALDO+RA-treated MR-inducible MCF-7 breast
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cancer cells, using the known proliferative effect of
17B-estradiol (E2) in MCE-7 cells as reference. As an
indicator of cell proliferation, we measured the meta-
PCNA genes (Fig. 5b shows a clustered heatmap of
the expression of meta-PCNA genes) as well as calcu-
lated the meta-PCNA index (Fig. 5a). Meta-PCNA
genes are the top 1% genes most highly correlated
with the proliferating cell nuclear antigen (PCNA), a
well-known proliferation marker in multiple normal
tissue types [32]. Figure 5a shows the median expres-
sion of the meta-PCNA genes for each treatment con-
dition with associated P values based on the paired
Wilcoxon signed-rank test of the expression of the
meta-PCNA genes.

Reflecting the known proliferative effect of E2 in
breast cancer cells and confirming the activation of pro-
liferative pathways in this cell line model, the PCNA
index of E2-treated cells was highest (Fig. 5a, where
DOX treatment alone, which is used to induce MR, is
equivalent to vehicle treatment). This was confirmed by
examination of the individual expression of the meta-
PCNA genes, showing E2 activation of proliferative
genes (Fig. 5b, yellow cluster). Neither MR nor RARB
activation increased the PCNA index, and in fact,
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Fig. 5 Effect of MR and RAR signalling on breast cancer cell proliferation. The meta-PCNA genes which are the top 1% of genes most highly
correlated with the proliferating cell nuclear antigen (PCNA), a well-known proliferation marker is used to calculate the meta-PCNA index which is
defined as the median expression of meta-PCNA genes. a PCNA index as a proliferation measure for MR-inducible cells under different treatment
conditions. Here, Dox is used to induce MR; therefore, Dox alone is equivalent to vehicle treatment of MR containing cells. P values are based on
paired Wilcoxon signed-rank test of the expression of meta-PCNA genes for each treatment comparison of interest. b Expression of meta-PCNA
genes under different treatment conditions of MR-inducible MCF-7 breast cancer cells
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ALDO-treated cells had a lower PCNA index compared
to cells treated with DOX alone, and DOX+ALDO+RA-
treated cells showed a further decrease in the PCNA
index (Fig. 5a). E2-mediated expression of the prolifera-
tive gene cluster was suppressed on ALDO+E2 treat-
ment, suggesting that ALDO can counteract the E2
proliferative effect when both signalling pathways are ac-
tive. Furthermore, ALDO+RA co-treatment resulted in
further suppression of the meta-PCNA genes compared
to DOX alone, ALDO alone or RA alone. These de-
creases were small but highly statistically significant,
suggesting that further validation at longer treatment
times than 6 h will be important. The second set of pro-
liferative genes (pink cluster) shows a response to E2
and/or RA signalling but not ALDO signalling. Finally,
the third meta-PCNA gene cluster (blue) contains genes
that show a strongly decreased expression on RA/
ALDO+RA treatments, but a lesser response to ALDO,
E2 or ALDO+E2 treatment.

This result suggests that ALDO and RA signalling can
inhibit E2-dependent as well as E2-independent prolifer-
ation of breast cancer cells. It also shows that co-
activation of ALDO and RA signalling results in a
stronger anti-proliferative effect compared to activation
of each alone, suggesting a co-operative crosstalk of the
MR and RAR signalling pathways to inhibit breast can-
cer growth.

Given the strong suppressive effect of MR and RA sig-
nalling on proliferation in our MR-inducible breast can-
cer cell model, and the powerful prognostic role of
tumour proliferation in breast cancer, we asked whether
breast cancers expressing high levels of MR and RAR
would be associated with better survival. Using the
METABRIC breast cancer microarray dataset, we first
examined the expression levels and degree of variance of
MR, RARA, RARB and RARG in the cohort. Based on
the overall distribution of the expression estimates of all
transcripts represented by probes on the Illumina hu-
man whole genome array used for this dataset (Supple-
mentary Fig. 3A), we defined any transcript with
expression level >6 to be expressed. Based on this
threshold, RARA was expressed in all breast cancer
cases, whereas RARG was detectable in less than 2% of
cases in the METABRIC cohort. RARB was detected
above the threshold in 24% of breast cancers and MR
was present in 71% of cases (Supplementary Fig. 3B and
C). Based on this finding, we explored the association
between MR and RARB dual positivity and breast cancer
survival. Breast cancer cases from the METABRIC data-
set were classified into four sample subgroups based on
the expression of MR and RARB (Fig. 6a). Kaplan-Meier
analysis revealed that breast cancers that were character-
ized by high expression of both MR and RARB repre-
sented a subgroup with significantly better survival
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(Fig. 6b). High expression of only one of the two recep-
tors or low or absent expression of both receptors was
not associated with equivalently good outcome as their
combined high expression (Fig. 6b). This is in agreement
with the cell line work and suggests that crosstalk be-
tween MR and RAR has a tumour suppressive effect in
breast cancer.

In light of this finding and considering that the expres-
sion of both MR and RARB are reduced in breast cancer,
we investigated the intrinsic subtype-specific expression
level of MR, RARA, RARB and RARG in breast cancer
cases from the METABRIC dataset, based on the
PAMS50 signature classification [33], to gain insight into
the prevalence and subtype of breast cancer cases where
MR and RAR signalling may be activated. While its ex-
pression is moderate, MR was found to be expressed
widely in all breast cancer subtypes, with the highest
positivity in normal-like (93%), luminal A (75%) and
basal-like (74%) breast cancers (Supplementary Fig.
S3D). RARB was less widely expressed than MR, its de-
tection ranging from 16% RARB positive in HER2 sub-
type cases to 47% RARB positive in basal-like breast
cancers. The percentage of MR and RARB double-
positive detection was highest in normal-like breast can-
cer (40%), basal-like (35%) and luminal A breast cancer
cases (14%) (Fig. 6¢). As seen across the total cohort, we
showed that MR and RARB double-positive cases had
significantly better survival outcome in these subtypes
(Fig. 6d). The basal-like subtype is characterized by
poorer overall outcome (Supplementary Fig. S4B) and
generally lack ER and PR, suggesting that MR-RARB sta-
tus could add useful prognostic information for this
breast cancer type.

Discussion

This study explores the functional roles of MR in the
breast and the potential crosstalk between MR and retin-
oic acid signalling through a combination of in silico
analyses and cell line experiments. Starting with hypoth-
eses generated from in silico analysis of NR co-
expression and differential co-expression networks,
which suggested (1) that MR plays a role in breast can-
cer biology and (2) that there is potential crosstalk be-
tween MR and RAR signalling in the normal breast,
which is disrupted in breast cancer, we went on to dem-
onstrate through expression profiling of ligand-treated
MR-inducible breast cancer cells that MR and RAR sig-
nalling coordinately regulate the expression of a unique
set of gene targets that are not significantly changed by
either NR alone. We show here that MR and RAR
signalling can inhibit both E2-dependent and E2-
independent proliferation of breast cancer cells. Al-
though it is not possible to identify which RAR mediates
the effects in the cell line model since all three RAR are
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Fig. 6 Survival analysis of breast cancer tissues expressing high MR and RARB. a Scatter plot of expression of MR against RARB in breast cancer samples
from the METABRIC dataset. A receptor is classified as highly or poorly expressed in a sample if its expression in that sample is in the top or bottom
20% of its expression range respectively. b Kaplan-Meier analysis showing samples expressing a high level of both MR and RARB have better survival
outcome. ¢ All breast cancer samples from the METABRIC breast cancer microarray dataset were classified into four categories: double-positive cases
express both MR and RARB based on probe expression cut-off defined in Fig. S3 (blue bars); MR_only cases express MR but not RARB (yellow bars);
RARB_only cases express RARB but not MR (red bars); and not_expressed cases do not express MR or RARB (grey bars). The stacked column plot shows
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categorized as expressing only RARB, there is no survival curve for this category in the normal-like subtype




Doan et al. Breast Cancer Research (2020) 22:122

present, the proliferation effects are consistent with the
significant association observed between high expression
of both MR and RARB with better breast cancer disease-
specific survival in the METABRIC breast cancer cohort.
The potential relationship between MR and RARB is also
supported by our original observations of a positive ex-
pression correlation between MR and RARB in the
TCGA breast cancer cohort. It is possible that high ex-
pression of these two NR facilitates signalling that is
‘closer’ in biology to the normal breast, hence the more
favourable outcome.

This study demonstrates the usefulness of analysing
the co-expression and differential co-expression net-
works of NR to gain insights into their potential func-
tional roles and generate novel hypotheses. In addition
to identifying cancer-associated changes in NR regula-
tory networks, our investigation demonstrated that co-
expression-based analysis of gene expression data is also
a useful tool for the inference of potential crosstalk in
the signalling networks of different NR. We showed
through a combination of in silico and in vitro analyses
the convergence of MR and RAR signalling, most likely
through RAR, in normal breast cells to regulate cellular
metabolism and general cell maintenance which is dis-
rupted in breast cancer due to the decreased expression
of both MR and RARB. Crosstalk in MR and RARp sig-
nalling has not been reported in the breast, although
MR and RARP are members of a group of NR reported
to regulate CNS, circadian and basal metabolic response
through anatomical profiling of NR expression in the
mouse by Bookout et al. [34]. Our results therefore sup-
port the functional grouping of MR and RAR[ observed
in mouse and suggest that MR and RARp also converge
in the metabolic regulation of normal breast cells.

While RARP is known to suppress breast cancer
through inducing apoptosis and inhibiting metastasis [25,
26, 28], relatively little is known about the role of MR in
breast cancer. MR was recently reported to suppress can-
cer progression through suppressing the Warburg effect
in a hepatocellular carcinoma cell line [35]. We showed
that while co-activation of MR and RA signalling resulted
in both E2-dependent and E2-independent inhibition of
cell proliferation, it exerts the opposite effect on the meta-
bolic response of breast cancer cells, specifically promot-
ing glycolysis and suppressing oxidative phosphorylation.
This is a puzzling observation being opposite to that ob-
served in hepatocellular carcinoma. A possible explanation
for this observation may lie in the ‘reverse Warburg effect’
model and the role of HIF-Ia activation in breast cancer
cells proposed by Lisanti and colleagues [36, 37]. In the re-
verse Warburg model, which was first observed in human
breast cancer cells, epithelial cancer cells induce the War-
burg effect (aerobic glycolysis) in neighbouring tumour-
associated fibroblasts while proliferating cancer cells
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themselves show a preference towards oxidative phos-
phorylation. Cancer-associated fibroblasts then undergo
autophagy or myo-fibroblastic differentiation, thereby se-
creting lactate and pyruvate (energy metabolites resulting
from aerobic glycolysis) which are then taken up by the
oxidative cancer cells to feed into their highly active oxida-
tive phosphorylation processes. The characteristics of the
reverse Warburg effect are summarized in Fig. 7. Indeed,
co-activation of MR and RAR signalling in cells resulted
in a metabolic profile resembling that reported for cancer-
associated fibroblasts or hypoxic cancer cells. With this
line of reasoning, the MR effect on breast cancer cell
growth would still be suppressive if the reverse Warburg
model is the prevalent model for breast cancer cell metab-
olism. Taken together, cell line modelling and human can-
cer sample analyses reveal that ALDO+RA treatment
results in activation of HIF-1a and the hypoxia response,
which promotes glycolysis and acts as a tumour suppres-
sor in breast cancer cells, possibly due to induction of au-
tophagy or ‘self-digestion’ of the tumour cells. Therefore,
it is possible that the metabolic phenotype observed in
ALDO+RA-treated cells (increased HIF-Ia activation, in-
creased aerobic glycolysis, decreased oxidative phosphor-
ylation) is in fact tumour suppressive. If so, it provides
mechanistic insights into the prognostic utility of MR in
tamoxifen-treated breast cancers [14] and the potential for
MR and RARP to influence breast cancer cell growth
through altered energy metabolism. Modulating cellular
metabolic response is therefore likely one of the means
through which MR and RAR signalling exert their anti-
proliferative effect in breast cancer, and it will be
important now to further validate our findings using add-
itional in vitro studies.

It is likely though that in addition to the modulation
of metabolic response, the tumour suppressive effect of
MR is mediated through other means not fully explored
in this study, including the regulation of apoptosis and
angiogenesis, as suggested by the enrichment of these
biological processes in genes differentially expressed
under ALDO treatment in MR-inducible breast cancer
cells. Finally, the suppressive effect of MR and RAR sig-
nalling in breast cancer is supported by the observation
that tumours expressing high MR and RARB are associ-
ated with better survival outcome.

An intention of this study was to identify nuclear recep-
tors that might act as novel targets or predictive factors in
breast cancers, particularly those in which ER is not a vi-
able target. While MR expression is on average lower in
breast cancer than in normal breast tissue, we found that
MR is present in a subset of breast cancers, and MR-RARB
dual positivity is predictive of better breast cancer-specific
survival in the METABRIC breast cancer cohort. While
the MR-inducible cell line used was a breast cancer cell
line (MCE-7), this choice of parent cell line partly reflects
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the paucity of viable non-malignant cell models in which
to test our hypothesis of a functional relationship between
MR and RAR signalling in the normal breast and, more-
over, we would argue that given the low basal MR level of
the parent, by restoring MR expression in these cells, the
MR-induced state more closely resembles the normal
breast or is at least closer to the good prognosis subset of
breast cancer suggested by our data. Consistent with this,
we observed transcriptional regulation suggestive of
growth inhibition by dual ALDO and RA treatment. Im-
portantly, the co-expression of MR and RARB was not
confined to the better prognosis luminal A PAM50 sub-
type. Given that dual MR-RARB positivity was particularly
prevalent in basal-like breast cancers where ER is seldom
expressed, their expression in this breast cancer subtype
holds potential clinical value.

Both ER and PR are acknowledged to contribute to
breast cancer progression. Recent studies examining
crosstalk between ER and PR, as well as other members
of the steroid receptor family, have suggested that these
NR interact at the level of DNA binding, or via conver-
ging pathway regulation, to influence breast cancer cell
growth [38—41]. Both MR and the glucocorticoid recep-
tor have been reported to crosstalk with PR in breast
cancer cells to produce growth inhibitory effects [13].
Moreover, RARa has also been reported to co-operate
with ER at DNA binding sites in breast cancer cells and
to be positively associated with outcome in breast can-
cers receiving endocrine therapy [42]. Thus, interactions

between MR, RARP and ER may contribute to the posi-
tive association observed between higher MR and RARB
and breast cancer disease-specific survival and the sup-
pression of E2-mediated growth stimulation.

Conclusions

Although less apparent, the observation that activating
MR and RARB in cancer cells results in suppression of
genes inversely correlated with MR and RARB in normal
cells highlights the need for understanding the normal
physiological functions of NR as a means of understanding
their effects in breast cancer. Our study shows these re-
ceptors activate pathways independent of oestrogen ac-
tion; full characterization of these pathways may identify
potential targets which yield new approaches in the man-
agement of breast cancers that are refractory to treatments
directly targeting the oestrogen signalling axis. This would
provide new avenues for the management of breast can-
cers for which no effective targeted treatments exist.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513058-020-01355-x.

Additional file 1: Figure S1. GO terms enriched in genes co-expressed
with MR and RARB in normal breast tissues. (A) GO terms enriched in
genes positively co-expressed with MR or RARB in normal breast. (B) GO
terms enriched in genes negatively co-expressed with MR or RARB in nor-
mal breast tissues.
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Additional file 2: Figure S2. GO terms enriched in genes co-expressed
with MR and RARB in breast cancer tissues. (A) GO terms enriched in
genes positively co-expressed with MR or RARB in breast cancer tissues.
(B) GO terms enriched in genes negatively co-expressed with MR or RARB
in breast cancer tissues.

Additional file 3: Figure S3. Expression and prevalence of MR and the
RA receptors in the METABRIC breast cancer microarray dataset.
Expression and prevalence of MR, RARA, RARB and RARG are measured in
the METABRIC breast cancer microarray dataset. (A) Density plot of the
distribution the expression of all probes on the array for the whole
METABRIC dataset showing that the majority of probes are not expressed
and therefore their expression is a measure of the baseline background
probe expression. Using this plot a probe expression of value of 6 was
set as a cut-off. Probes with expression > 6 was defined as being
expressed. (B) Boxplot showing distribution of expression of MR and RAR
transcripts in the METABRIC cohort. (C) Using the cut-off defined from (A)
MR, RARA, RARB and RARG were classified as being expressed (probe ex-
pression 26) or not expressed (probe expression < 6) in each breast can-
cer sample from the METATBRIC dataset. The histogram shows the
percentage of samples expressing each receptor according to this cut-off.
(D) The percentage of samples within each PAMS50 subtype expressing
each receptor were then plotted.

Additional file 4: Figure S4. Survival analysis of the METABRIC breast
cancer samples stratified based on MR and RARB positivity as well as
PAMS0 subtypes. Kaplan Meier plots of (A) All breast cancer samples from
the METABRIC breast cancer microarray dataset classified based on MR
and RARB positivity using probe expression cut-off defined in Fig. S3.
Double-positive cases express both MR and RARB (blue); MR_only cases
express MR but not RARB (yellow); RARB_only cases express RARB but not
MR (red); and not_expressed cases do not express MR or RARB (grey). (B)
All breast cancer samples from the METABRIC breast cancer microarray
dataset stratified based on the METABRIC publication’s PAM50
classification.

Additional file 5: Table S1. Categories of genes, with expression
correlated with MR or RARB, analysed in GO enrichment analyses.
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