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Abstract: This review focuses on the pivotal roles of nuclear receptors (NRs) in driving endocrine
resistance in prostate and breast cancers. In prostate cancer (PCa), androgen receptor (AR) am-
plification, mutations, and altered coactivator interactions sustain tumor growth under androgen
deprivation therapy (ADT), leading to castration-resistant prostate cancer (CRPC). Orphan NRs like
RORβ, TLX, and COUP-TFII further contribute to CRPC by regulating stemness and therapeutic resis-
tance mechanisms. In breast cancer, NRs, including estrogen receptor alpha (ERα), androgen receptor
(AR), glucocorticoid receptor (GR), and liver receptor homolog-1 (LRH-1), modulate estrogen signal-
ing pathways and alternative survival mechanisms like PI3K/AKT/mTOR and NFκB, promoting
resistance to endocrine therapies such as tamoxifen. Understanding these NR-mediated mechanisms
is critical for developing targeted therapies to overcome endocrine resistance and improve patient
outcomes in hormone-dependent cancers.
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1. Introduction

Nuclear receptors (NRs) have emerged as pivotal players in the resistance to en-
docrine therapies in prostate and breast cancers. In prostate cancer (PCa), particularly
in castration-resistant forms, the elevated expression levels of orphan nuclear receptors
such as retinoic acid receptor-related orphan receptor β (RORβ), tailless X (TLX), chicken
ovalbumin upstream promoter transcription factor II (COUP-TFII), nuclear receptor-related
factor 1 (NURR1), and liver receptor homolog-1 (LRH-1) drives cancer stem cell properties
and androgen insensitivity [1]. These receptors enhance cell proliferation and survival and
activate alternative pathways to sustain tumor growth despite therapy, underscoring their
potential as therapeutic targets in managing resistance [2–4]. Recent research highlights
the role of specific orphan nuclear receptors in castration-resistant prostate cancer (CRPC).
Notably, some nuclear receptors promote androgen biosynthesis and directly activate the
androgen receptor (AR), enabling CRPC cells to thrive in low-androgen environments [5].
Similarly, in breast cancer, resistance to endocrine therapies targeting the estrogen receptor
alpha (ERα) involves intricate mechanisms, including altered expression of nuclear recep-
tors, such as the glucocorticoid receptor (GR), NURR1, LRH-1 and, COUP-TFII, and are
positively associated with endocrine resistance in breast cancer [6–9]. This understanding
of the roles of NRs in therapy resistance in both prostate and breast cancers emphasizes the
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need for further research to develop targeted therapies that can overcome resistance and
improve patient outcomes.

2. Nuclear Receptors in Prostate Cancer and Castration Resistance

In humans, there are 48 transcription factors (TFs) within the nuclear receptor (NR)
superfamily, which includes intracellular receptors that regulate a wide range of physiolog-
ical functions [10]. Several endogenous mechanisms influence NR actions, such as ligand
binding, post-translational modification, protein dimerization, nuclear translocation, and
protein–protein interactions with activators and repressors [11,12]. NRs are classified into
seven subfamilies based on sequence similarity: thyroid hormone receptors, retinoid X
receptors, steroid receptors, nerve growth factor IB-like receptors, steroidogenic factors,
germ cell nuclear factors, and various other receptors, including DSS-AHC Critical Region
On The X Chromosome Protein 1 (DAX1) and Small Heterodimer Partner (SHP) [13]. NRs
have become attractive targets for the development of pharmacological therapies due to the
presence of distinctive ligand-binding sites. Endogenous ligands have not been described
for a subgroup of NRs known as “orphans” and have recently been linked to various
aspects with a wide range of diseases, such as rheumatoid arthritis (RA), inflammatory
bowel disease (IBD) and cancer [4,14,15].

PCa is the second most commonly diagnosed cancer in men. The primary treatment
for advanced tumors is androgen deprivation therapy (ADT), which aims to reduce serum
testosterone levels, preventing androgen receptor (AR) activation and thereby inducing
tumor regression [16]. Huggins and Hodges were the first to introduce the concept of PCa
as an androgen-dependent disease; since continued androgen stimulation is necessary to
maintain prostate function, the absence of these hormones causes the gland to become
affected [17]. After an initial response to ADT, the tumor progresses in a large number of
patients, leading to CRPC, a condition in which cancerous cells survive and proliferate
despite ADT. Previously, it was believed that the disease was independent of the AR signal-
ing pathway, leading to its classification as androgen-independent cancer [18,19]. However,
recent years have shown that most cases of CRPC rely on the AR signaling pathway. The
main mechanisms that the AR uses to resist castration include AR amplification, AR mu-
tations (promiscuity), splicing variants, and activation [2,17]. The use of AR antagonists
has led to an increase in more aggressive variants of PCa, such as those with low AR
expression or lacking AR altogether. Additionally, certain AR-independent tumors, which
are unresponsive to ADT, may arise due to the clonal selection of cells with low or absent
AR expression, or through phenotypic transformation into neuroendocrine-like cells [20].

Several studies have demonstrated that AR gene amplification occurs in approximately
30% of PCa patients treated with hormone suppression therapy, and significant amplifica-
tion of AR has been found in CRPC cell lines, ranging from 30% to 80%. Amplification of the
AR gene can increase AR levels, enhancing transcription, mRNA stability, protein stability,
and nuclear localization despite ADT and low androgen levels persist in the body [21,22].
Specific PCa cells adapt to become sensitive to these reduced androgen levels in this envi-
ronment. Mutations in the AR gene allow the receptor to be activated by non-androgen
molecules [23]. For example, substitutions such as threonine to alanine at codon 877 (T877A)
and histidine to tyrosine at codon 874 (H874Y) enable AR activation by various steroids like
progesterone and hydrocortisone [24]. Mutations in AR have also demonstrated the im-
portance of noncanonical Wnt signaling in regulating androgen-dependent tumor growth
in PCa. In a study involving mice with a point mutation (ARpe-T877A/Y), the animals
developed hypertrophic prostates that responded to both an androgen antagonist and
estrogen, although they did not develop prostatic tumors. However, in transgenic mouse
models of PCa, the introduction of the AR T877A mutation significantly increased both the
onset of prostatic tumorigenesis and tumor growth, suggesting that this pathway stimulates
the development of prostatic tumors with AR hyperfunction [25]. Also, AR mutation where
valine is replaced by leucine at codon 89 (V89L) leads to increased 5α-reductase levels,
raising DHT levels despite low testosterone [26].
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More than 150 different co-activators and co-repressor molecules regulate AR tran-
scriptional activity in PCa [27]. FKBP51 is an AR target gene and coactivator found to be
upregulated in recurrent LAPC-4 tumors in castrated mice. This co-activator promotes the
formation of a superchaperone complex by regulating the recruitment of p23 to ATP-bound
Hsp90. This helps maintain AR in a ligand-binding conformation, thus enhancing tran-
scriptional activity and androgen-stimulated growth [28]. Other co-activators related to
AR possess acetyltransferase activity, enhancing AR-induced transcription by promoting
the assembly of complexes between AR-associated enhancers/promoters and transcription
start sites of AR target genes that include steroid receptor co-activators such as SRC-1, SRC-
2 (TIF-2, GRIP-1, NcoA2), and SRC-3 [3]. The next generation of antiandrogens approved
by the FDA, such as enzalutamide, apalutamide, and darolutamide, has been used to treat
CRPC and improve the prognosis of patients with advanced PCa [29]. Enzalutamide, daro-
lutamide, and apalutamide exhibit robust antagonistic effects against the AR [30]. Their
common mechanism of action involves inhibiting AR nuclear translocation, AR-mediated
transcription, and coactivator recruitment [31–33]. The result of impeding the influence of
androgens is a decrease in PCa cell proliferation and tumor size [34].

Despite these advances, drug resistance still occurs. Current evidence shows that the
AR missense mutation F877L is linked to apalutamide resistance in preclinical models and
apalutamide-treated patients [35]. Additionally, chronic treatment with apalutamide in
C4-2B cells has been shown to activate the steroid hormone biosynthesis pathway and
increase AKR1C3 expression [36]. Recently, a shared resistance mechanism for apalutamide,
enzalutamide, and darolutamide has been identified, which is related to the AKR1C3/AR-
V7 axis [36].

AR-V7 is described as an AR variant that can activate distinct oncogenic transcrip-
tional programs and confer resistance to enzalutamide. On the other hand, AKR1C3 is
known to catalyze androgen synthesis, which is activated in enzalutamide-resistant PCa
cells [37]. Previous studies have demonstrated that AKR1C3 can bind with AR-V7 to
confer resistance to enzalutamide in advanced PCa [38]. However, the knockdown of
the AKR1C3/AR-V7 axis has the opposite effect, resensitizing cells to apalutamide and
darolutamide treatment [36].

Other Nuclear Receptors Associated with Prostate Cancer Castration Resistance

In recent decades, nuclear receptors have been demonstrated to drive resistance to
castration. Notably, models of CRPC xenografts and spheroids exhibit distinct patterns
of nuclear receptor expression. Analysis by Zhu Wang and colleagues identified five key
orphan nuclear receptors—RORβ, TLX, COUP-TFII, NURR1, and LRH-1—with positively
regulated mRNA and protein levels in both models. Overexpression of these NRs increased
cancer stem cell markers and spheroid formation, suggesting their involvement in CRPC
growth (Figure 1) [1].

The retinoic acid receptor-related orphan receptors (RORs) are a subfamily of the
thyroid hormone receptor within the nuclear receptors (NR) superfamily. Comprising
RORα (NR1F1), RORβ (NR1F2), and RORγ (NR1F3), RORs are homologous to retinoic
acid receptors (RARs) and retinoid X receptors (RXRs) [39,40]. RORβ is mainly involved in
circadian rhythms, stem cell proliferation, and differentiation [41,42]. RORβ was found to
be upregulated in clinical PCa samples compared to normal prostate gland tissues. This
upregulation was also observed in PCa cell line-derived prostatospheroids and castration-
relapse VCaP-CRPC xenografts, as confirmed by qRT-PCR and immunoblot analyses [1].
Conversely, TLX (NR2E1) is another orphan NR belonging to the nuclear receptor super-
family. TLX is essentially expressed in adult neural stem cells to regulate their proliferation.
Removal of TLX from the adult mouse brain decreases stem cell proliferation [43]. Concern-
ing CPRC, models such as xenografts and VCaP and LNCaP cell lines demonstrate that
TLX is upregulated in CRPC and contributes to androgen insensitivity by promoting cancer
stem cell-like properties and enhancing resistance to androgen deprivation therapy. TLX
achieves this through regulating stem cell proliferation and maintaining undifferentiated
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states [44]. COUP-TFs are highly conserved nuclear orphan receptors expressed in the
mouse embryonic stomach mesenchyme and play a significant role in endothelial cell
growth and regulation of the Notch signaling pathway [45,46]. COUP-TFII shows a notable
upregulation in both PCa cell line-derived prostatospheroids and VCaP-CRPC xenografts.
These 3D-cultured prostatospheroids, derived from both AR-positive or AR-negative PCa
cell lines and post-castration VCaP-CRPC xenografts, contained increased populations
of prostate cancer stem cells (PCSCs), specifically CD44+/CD133+ cells. The common
upregulation of COUP-TFII in these models underscores its potential role in promoting the
survival and proliferation of PCSCs in CRPC [1].
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Figure 1. Impact of elevated nuclear receptor expression on the Progression of Castration-Resistant
Prostate Cancer (CRPC). Upregulation (up red arrows) of nuclear receptors and their role in CRPC
development. These receptors contribute to key processes such as tumor growth and metastasis
(GR), maintenance of stem cell populations, cellular proliferation and migration (RORβ, TLX, COUP-
TFII), migration, invasion, androgen biosynthesis (NURR1, LRH1), and tumor progression (ERRα),
ultimately leading to resistance against androgen deprivation therapy (ADT). Each receptor activates
(black arrows) specific pathways that enhance tumor aggressiveness and resistance mechanisms,
highlighting their potential as therapeutic targets for CRPC. Created with BioRender.com (accessed
on 1 June 2024).

Another NR intimately related to stem cells is NURR1, a member of the nuclear
receptor superfamily of transcription factors, which is primarily expressed in the central
nervous system, particularly in developing and mature dopaminergic neurons. It has
been found to influence proliferation, migration, invasion, and apoptosis in human PCa
cells [47,48]. NURR1 promotes stemness and epithelial-mesenchymal transition in PCa
by targeting the Wnt/β-catenin signaling pathway. NURR1 was upregulated in PCa cell
lines, stem-like cells, and CRPC xenografts. It promotes cancer stemness and epithelial-
mesenchymal transition (EMT) by activating the Wnt/β-catenin signaling pathway. The
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research highlights that targeting NURR1 could be a potential therapeutic strategy for
advanced PCa [49].

In CRPC, the retinoic acid receptor-related orphan receptor gamma (RORγ, also known
as RORC) plays a crucial role in regulating the expression of the AR and its variant AR-
V7. This regulation is significant as AR and AR-V7 are key drivers in the progression of
CRPC, which is resistant to conventional hormone therapies targeting androgen signaling.
Research has shown that targeting RORγ can modulate AR signaling pathways, thus
offering a potential therapeutic approach for managing CRPC [50]. Additionally, the
development of specific ligands that suppress CRPC through the inhibition of RORγ
highlights a promising area for therapeutic intervention [51].

LRH-1, belonging to the nuclear receptor NR5A (Ftz-F1) subfamily, is found in tissues
originating from the endoderm [52]. It is an orphan nuclear receptor that shows increased
expression in various cancers like breast, colon, and pancreas [53–55]. In PCa, LRH-1 serves
as a potent transcription factor, aiding in the development of CRPC [56]. The mechanisms
underlying LRH-1 resistance to castration are intertwined with the upregulation of enzymes
such as CYP11A1 and CYP17A1, which is pivotal for androgen biosynthesis. Additionally,
LRH-1 directly activates the AR, enabling CRPC cells to thrive and proliferate without
external androgens (Figure 1) [5].

Another receptor implicated in CRPC resistance, such as estrogen-related receptor
alpha (ERRα), is a nuclear receptor encoded by the ESRRA gene in humans. ERRα belongs
to a group of 48 structurally related, ligand-activated transcription factors and shares signif-
icant structural similarities with the ligand-dependent estrogen receptors (ERα and ERβ).
Still, it does not bind estrogens [57–59]. In PCa, ERRα is upregulated and is implicated as a
negative prognostic marker for the disease [60] (Figure 1). Interestingly, in xenograft models
of CRPC, ERRα expression is upregulated in metastatic CRPC. The mechanism described
involves two androgen synthesis enzymes, CYP11A1 and AKR1C3, which enhance the
intraprostatic production of dihydrotestosterone (DHT) and activation of AR signaling in
PCa cells [61]. Additionally, in VCaP PCa cell lines, ERRα has been reported to induce
promoter–enhancer DNA looping and activate TMPRSS2:ERG fusion genes regulated by
the AR, promoting castration resistance through the AKT pathway [62].

The glucocorticoid receptors (GR), encoded by the NR3C1 gene, belong to the sub-
family of steroid hormone receptors and serve as the receptor for cortisol and other glu-
cocorticoids [63]. The analysis of gene expression in a mouse model with patient-derived
xenografts (PDX) of CRPC and samples from human PCa metastases reveals that the
increase in GR activation is accompanied by a significant rise in AMPc/PKA pathway
activation [64]. Interestingly, it has been demonstrated that CRPC has higher expression of
the GR, along with AMPc/PKA activation [65,66]. Further research has indicated that in
LAPC4 and CWR-22Rv1 PCa cells, GR activation through an MDV3100 agonist increased
the secretion of prostate-specific antigen (PSA) and induced the expression of SGKI and
MKP1/DUSP genes. Conversely, cell viability decreased with treatment using the GR
antagonist CORT 122928 (Corcept Therapeutics, Merlo Park, CA, USA). In xenografts,
the use of GR siRNAs (Open Biosystems, Huntsville, AL, USA) delayed the formation of
castration-resistant tumors, thereby substantiating the role of GR in GR-mediated CRPC
progression (Figure 1) [67].

3. Role of Nuclear Receptors in Endocrine Resistance of Breast Cancer

Approximately 70% of breast carcinomas express the α-estrogen receptor (ERα), clas-
sifying them as luminal breast cancers. Endocrine therapy is the primary treatment for
most ERα patients, typically involving anti-estrogens like tamoxifen (TAM), which blocks
ERα transcriptional activity by directly binding to it [68]. However, endocrine therapy
resistance is a significant challenge, driven by various factors such as alterations in ERa
signaling, interactions between the growth factor receptor (GFR) network, activation of
the PI3K/AKT/mTOR pathway (including PTEN inactivation), and induction of NFκB
signaling [69].
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The vitamin D receptor (VDR) is a nuclear receptor that regulates gene expression,
and it plays a crucial role in various cellular processes, including cell proliferation, differ-
entiation, apoptosis, and immune response modulation. Impaired vitamin D and VDR
signaling may lead to abnormal mammary gland development, potentially contributing to
early-onset breast cancer. The VDR signaling can protect against breast cancer by regulating
long noncoding RNAs, which are involved in gene expression regulation [70]. A study
of 718 invasive breast tumors found that high VDR expression is associated with favor-
able prognostic factors and lower breast cancer mortality, making it a positive prognostic
factor [71].

Peroxisome proliferator-activated receptors (PPARs) regulate cellular functions such as
differentiation, proliferation, metabolism, and apoptosis, all of which are involved in tumor
formation. The role of PPARs in breast cancer is complex, with some studies suggesting they
may act as either tumor promoters or suppressors [72]. Specifically, PPARγ is highlighted
as a potential tumor suppressor, with preclinical studies showing that natural and synthetic
PPARγ ligands can modulate tumor cell signaling and inhibit breast tumor growth in both
in vitro and in vivo models [73].

The AR is a crucial driver of tumor growth in PCa, and recent research highlights its
significant role in breast cancer development. Although its role is still controversial, it has
been found that AR expression is associated with improved breast cancer-specific survival
and predicted response to endocrine therapy [74,75]. In breast cancer, NR associated with
CRPC shows dual effects in endocrine therapy resistance.

3.1. Variable Role of the Glucocorticoid Receptor in Breast Cancer Endocrine Resistance

The role of the GR varies depending on the molecular subtype of breast cancer. In lu-
minal breast cancer, GR expression is linked to a better prognosis and reduced proliferation.
Conversely, in triple-negative breast cancer (TNBC), GR expression promotes migration,
chemotherapy resistance, and cell survival [76]. The expression of GR according to the
molecular subtypes PAM50 of breast cancer exhibits high levels of GR in luminal A breast
cancer and is associated with favorable patient outcomes. Interestingly, Dexamethasone, a
synthetic glucocorticoid, reduced viability in models derived from luminal A tumors. At
the genomic level, the use of chip-seq data revealed that MCF7 cells treated with dexam-
ethasone show an overlap of ER and GR in different genes. Specifically, it was observed
that the ZBTB16 gene has bindings for ER and GR at intronic sites and was identified
as a potential driver of Dexa-induced growth suppression [77]. ZBTB1 functions as a
tumor suppressor that is significantly downregulated in breast tumors compared to normal
tissues. Conversely, the overexpression of ZBTB1 sensitizes cells resistant to tamoxifen
through HER2 suppression in MCF-7/TamR cells [78]. In another study, the application of
GR agonists in MCF7 cells demonstrated that the co-activation of ER and GR reduces the
activation of proliferative genes, particularly the expression of cyclin-dependent kinases
(CDKs), CDK1, CDK2, and CDK6 genes. Additionally, the use of GR agonists also reduced
the growth of xenograft tumors from MCF7 cells [79].

Importantly, the overactivation of CDKs, such as CDK6, contributes to tumor pro-
gression by promoting cell cycle progression through the inhibition of the retinoblastoma
(Rb) protein [80]. Since CDKs play a crucial role in initiating the cell cycle in cancers,
CDK4/6 inhibitors have been developed as important cancer therapeutics for hormone
receptor-expressing breast cancer. These inhibitors are designed to halt or slow cancer
cell growth by arresting the cell cycle in the G1 phase [81]. INX-315, a highly selective
CDK2 inhibitor, has shown promise in patient-derived xenografts and murine models,
where it induces cell cycle arrest and cellular senescence-like states [82]. Coincidentally,
resistance to CDK4/6 inhibitors also promotes resistance to ER inhibitors. For example,
chronic exposure of MCF7 cells to a CDK4/6 inhibitor (LY2835219) induces resistance to
fulvestrant. Additionally, MCF7 cells resistant to CDK inhibitors also exhibit elevated IC50
concentrations in relation to 4-hydroxytamoxifen, with an IC50 of 2030 nM compared to an
IC50 of 113.2 nM [83].



Receptors 2024, 3 450

In endocrine resistance, a novel model of endoxifen-resistant luminal breast cancer
cells, MCF7 and T47D, GR activation via Dexamethasone significantly reduces the prolifer-
ation rates by 50–60% [84]. Furthermore, dexamethasone demonstrated a synergistic effect
with endoxifen in suppressing cell proliferation, suggesting that this combined treatment
could be an effective therapy for endocrine-resistant disease [6] (Figure 2A).
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Figure 2. Modulation of nuclear receptor functions in breast cancer endocrine resistance. (A) The
glucocorticoid receptor (GR) and estrogen receptor (ER) synergistically modulate gene expression,
enhancing ZBTB16 expression (green arrow) and contributing to a reduction in tamoxifen resistance
(down green arrow). In contrast, GR and ER negatively regulate CDKs (CDK1, CDK2, and CDK6) (red
inhibition arrow), leading to inhibition of proliferation and a decrease in tumor volume. (B) NFκB
activation (up green arrow) by LRH-1 and inactivation (red inhibition arrow) by COUP-TFII promote
stemness and endocrine resistance, suggesting a regulatory role in mechanisms of endocrine resistance
in breast cancer. (C) NURR1 downregulation (down red arrow) and SPY1 upregulation (result in
the activation of the ERK1/2 signaling pathway, which in turn activates (black arrow) the estrogen
receptor (ER). The activation of ER is also associated with a decrease in tamoxifen resistance (down
green arrow). Created with BioRender.com (accessed on 1 June 2024).
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3.2. UP-TFII’s Dual Role Modulating Angiogenesis, Metastasis, and Endocrine Therapy
Resistance through NFκB Pathway Regulation in Cancer

Evidence shows that COUP-TFII plays dual roles as an oncogene by regulating angio-
genesis and lymphangiogenesis. In contrast, as a suppressor, it is related to inhibiting tumor
metastasis and leads to favorable therapeutic outcomes in cancer therapy [85]. In therapy
resistance, COUP-TFII is capable of regulating the NFκB family of dimeric transcription
factors that play crucial roles in immune and inflammatory responses, and it has recently
been found to promote endocrine resistance [9]. Regarding NFκB, it has been shown that
in MCF-7, T47D, ZR75-1, and BT474 cells, exposure to tamoxifen, both in vitro and in vivo,
results in a tamoxifen-tolerant population with increased NFκB pathway activity and en-
hanced stemness characteristics [86]. Specifically, endocrine-resistant LCC9 cells with low
endogenous COUP-TFII show approximately five times higher basal NFκB activity than
parental endocrine-sensitive MCF-7 breast cancer cells. Overexpression of COUP-TFII in
LCC9 cells reduces NFκB expression and NFκB target gene expression. An inverse corre-
lation between COUP-TFII and NFκB was confirmed in breast cancer patient samples [9].
Notably, the low expression of COUP-TFII in cells with endocrine therapy resistance is
associated with higher methylation in the first exon in LCC2 and LCC9 endocrine-resistant
breast cancer cells compared to MCF-7 cells. Additionally, treatment of LCC2 and LCC9
with 5-aza-2′-deoxycytidine (AZA), a cytidine analog that disrupts the interaction between
DNA and DNA methyltransferase (DNMT), increased COUP-TFII expression, and the
epigenetic changes mediated the decrease in COUP-TFII [87] (Figure 2B).

3.3. The Oncogenic Role of LRH-1 in Endocrine-Sensitive and Endocrine-Resistant Breast Cancer:
Mechanisms and Therapeutic Implications

LRH-1 plays a critical role in both endocrine-sensitive and endocrine-resistant breast
cancer. LRH-1 is a nuclear receptor involved in regulating genes associated with cell
proliferation, metabolism, and steroidogenesis [88]. Its expression promotes the transcrip-
tional activity of ER target genes, thereby enhancing estrogen signaling pathways. In
endocrine-resistant breast cancer, LRH-1 maintains cell proliferation and survival by ac-
tivating alternative signaling pathways that compensate for the lack of estrogen, such as
the PI3K/AKT and NFκB pathways [89]. Interestingly, the nuclear receptors LRH-1 exhibit
oncogenic behavior similar to that observed in PCa. LRH-1 plays a critical role in both
endocrine-sensitive and endocrine-resistant breast cancer. LRH-1 expression is upregulated
in endocrine-resistant breast cancer cell MCF-7/LCC9 and castration resistance xenografts.
Its expression promotes the transcriptional activity of ER target genes, thereby enhancing
estrogen signaling pathways [8]. ChIP-seq analysis demonstrated that LRH-1 binds to es-
trogen response elements in ERα-target genes, such as the TFF1/pS2 gene. Overexpression
of LRH-1 enhances ERα recruitment to these binding sites, whereas knockdown reduces
it. This indicates that LRH-1 is essential in regulating ERα target genes in breast cancer
cells. Furthermore, the study reveals that LRH-1 and ERα co-binding to estrogen response
elements is a critical mechanism for controlling the expression of estrogen-responsive
genes [90] (Figure 2B).

3.4. Divergent Roles of NURR1 in Breast Cancer Progression: Implications for Endocrine Therapy
and ERK Signaling Modulation

On the other hand, the NURR1 receptor appears to have divergent roles in cancer
progression. In breast biopsy specimens, NURR1 showed high expression in non-cancerous
breast epithelium. However, when comparing its expression among molecular subtypes,
basal-like cancer displayed lower levels of NURR1 mRNA expression, while luminal A
cancer exhibited the highest expression compared to all other subtypes. Additionally,
findings unveiled a positive association between NURR1 expression and enhanced 5-year
relapse-free survival among patients treated with endocrine therapy within the luminal A
breast cancer subgroup [7] (Figure 2C).

Interestingly, the alteration of signaling pathways such as ERK contributed to en-
docrine resistance, specifically through the protein SPY1. In MCF7 cells, SPY1-mediated
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activation leads to the phosphorylation of ERK1/2, and subsequently, ERK1/2 can phos-
phorylate ER at S118, changing the sensitivity to tamoxifen [91]. Within the ERK signaling
mechanism, the NURR1 receptor can promote its inhibition [92]. Specifically, western blot
assays revealed that NURR1 improved responsiveness to tamoxifen by suppressing ERK
signaling, specifically the p-SRC, p-MEK1/2, and p-ERK1/2 proteins in estrogen receptor-
positive (ER+) breast cancer, suggesting that the NURR1/ERK signaling axis modulates
tamoxifen resistance. Also, NURR1 gene expression is repressed in tamoxifen-resistant
MCF7 (TamR) cells compared to MCF7 cells. Interestingly, overexpression of NURR1
in TamR cells promotes the restoration of sensitivity to tamoxifen and suppresses cell
proliferation, migration, and invasion [92] (Figure 2C).

4. Conclusions

The intricate roles of NRs in the therapy resistance of prostate and breast cancers
highlight their multifaceted contributions to disease progression and therapeutic challenges.
This review explored how NRs influence cancer cell behavior and treatment outcomes,
emphasizing their potential as therapeutic targets and prognostic indicators. PCa remains
a leading cause of cancer-related mortality in men, with ADT being the cornerstone of
treatment for advanced disease [16,93]. Despite initial responses, many patients progress to
CRPC, necessitating deeper exploration into the molecular mechanisms driving resistance.
NRs play pivotal roles in CRPC through mechanisms to sustain AR signaling under low
androgen conditions, promoting tumor survival and growth [5,56].

Additionally, orphan NRs like RORβ, TLX, LRH-1, and COUP-TFII have emerged
as potential regulators of CRPC, underscoring their potential as novel therapeutic tar-
gets [1,44,56]. In luminal breast cancers, endocrine therapy is mediated by complex inter-
actions involving NRs such as GR, NURR1, COUP-TFII, and LRH-1 [6–8,87]. These NRs
modulate estrogen signaling pathways and promote alternative survival pathways like
PI3K/AKT/mTOR and NFkB to contribute to endocrine resistance [9]. Understanding the
crosstalk between NRs and these pathways is crucial for developing effective therapeutic
strategies that can overcome or prevent endocrine resistance in breast cancer.
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