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A B S T R A C T   

Nuclear receptors (NRs) are a superfamily of ligand-activated transcription factors that act as biological sensors 
and use a combination of mechanisms to modulate positively and negatively gene expression in a spatial and 
temporal manner. The highly orchestrated biological actions of several NRs influence the proliferation, differ-
entiation, and apoptosis of many different cell types. Synthetic ligands for several NRs have been the focus of 
extensive drug discovery efforts for cancer intervention. This review summarizes the roles in tumour growth and 
metastasis of several relevant NR family members, namely androgen receptor (AR), estrogen receptor (ER), 
glucocorticoid receptor (GR), thyroid hormone receptor (TR), retinoic acid receptors (RARs), retinoid X receptors 
(RXRs), peroxisome proliferator-activated receptors (PPARs), and liver X receptors (LXRs). These studies are key 
to develop improved therapeutic agents based on novel modes of action with reduced side effects and over-
coming resistance.   

1. Introduction 

Nuclear receptors (NRs) are a superfamily of ligand-activated tran-
scription factors that play important roles in the physiology and pa-
thology of many biological processes, including development, 
metabolism, reproduction, ageing and cancer [1]. NRs constitute an 
integral platform that connects environmental and hormonal signals to 
genomic responses, which govern all kinds of cell fate decisions at the 
level of gene expression. As a consequence of this central role, NRs 
represent the target for nearly 15 % of all pharmacologic drugs [2]. 

Progress in genomic sequencing over the years led to the identifi-
cation of 48 and 49 NRs encoded by the human and mouse genomes, 
respectively. Members of the superfamily present a common modular 

structure with four main functional and structural domains, that yield a 
diversity of quaternary structures [3]. The NR-composing modules are a 
long, disordered N-terminal domain, a highly conserved DNA-binding 
domain (DBD), a hinge region, and a C-terminal ligand-binding 
domain (LBD) (Fig. 1). 

The superfamily can be sub-divided in subfamilies depending on 
their cellular location and ligand genomic response. A group of NRs 
include high-affinity receptors for steroid hormones, and are typically 
cytoplasmic. This subfamily contains several receptors, including the 
androgen receptor (AR), the estrogen receptor (ER), and the glucocor-
ticoid receptor (GR). Ligand binding allows chaperone-release and 
homodimerization followed by translocation into the nucleus. Once in 
the nucleus, the liganded receptor associates with transcriptional 
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coregulators that facilitate binding to the transcriptional machinery and 
the modulation of target gene expression [4]. 

A second subfamily is composed of receptors that normally reside in 
the nucleus and are bound to their cognate DNA sequences even in the 
absence of ligand. These members are exemplified by NRs that bind diet- 
derived ligands or intermediates of metabolic pathways, such as vitamin 
D receptor (VDR), retinoic acid receptor (RAR), peroxisome-proliferator 
activated receptors (PPARs) or liver X Receptors (LXRs). Thyroid hor-
mone receptors (TR) are also part of this subfamily. They generally form 
heterodimers with the retinoid X receptor (RXR) (Fig. 1) and, in the 
absence of ligand, interact with NR corepressor (NCoR) and/or silencing 
mediator for retinoid and thyroid receptors (SMRT/NCoR2), which are 
part of corepressor complexes associated with histone deacetylases 
(HDACs), thereby repressing transcription. Conformational changes 
upon ligand binding lead to the dissociation of corepressors and the 
association of the NR with coactivator complexes, which normally 
include proteins with histone acetyl-transferase activity that allow an 
open chromatin conformation to facilitate the activation of target gene 
expression [1]. 

NRs regulate transcription by several mechanisms. As mentioned 
above, NRs can activate target genes by binding with their DBD directly 
to response elements, either as homodimers or heterodimers. Ligands 
allosterically control the interactions of the NR with coregulator pro-
teins (coactivators and corepressors) by influencing either the folding or 
the dislodging of the C-terminal helix (helix 12, H12) as part of the AF-2 

pocket (Fig. 1). Interaction with coactivators promotes the recruitment 
of the transcriptional machinery and the remodelling of chromatin. 
Nevertheless, the recently solved structure of the full-length AR has 
provided evidence that a coregulator can bind independently of the AF-2 
pocket [5]. Whether this is an exception or the rule for other NRs re-
mains to be further investigated. 

In addition, several NRs can actively repress gene expression in the 
presence or absence of ligand, and some of them have been reported to 
inhibit transcription in a ligand-dependent manner by tethering and 
antagonizing the activity of other transcription factors (mechanisms 
collectively named as transrepression). The functions of NRs can also be 
modulated by posttranslational modifications that include phosphory-
lation, ubiquitylation, and SUMOylation, among others [4]. 

The pivotal role of several NRs in cancer development and progres-
sion has long been acknowledged [6]. The biological actions of several 
NRs in the control of proliferation, differentiation, and apoptosis are 
indicative of the potential influence for NRs and their ligands on tumour 
progression (Fig. 2). Indeed, several drugs targeting NRs have been the 
focus of extensive drug discovery efforts for efficacious cancer in-
terventions (Table 1). In this review, we present a summary of the roles 
of a selected subset of druggable NR family members with established 
importance in the regulation of tumour growth. This review does not 
include VDR, which has been extensively covered in a separate review 
from this series [7]. 

2. Androgen receptor as a therapeutic target in prostate cancer 

Androgens are steroid hormones required for the development of the 
male reproductive system and secondary sexual characteristics. AR 
(NR3C4) is the main transcription factor that mediates the biological 
effects of androgens. In addition to the male reproductive system, AR is 
expressed in several other tissues such as bone, muscle, adipose tissue, 
brain and hematopoietic cells. The endogenous ligands that bind AR are 
5α-dihydrotestosterone (DHT) and testosterone [8]. In prostate cells, 
testosterone may act directly on AR or be irreversibly converted to DHT 
by 5α-reductase. 

Several pathological situations associated with AR and androgens 
have been described, including androgen insensitivity syndrome and 
prostate cancer, among others [8]. In this section, we will focus on the 
roles of AR in prostate cancer. 

The androgen signalling axis plays a pivotal role in the pathogenesis 
of prostate cancer. As AR regulates multiple cellular events, including 
proliferation, apoptosis, migration, invasion, and differentiation, this 
receptor has been associated to all stages of this type of cancer [8]. In 
this regard, AR is both expressed in primary prostate cancer and in 
tumour metastasis, and DHT promotes the growth and survival of 
prostate cells. The heterogeneous nature of prostate cancer suggests that 
the predisposition to this disease may involve multiple genes and vari-
able phenotypic expression of AR-regulated genes. Expression profiling 
identified indeed over 200 androgen-responsive genes involved in 
prostate cell proliferation, communication, differentiation, and cancer 
progression [9]. Of note, chromosomal rearrangements fusing the 
androgen-regulated gene coding for transmembrane protease serine 2 
(TMPRSS2) to the ETS transcription factor ERG occur in approximately 
50 % of prostate cancers. The up-regulation of the TMPRSS2:ERG fusion 
by AR plays an early role in prostate cancer development and progres-
sion [10,11]. In addition, several growth-promoting and survival path-
ways interact with AR signalling during the development of prostate 
cancer. These include the PI3K/AKT/mTOR pathway and DNA repair 
pathways [12]. 

The gonadal depletion of androgens has been widely used to treat the 
disease; however, the progression towards more aggressive forms of the 
disease due to the restoration of AR signalling or intratumoral ste-
roidogenesis sparked the development of AR protein-targeted therapies 
to inhibit its hormone binding. In concrete, a battery of drugs that block 
androgen production to inhibit the AR axis or inhibitors that directly 

Fig. 1. NRs present a common modular structure with four main func-
tional domains. The N-terminal domain is highly variable and includes several 
distinct regulatory regions (also known as AF1 for activation function 1) (not 
shown). A central DBD, composed of two highly conserved zinc fingers, directs 
the receptor to specific consensus DNA motifs that serve as response elements. 
An intermediate domain known as the hinge region exhibits domain flexibility 
for simultaneous receptor dimerization and binding to DNA, and contains a 
nuclear localization signal. The C-terminal half of the receptor harbours a large 
LBD, which confers the crucial property of ligand recognition and shifts the 
receptor to a transcriptionally active state in a specific and selective manner. 
The LBD also contributes to various protein-protein interactions in the subset of 
NRs that form heterodimers. There is also a C-terminal domain that contains an 
important pocket, the activating function 2 (AF-2). Within this pocket, H12 
allows many NRs to interact with coactivators in a ligand-dependent manner. 
The image displays the quaternary organization of the RXRα–LXRβ hetero-
dimer. Ribbon-diagram overview of the complex including LXRβ (cyan)–RXRα 
(lila), ligands as sphere representation (cyan and lila) and coactivator peptide 
(fucsia) shown as an helix docked on the AF-2 pocket. The image is shown on 
the direction along the DNA response element (5′ to 3′; grey). The hinge, LBP 
and H12 are also labelled. The Protein Data Bank coordinates of the 4NQA 
structure have been used and the rendered figure has been made with Pymol 
(https://pymol.org/2/). 
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compete for DHT binding result in the inhibition of AR activity and have 
proven to be effective to delay prostate cancer growth and progression 
[12]. 

Several anti-androgens have been developed that differ in their 
chemical structure and exhibit different efficacy and safety profiles. For 
instance, flutamide, nilutamide and bicalutamide were primarily 
developed to be used in combination with chemical or surgical castra-
tion to provide combined androgen blockade. Later on, clinical trials in 
patients with metastatic, castration resistant prostate cancer showed 
significant survival benefits by the usage of enzalutamide. Improved 
antiandrogens such as apalutamide and darolutamide have proven to be 
efficacious as well to overcome resistance caused by other anti-
androgens (i.e. bicalutamide) (Table 1) [12]. 

However, targeting the AR ligand-binding-pocket (LBP) remains to 
be prone for the drug-acquired appearance of mutations that render 
these compounds ineffective within 2–5 years. Thus, the effect of this 
type of LBP-centred treatment remains transient, as, almost universally, 
patients relapse after developing a castration-resistant form of the dis-
ease (metastatic castration-resistant prostate cancer, mCRPC) that is 
usually due to increased levels of AR expression or point-mutations [13, 
14]. Most of these molecular mechanisms of resistance cause the AR to 
recognize anti-androgens as if they were agonists, which is associated 
with cancer progression to lethal stages of the disease. Several mutations 
inside the LBP (e.g. T878A, W742 L, F877 L) have been found in patients 
that contribute to the acquisition of agonistic properties of 
anti-androgens [13,14]. Moreover, the interplay between AR and the 
PI3K-AKT-mTOR pathway contributes to enhance drug-resistance, 
raising the interest for testing the efficacy of PI3K inhibitors to over-
come mCRPC [15]. 

The synthesis of truncated AR splice variants devoid of the receptor 
LBD has emerged as an additional mechanism in mCRPC [16]. The 
discovery of AR variants without the canonical druggable 
hormone-binding domain has both posed a challenge but most impor-
tantly contributed in exploring non-LBD centred pharmacological stra-
tegies. However, the exact role of these variants in cancer is still not fully 
understood. It is not clear whether the loss of different C-terminal parts 

of the AR protein, including the bipartite nuclear localization signal in 
the hinge region, deeply affect their nuclear localization and 
ligand-independent functions or whether the full length AR is still the 
driving transcription factor in prostate cancer. Indeed, studies still point 
to the fact that AR truncated variants require the full length AR as 
partner of heterodimerization to exert their functions in cancer. The 
molecular profiling of AR variants, mainly AR-V7, in liquid biopsies 
seems to be an emerging field to monitor the treatment response [17]. 

A new class of compounds has emerged over the last years with the 
capacity to induce AR protein degradation (AR degraders). In particular, 
ARV-110, which has been developed using the Proteolysis-Targeting 
Chimera (PROTAC) technology [18], is a selective AR degrader 
capable of potently reducing AR signaling. Using patient-derived xeno-
graft models, ARV-110 inhibited the growth of tumors that are resistant 
to enzalutamide [19]. In addition, data from an ongoing clinical trial 
shows some efficacy of ARV-110 in patients with mCRPC (Table 1) [20]. 

A potent steroidal multi-target agent named galeterone has been 
developed as well, which exhibits three different activities, it inhibits 
cytochrome P450 family member 17A1 (CYP17A1), it antagonizes AR, 
and it acts as an AR degrader [21]. The compound is currently under 
investigation and it has been proposed to potentially control full length 
AR as well as truncated variants such as AR-V7 [22]. Recent studies have 
shown its anti-tumor activity in CRPC patients (Table 1) [23]. It is 
important to point out that galeterone may be also effective in patients 
with the point mutation T878A in the AR LBD [24]. 

Recently, GR has also received significant traction as the NR driving 
prostate cancer resistance. Indeed, enhanced GR expression was iden-
tified as a common feature in the development of resistance to anti-
androgens [25]. As GR and AR can recognize identical regulatory 
sequences, the functional substitution of GR over AR in prostate cancer 
cells resulted in the regulation of a subset of AR targets, which was 
sufficient to preserve the resistant phenotype [25,26]. Treatment with 
the GR ligand dexamethasone was sufficient to induce 
enzaludamide-resistance whereas GR blockade restored sensitivity. 
Also, AR blockade led to high levels of GR in a subset of prostate cancer 
cells due to the lack of AR-mediated feedback repression of GR. These 

Fig. 2. Ligands that modulate NR function have the ability to 
impact several hallmarks and enabling characteristics of 
cancer. In an attempt to rationalize the complexity of biological 
processes leading to cancer, Hanahan and Weinberg [259] pro-
posed a framework depicting several biological capabilities (hall-
marks) acquired during tumour development (white titles): 
sustaining proliferative signalling, evading growth suppressors, 
resisting cell death, enabling replicative immortality, inducing 
angiogenesis, activating invasion and metastasis, reprogramming 
of energy metabolism and evading immune destruction. Underly-
ing these hallmarks are two enabling characteristics (yellow titles): 
genome instability and tumour-promoting inflammation, which 
are crucial to the acquisition of the hallmark capabilities. Ligands 
for several NRs exert anti-tumoral effects by antagonizing the 
acquisition of hallmarks or the presence of enabling characteristics; 
the implicated NRs are indicated in each section. Image adapted 
from https://chat.lionproject.net/hallmarks.   
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results support the use of combined AR/GR targeting therapies for the 
treatment of resistant prostate cancer [17]. 

For these reasons, the mechanisms implicated in the development of 
resistance to AR inhibition in prostate cancer are multiple and complex 
(Fig. 3), and still poses major challenges to develop drugs with fewer 
side effects. A major problem is also the fact that there is no agreement 
as to whether prostate cancer is just one complex disease or whether 
there are different molecular subtypes. Multiple genomic alterations 
that result in distinct gene patterns and clinical implications have been 
also recently described [27], which will impact the design of future 
therapeutic drugs. 

3. Estrogen receptor: from biomarker to therapeutic marker in 
breast cancer 

Estrogens are steroid hormones that are important in the estrous 
cycle of humans and other animals, being the primary female sex hor-
mones. The biological effects of estrogens are primarily mediated 
through the binding and activation of ERα (NR3A1) and ERβ (NR3A2). 
The expression and activity of ERs are important for normal develop-
ment and function in various tissues, including endometrium, ovary and 
breast, and are also implicated in tumorigenesis [28]. In this section, we 
will focus on the roles of ERα, the major ER in breast cancer, although 
some activities of ERβ have also been reported [29,30]. 

The classical definitions of breast cancer subtypes based on histo-
pathological analysis, included both ER and progesterone receptor (PR) 
expression, which are prognostic factors. This has been further refined 
by the identification of the molecular subtypes of breast tumours based 
on their molecular profiles and their consequent association with clin-
ical outcomes [31,32], providing new opportunities for tumour classi-
fication and prognostic tools. Exposure to ovarian hormones, including 
estrogen, has been associated with increased risk of developing breast 
cancer [33]. Approximately 75 % of primary breast cancers express ER 
and these tumours show good overall patient survival. Patients with 
ER-positive tumours are treated with endocrine therapy, commonly in 
the form of tamoxifen (an ER-antagonist) or aromatase inhibitors (which 
lead to estrogen deprivation). Tamoxifen belongs to a group of ligands 
called selective ER modulators (SERMs) (Table 1), which have been 
developed to achieve improved safety profiles because they differen-
tially modulate the activity of ER in a context specific manner. Tamox-
ifen competes with estrogen for ER binding and prevents LBD-mediated 
coregulator recruitment. In addition, tamoxifen can work as a partial 
agonist in other tissues, such as endometrium, since it promotes the 
activation of the AF1 domain and thus it poses an increased risk of 
endometrial cancer [34]. Another strategy is to use drugs that degrade 
ER, selective ER degraders or downregulators (SERDs), designed to 
overcome the agonistic effects of SERMs. Among SERDs, fulvestrant is an 
effective treatment for advanced breast cancer in postmenopausal 
women [35] (Table 1) and has enormous potential in combination 
therapy with other inhibitors [36]. Aromatase inhibitors were devel-
oped to stop estrogen production by inactivating aromatase (the enzyme 
responsible for estrogen synthesis) and they do not present partial 
agonist activity [37]. Three aromatase inhibitors are mostly used in the 
clinic, anastrozole, letrozole and exemestane. However, as it is the case 
for other types of therapy (including radiation and chemotherapy), 
therapy failure inevitably occurs in many cases [38]. Indeed, the 
development of resistance to different types of aromatase inhibitors has 
been well documented [39]. Futhermore, a recent meta-analysis showed 

Table 1 
Several drugs targeting NRs are used to treat different types of cancer. 
Examples of compounds that target NR activity/stability and are either currently 
used in the clinics or being tested in clinical trials for the therapeutic treatment 
of cancer. CLL, chronic lymphocytic leukemia; HER2, erb-b2 receptor tyrosine 
kinase 2; HL, Hodgkin’s lymphoma; HR+, hormone-receptor-positive; MM, 
multiple myeloma; MR, mineralocorticoid receptor; NHL, non-Hodgkin’s 
lymphoma.  

Ligand NR Action To treat 

Enzalutamide AR Antagonist Metastatic and non-metastatic 
CRPC 

Darolutamide AR Antagonist Non-metastatic CRPC 
Apalutamide AR Antagonist Non-metastatic CRPC 
Abiraterone AR Antagonist mCRPC 
Galeterone AR Antagonist Clinical trial: mCRPC 
ARV-110 AR AR 

degrader 
Clinical trial: mCRPC 

Tamoxifen ER SERM Early- and advanced-stage HR+

breast cancer, neoadjuvant 
therapy; to lower the risk of 
breast cancer in women at high 
risk 

Toremifene ER SERM Postmenopausal women with 
metastatic, HR+ breast cancer 

Raloxifene ER SERM To lower the risk of breast cancer 
in high-risk postmenopausal 
women 

Fulvestrant ER SERD Postmenopausal women, 
advanced-stage breast cancer or 
after tamoxifen failure 

Dexamethasone GR Agonist Lymphoid cancers (ALL, CLL, 
MM, HL and NHL); palliative use 
in several cancers (breast, lung, 
bladder) 

Prednisolone GR/ 
MR 

Agonist Lymphoid cancers (ALL, CLL, 
MM, HL, and NHL; palliative use 
in several cancers 

Methylprednisolone GR Agonist Coadjuvant for hematopoietic 
and non-hematopoietic cancers 

Hydrocortisone GR Agonist Palliative use in several cancers 
Recalorilant/ 

CORT125134 
GR SEGRAM Cinical trials: solid tumors 

ORIC-101 GR SEGRAM Clinical trials: solid tumors/ 
prostate cancer 

ATRA RAR Agonist APL; Clinical trials: NSCLC, HR+/ 
HER2− early breast carcinoma, 
metastatic kidney cancer, 
melanoma, neuroblastoma, 
advanced adenoid cystic 
carcinoma 

Tamibarotene RAR Agonist Recurrent (ATRA-resistant) APL; 
Clinical trial: AML 

NRX195183 RAR Agonist Clinical trial: relapsed or 
refractory APL 

Fenretinide RAR Agonist Clinical trial: adult giant cell 
glioblastoma 

Bexarotene/ 
Targretin 

RXR Agonist CTCL, NSCLC; Clinical trial: 
thyroid cancer, lymphoma, MM 

Alitretinoin/panretin RXR Agonist Cutaneous lesions of AIDS- 
related Kaposi’s sarcoma 

Peretinoin RXR Agonist HCC 
9cUAB30 RXR Agonist Clinical trials: breast cancer, non- 

melanoma skin cancer 
IRX-4204 RXR Agonist Clinical trials: prostate cancer, 

NSCLC 
TPST-1120 PPARα Antagonist Clinical trials: hepatocellular 

carcinoma, renal cell carcinoma, 
mCRPC 

Troglitazone PPARγ Agonist Clinical trial: liposarcoma 
Pioglitazone PPARγ Agonist Clinical trials: Head and neck 

cancer, bladder cancer, NSCLC, 
chronic myeloid leukemia 

Rosiglitazone PPARγ Agonist Clinical trials: pituitary tumors, 
liposarcoma, oral pre-malignant 
lesions 

Efatutazonne PPARγ Agonist Clinical trial: anaplastic thyroid 
cancer, liposarcoma  

Table 1 (continued ) 

Ligand NR Action To treat 

CS-7017 PPARγ Agonist Clinical trials: NSCLC, 
lymphoma, MM 

RGX-104 LXR Agonist Clinical trials: lymphoma, 
advanced solid malignancies  
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that even after 20 years of tamoxifen usage, the risk of recurrence 
continues [40]. 

Given the high incidence rates of the disease, development of resis-
tance to endocrine therapy and progression to metastasis remains a 
critical clinical problem, since the major cause of death in breast cancer 
is metastasis to distant organs. The etiology of endocrine therapy 
resistance is complex and diverse molecular mechanisms have been 
revealed over the years to be implicated in this process. Analysis of the 
genomic landscape of metastatic breast cancers has identified nine 
driver genes that were the most frequently mutated in metastasis from 
ER-positive tumours, including those encoding for AKT1 and estrogen 
receptor 1 (ESR1) [41]. Targeting components of the PI3K-AKT-mTOR 
pathway has been widely tested to treat endocrine refractory disease 
[42]. Dysregulation of the epidermal growth factor receptor (EGFR) 
family and their ligands has been reported [43], although results from 
clinical trials testing EGFR inhibitors in endocrine treatment-resistant 
breast cancer have been modest [44,45]. Variations of cell cycle com-
ponents are also common in ER-positive breast cancer, including 
amplification of cyclin D1, gene copy gain of CDK4 and loss of negative 
regulators such as p16 and p18. Development of CDK4/6 inhibitors are 
now approved by the Food and Drug Administration (FDA) for use in 
combination with endocrine therapy to treat metastatic breast cancer, 
although acquired resistance quickly develops [46]. It is now well 
established that alterations in ESR1 itself, such as amplifications or 
chromosomal aberrations, have been detected in a subset of primary 
tumours and have been shown to be further enriched in recurrent and 
metastatic disease [41,47,48]. In addition, point mutations have been 
identified in endocrine resistant metastatic breast tumours, although 
those are particularly enriched in tumours pre-treated with aromatase 
inhibitors [49,50]. 

Breast cancers, like most tumours, are hypoxic and high levels of 
hypoxia-inducible transcription factors (HIF) correlate with poor prog-
nosis in breast cancer patients. Hypoxia induces ER phosphorylation in 

the absence of estrogen [51] and alterations in ER phosphorylation can 
have a profound impact on ER function in breast cancer [52]. In addi-
tion, hypoxia reduces ER expression and transcriptional activity in 
breast cancer cells [53] and, conversely, adjuvant tamoxifen treatment 
has been shown to increase HIF1α-positivity, which is related to 
tamoxifen resistance and poor prognosis [54]. These findings support 
the notion that the loss of ER activity is associated with worse prognosis. 
Indeed, although ER expression is often maintained during development 
of resistance to endocrine therapy, its activity is frequently lost, as 
indicated by reduced levels of PR [55], a marker of functional ER. In 
addition, the loss of PR may be due to increased growth factor signalling 
activity, as a mechanism of resistance, leading to hyperactive crosstalk 
with ER signalling [56]. The analysis of ER signalling in normal breast 
epithelial cells and primary tumours has shown that tumour-specific ER 
signalling is gained during breast tumorigenesis [57], suggesting that 
further understanding of ER role in normal and cancer cells is still 
warranted. 

In addition to estrogens, ER can be activated by the action of the 
oxysterol 27-hydroxycholesterol (HC) [58,59]. This compound is a pri-
mary metabolite of cholesterol and is considered an endogenously 
occurring SERM. Depending on the cellular context, 27-HC can act as an 
ER antagonist or as a partial ER agonist, which is the case in ER + breast 
cancer cells, where it promotes proliferation. Indeed, evidence from 
murine models and breast cancer cells suggests that the promoting ef-
fects of cholesterol on breast cancer progression may be mediated by its 
conversion to 27-HC (reviewed in [60]). 

Cancer heterogeneity is now well appreciated, both among patients 
and within each tumour at molecular, phenotypic and functional levels, 
complicating diagnosis and presenting challenges for cancer therapy. 
Molecular and cellular complexity allows the tumours to evolve and 
evade currently used therapeutics. Accumulated evidence supports the 
presence of a small fraction of cells with characteristics of stem cells, 
cancer stem cells (CSCs), which have been implicated in tumour 

Fig. 3. Mechanisms underlying therapeutic-induced resistance involving NRs. Tumour regression by therapies targeting NR function is bypassed by different 
adaptation events. More than one molecular mechanisms can be found in different NR-driven tumours, meaning structural changes in the on-target NR, participation 
of a second off-target NR or the activation of parallel signalling pathways such as PI3K/AKT and EGFR. 
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initiation and resistance to current forms of therapy. The identification 
of stem cells in the normal breast [61] and in cancer [62,63] has orig-
inated a new vision of the disease and new hopes for its prevention, 
prognosis and treatment. Estrogen reduces the pool of stem cells in 
healthy breast epithelial cells [64], which could provide an explanation 
for the better prognosis of ER-positive breast tumours, since it has been 
found that poorly differentiated breast cancers contain more CSCs than 
well-differentiated tumours with good prognosis [65]. Interestingly, 
breast stem cells have low or absent ER expression [55,66], which allows 
breast CSCs to ignore the anti-proliferative effects of tamoxifen. In 
contrast, treatment with tamoxifen leads to increased CSC content and, 
as a consequence, tamoxifen resistant tumours are enriched in CSCs, 
with enhanced expression of the embryonic stem cell factor SRY-box 
transcription factor (SOX)2 [55,67]. Furthermore, a regulatory axis 
has been identified between SOX2 and SOX9, which maintains human 
breast luminal progenitor and breast CSCs, suggesting common signal-
ling pathways in normal and cancer stem cells [68]. Importantly, the 
expression of Sox2 and Sox9 stem cell markers is down-regulated by 
estrogen and induced by tamoxifen, supporting the notion that 
ER-positive tumours are more differentiated than resistant tumours or 
those that lack ER. Furthermore, enhanced CSC mitochondrial meta-
bolism has been linked to resistance and inhibitors that target the large 
mitochondrial ribosome are able to prevent tamoxifen resistance and 
cancer metastasis [69]. An important clinical implication of the exis-
tence of CSCs within the tumour is that they become novel therapeutic 
targets and, therefore, combinatorial treatment strategies should be 
considered to address tumour heterogeneity. 

To summarize, resistance to hormone therapy presents multiple 
mechanisms, including activation of the PI3K/AKT or EGFR signalling 
pathways, ER phosphorylation and mutations, epigenetics, cell cycle 
deregulation and CSCs and tumour heterogeneity (Fig. 3). Moreover, the 
implication of other steroid hormone receptors, beyond ER and PR, in 
breast cancer has also been studied, including RAR, VDR, AR and GR, 
among others [70]. For example, AR is expressed in the majority of 
ER-positive breast tumours, however, increased AR levels reduce the 
response to endocrine therapy, which has paved the way for a number of 
clinical trials using AR antagonists to treat advanced breast cancer [71]. 

In conclusion, in addition to ER, several NRs present opportunities to 
introduce combinatorial treatments to target this complex disease and 
reduce the development of tumour recurrence and metastasis. 

4. Glucocorticoid receptor: a dual role as tumour promoter or 
suppressor 

Glucocorticoids (GCs) are steroid hormones that are primarily pro-
duced in the adrenal gland in response to stress and are necessary to 
regulate numerous physiological processes. The biological actions of 
GCs are mediated by GR (NR3C1), which is ubiquitously expressed. GCs 
are very effective anti-proliferative and anti-inflammatory agents 
currently used in the clinics. In general, GR-mediated transactivation 
contributes to the efficacy of GCs by inducing the transcription of anti- 
inflammatory mediators such as dual specificity phosphatase (DUSP)1, 
NFκB inhibitor alpha (NFKBIA), and GC-induced leucine zipper (GILZ) 
and of anti-proliferative mediators such as p21 (CDKN1A), while GR- 
mediated transrepression antagonizes the activation of proliferative 
and pro-inflammatory transcription factors such as AP-1 and NFκB 
[72–75]. 

GCs are the standard therapy for treating malignancies of the 
lymphoid lineage including leukemia, lymphomas, and multiple 
myeloma due to their effects promoting apoptosis and arresting cell 
growth in cells of the immune system [76,77] (Table 1). Although GCs 
alone are not curative, the initial response to GCs in children with acute 
lymphoblastic leukemia (ALL) is the best predictor of the overall 
outcome to full treatment. GCs (dexamethasone or prednisone) are 
routinely administered in combination with other agents (such as 
vincristine, mercaptopurine, asparaginase, and methotrexate), leading 

to complete remission in approximately 90 % of children with both B 
and T-cell ALL [76]. In this context, GR induces apoptosis in a 
cell-autonomous manner by modulating the balance between pro- and 
anti-apoptotic mediators through the transcriptional regulation of 
apoptosis-related genes (B-cell lymphoma 2 (Bcl2) family) and the in-
hibition of survival factors (Myc). Unfortunately, some patients with 
ALL are resistant to GCs due to several factors that prevent GC-induced 
cell death including the imbalanced expression of Bcl2 family members. 
GCs are also successfully used in combination with other drugs 
(thalidomide, cyclophosphamide, and proteasome inhibitors) for treat-
ing multiple myeloma [76]. 

In non-hematopoietic cancers, the overall efficacy of GCs is contro-
versial and at most, their use (as monotherapy or adjuvants) only pro-
vides partial benefits in certain hormone-driven cancers [78]. Recent 
findings indicate that in breast and prostate cancers, whether GCs pro-
mote or inhibit tumour progression depends on the functional crosstalk 
between GR and other NRs of the steroid subfamily, namely ER or AR 
[78]. Indeed, high levels of GR correlated with poor prognosis in ER 
negative breast cancer and ovarian cancer, and also contributed to the 
progression of CRPC or the resistance to the AR antagonist enzaluta-
mide. The fact that GR and AR are structural and functionally similar, in 
particular in their DBD, theoretically allows their binding to identical 
DNA sequences [79]. Indeed, GR binds to more than 50 % of AR binding 
sites in enzalutamide-resistant cells. Therefore, GR activation may 
represent an escape mechanism for tumour cells in an attempt to 
compensate for the loss of ER or AR (Fig. 3). Consistent with this, the use 
of GR antagonists restored the sensitivity of mCRPC to AR blockade 
supporting the usefulness of combination therapies [26]. 

GCs are not prescribed for the treatment of other epithelial cancers 
such as non-melanoma skin cancer. However, experimental data from 
mouse models demonstrated that GR acted as tumour suppressor in 
chemically induced skin tumours [80–82]. Mice with gain- and 
loss-of-function of GR showed reduced and increased susceptibility, 
respectively, to the onset, development, and malignization of skin tu-
mours. In these epithelial tumours, GR decreased epidermal cell prolif-
eration and inflammation by antagonizing PI3K/AKT/NFκB activities 
[80,81]. 

Finally, GCs are commonly used in non-hematopoietic cancers as 
adjuvant in chemo- or radio-therapy due to their ability to ameliorate 
several associated side effects. However, the long-term use of GCs is 
restricted by the GC accompanying adverse effects including metabolic 
effects, muscle wasting and osteoporosis [83]. This highlights the need 
of developing strategies that improve the beneficial/risk ratio of GCs. 

The precise molecular mechanisms underlying the multiple actions 
of GR in the context of cancer remain unclear [77]. In epithelial cancers, 
GR may affect cell survival by inhibiting p53, activating p38 and AKT 
signalling, or stimulating the secretion of pro-inflammatory cytokines 
such as interleukin (IL)-6 [84–86]. In breast cancer, GC anti-apoptotic 
effects are due to the induction of DUSP1 and NFKBIA, as they inhibit 
MAPK and NFκB pathways, respectively [87–90]. GILZ is a major 
mediator of GC anti-inflammatory effects in many cell types by inhib-
iting Ras, AP-1 and NFκB signalling. These actions should contribute to 
alleviate inflammation-related tumour growth, metastasis, and conver-
sion. However, as GILZ also mediates immunosuppression, it could 
enhance tumour development. Therefore, GILZ can either promote or 
inhibit tumour growth depending on the context [91]. It seems thus 
necessary to identify the cell-type specific genes regulated by GR in each 
tissue as well as the specific coregulators that would allow selectively 
enhancing beneficial GR functions. 

GR loss occurs in many cancers, and may cause malignant trans-
formation [92,93]. However, the role of GC signalling in tumour pro-
gression and metastasis is greatly unknown. Overall, GCs seem to inhibit 
cell migration, invasion, and angiogenesis as well as down-regulate 
pro-angiogenic factors such as vascular endothelial growth factor 
(VEGF) and IL-8. GCs are also common palliatives in metastatic cancers 
(lung, bladder) used to prevent hypersensitivity reaction and skin rashes 
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[76]. However, stress- and aging-related cancers have been associated 
with increased GC levels concomitant with the dysregulation of the 
hypothalamus-pituitary-adrenal axis. The seemingly controversial ac-
tions of GCs are particularly relevant in the immune system, which be-
comes dysregulated at some point in all cancers. In this regard, GCs 
constitute a double sword-edge as their intended immunosuppressive 
actions can simultaneously reduce the capacity of the immune system to 
mount a response against cancer. 

In addition, several oxysterols have been reported to behave as GR 
ligands, thus modifying the action of classical GC agonists on GR. For 
example, 6-oxo-cholestan-3β,5α-diol (OCDO) can bind to GR, inducing 
its nuclear translocation, and regulating gene expression [94]. However, 
the resulting transcriptional outcome is different from that elicited by 
cortisol or dexamethasone. Given that OCDO levels are increased in 
breast cancer samples relative to healthy tissue, and that elevated GR 
expression/function correlates with poor therapeutic response or prog-
nosis in these tumours [94,95], novel therapeutic strategies could be 
aimed to targeting this metabolite in breast cancer or other epithelial 
cancers. 

5. Anti-tumorigenic and anti-metastatic actions of the thyroid 
hormone receptor β 

Thyroid hormones (thyroxine (T4) and triiodothyronine (T3)) and 
thyroid hormone receptors (TRs) are crucial regulators of growth, 
development and metabolism, affecting virtually all cells in the organ-
ism [96]. Two different genes encode TRα (NR1A1) and TRβ (NR1A2) 
proteins, respectively, which are widely expressed. In general, TRs can 
bind response elements on their target genes either as monomers or, 
preferentially, as heterodimers with RXR [1]. 

Besides their classical actions, thyroid hormones also play important 
roles in cell proliferation and cancer [97,98]. Since these hormones are 
highly pleiotropic, the different TR isotypes might have opposing effects 
depending on the cell type, the cellular context or the transformation 
status [96]. In addition, it has been proposed that thyroid hormones 
exert non-genomic actions that are initiated at the cell membrane, which 
could be mediated by a fraction of membrane-associated NRs, or by the 
occupancy of putative membrane receptors, such as integrin αVβ3 [99], 
adding to the complexity of the effects of thyroid hormones in normal 
and neoplastic cells. 

The first evidence connecting TRs with cancer was the discovery that 
TRα is the cellular counterpart of the v-erbA oncogene of the erythro-
blastosis virus, which causes avian erythroleukemia and sarcomas. This 
oncogene has a constitutive dominant-negative activity that inhibits the 
actions of endogenous TRs. Moreover, mice transgenic for v-erbA 
develop hepatocellular carcinomas (HCC) [100], reinforcing the idea 
that TRs could have tumour suppressor activity and that the loss of their 
function could result in a selective advantage for cellular transformation 
and tumour growth. In addition, reduced expression, anomalous cellular 
localization and/or alterations of the TRβ gene occur in many types of 
human tumours [98]. These alterations include point mutations, de-
letions, loss of heterozygosity or biallelic inactivation by promoter 
methylation, and most of the TRβ mutants found in tumours also have a 
dominant-negative activity, acting as TR inhibitors. The fact that TRβ 
could function as a tumour suppressor was also shown in mouse models 
of metastatic follicular thyroid carcinoma [101], mammary tumours 
[102] and chemical skin carcinogenesis [103]. 

Interestingly, TR deficiency inhibits benign tumour formation at 
early stages of skin carcinogenesis, whereas it increases malignization at 
later stages, indicating that TRs could mediate divergent effects on cell 
proliferation and malignant transformation. These diverging effects are 
very clear in the case of the liver. Thyroid hormone administration to 
mice causes liver hyperplasia [104] and TRβ, the main liver TR, medi-
ates the effect of the hormone in promoting hepatocyte proliferation in 
response to hepatectomy [105]. However, thyroid hormones induce a 
rapid regression of carcinogen-induced hepatic nodules in rodents, 

reducing the incidence of HCC and lung metastasis [106]. These findings 
are in agreement with the fact that hypothyroidism is considered a risk 
factor for the development of hepatocarcinoma in humans [107] and 
that the down-regulation of TRβ is an early event in human and rat 
hepatocarcinoma development [108]. 

Contrary to the well-accepted role of TRβ as a tumour suppressor, 
TRα can have oncogenic effects by cooperating with the WNT pathway 
in the induction of intestinal tumorigenesis in mice [109]. This contrasts 
with the selective loss of TRβ in human colon carcinoma [110] and with 
its expression being associated with a benign phenotype [111]. Both 
receptors may also have an opposite role in breast cancer, where TRα 
expression is high and TRβ expression is lost [112,113]. In fact, hypo-
thyroid patients have been reported to present both a higher and a 
reduced incidence of breast carcinomas [114]. These confounding ef-
fects could be secondary not only to thyroid hormone binding to 
different receptor isotypes, but also to the profound metabolic changes 
associated with hypothyroidism. In this sense, tumour growth is 
retarded in hypothyroid immunodeficient mice inoculated with both 
parental and TRβ-expressing mammary tumour cells, but hypothyroid-
ism also increases the number of invasion fronts of the tumours, the 
infiltration to neighbouring tissues and metastatic growth [115]. Such 
divergent effects may contribute to explain the contradictory reports on 
the influence of hypothyroidism in human breast cancer. 

The re-expression of TRβ in human liver and breast cancer cell lines 
that have lost receptor expression results in the suppression of prolif-
eration, migration and invasion in cultured cells, and in tumour growth 
retardation, partial mesenchymal to epithelial cell transition and sup-
pression of metastasis in nude mice [103]. Several mechanisms involved 
in the anti-tumorigenic and anti-metastatic effects of TRβ have been 
identified. Among them, thyroid hormones can induce cellular senes-
cence in the liver, a mechanism that is believed to act as a first barrier 
against cellular transformation and tumour development [116]. This 
action is mediated by binding to TRβ, and not to TRα [117], and may be 
an important component of the initial tumour suppressor activity of the 
receptor. In addition, TRβ induces the transcription of microRNAs 
(miRNAs) miR-424 and miR-503, which belong to the miR-16 family, 
known for their capacity to down-regulate cell proliferation, migration 
and invasion. Induction of these miRNAs mediates some of the 
anti-proliferative and anti-metastatic actions of T3 in cancer cells [118]. 
Furthermore, TRs can antagonize the actions of the transforming growth 
factor beta (TGFβ) pathway, thus inhibiting tumour cell proliferation 
and migration, and alleviating fibrosis [119,120]. TRβ also blocks the 
mitogenic action of other growth factors suppressing the activation of 
MAPK and PI3K signalling pathways, which are critical for cell prolif-
eration and invasion [103]. Finally, tumour lymphangiogenesis, which 
is a main event in the metastatic spread of breast cancer tumours, and 
sentinel lymph node invasion is also inhibited by TRβ [121]. 

Genes that are relevant for metastatic progression have been iden-
tified [122]. Strikingly, TRβ coordinately down-regulates the expression 
of many pro-metastatic genes both in cultured cells and in tumours 
[103], and represses the expression of genes encoding for VEGF-C and 
VEGF-D [121], which are crucial regulators of lymphangiogenesis. 
NCoR, which is inactivated in various solid human tumours [123], plays 
a key role in the anti-tumorigenic and anti-metastatic actions of TRβ. In 
the absence of NCoR, tumour xenografts were bigger, metastatic growth 
was enhanced and the inhibitory effect of TRβ in tumour growth, 
metastasis and lymphangiogenesis was significantly attenuated [120]. 
The relevance of these results is supported by the fact that NCoR and TRβ 
transcripts are significantly reduced in human hepatocarcinoma tu-
mours when compared with normal tissue, with a strong correlation 
between the levels of both transcripts. These genes are also 
down-regulated in the more aggressive ER-negative human breast tu-
mours in comparison to ER-positive tumours with better prognosis 
[120]. In addition, NCoR and TRβ transcripts correlate negatively with 
those derived from lymphangiogenic genes [121], suggesting that NCoR 
is important for the silencing of pro-metastatic and lymphangiogenic 
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genes by TRβ. 
A subpopulation of CSCs with capacity for self-renewal, which can 

grow in culture as mammospheres, is believed to drive initiation, pro-
gression, and relapse of breast tumours [124]. The tumour suppressor 
actions of TRβ may be also related to the regulation of the CSC popu-
lation. Indeed, the treatment of TRβ-expressing breast cancer cells with 
thyroid hormone decreases significantly the self-renewal capacity of 
CSCs, the efficiency of mammosphere formation, the expression of 
pluripotency factors within the mammospheres, and the tumour initi-
ating capacity in immunodeficient mice, indicating that TRβ limits the 
breast CSC population [125]. 

6. RAR: a paradigm of cancer cell differentiation therapeutic 
strategy 

RARs regulate the expression of a vast array of genes that control cell 
proliferation, differentiation and survival as well as full body homeo-
stasis [126]. RARs consist of three subtypes, RARα (NR1B1), RARβ 
(NR1B2) and RARγ (NR1B3), encoded by separate genes. Abundant 
levels of RARα are detected in most tissues, whereas the other two iso-
types are more abundant in specific tissues, e.g. RARβ in retina and 
RARγ in esophagus and skin. RARs are activated by retinoids, 
endogenously-derived from vitamin A metabolites, such as all-trans 
retinoid acid (ATRA) [127]. 

RARs inhibit cell cycle progression by the direct transcriptional 
activation of the p21 cell-cycle inhibitor, which correlates with cell 
differentiation [128]. In addition, RAR activation may also cause cell 
death by inducing the tumour necrosis factor (TNF)-related 
apoptosis-inducing ligand pathway [129]. In adulthood, RARs are key 
players in the regulation of cell renewal, with essential roles in tissue 
stem cells [126]. 

Alterations in the functionality of RARs, caused by dysregulated gene 
expression, mutations, fusions to other proteins, or anomalous post- 
translational modifications, are associated to neoplasia and malignant 
cell transformation [126]. The most representative example is found in 
acute promyelocytic leukemia (APL), a subtype of acute myeloid leu-
kemia (AML), in which oncogenic RARα fusion proteins are generated by 
diverse chromosomal translocation events. The chromosomal trans-
location (t15;17)(q22:q11), which renders the promyelocytic leukemia 
(PML)-RARα fusion protein, is found in 95 % of all APL cases. Despite the 
fact that PML-RAR retains the LBD of RAR, this fusion protein is re-
fractory to the physiological levels of ATRA. Under these conditions, 
PML-RAR binds more strongly to HDAC-corepressor complexes than the 
RAR-RXR heterodimer, thus leading to a constitutively silenced gene 
expression program. However, the administration of pharmacological 
doses of ATRA (in combination with arsenic trioxide) is very effective as 
cancer cell differentiation therapy because it favours the dissociation of 
PML-RAR from HDAC-corepressor complexes, thus reverting the dif-
ferentiation blockade at the promyelocytic stage [130] (Table 1). 
Nonetheless, some leukemic stem cells and other less common RAR 
fusion proteins are unresponsive to ATRA but, upon treatment with 
HDAC inhibitors, the sensitivity to ATRA is restored [131]. 

In particular for the RARβ2 isoform, compelling evidence indicates 
that it has tumour suppressive activity. In this regard, the loss of RARβ2 
expression due to chromosome rearrangements or epigenetic mecha-
nisms has been documented in a variety of cancer types, including 
hepatocarcinoma, breast, lung, prostate, and head and neck cancers, and 
it positively correlates with tumour grade [132]. Moreover, the 
expression of the RARβ4 isoform is increased in some types of cancer and 
inversely correlates with RARβ2 abundance. Notably, RARβ4 almost 
lacks the N-terminal domain and seems to function as a 
dominant-negative of RARβ2 because of its ability to heterodimerize 
with RXR. The recovery of RARβ2 expression in patients treated with 
RAR agonists is associated to a positive clinical response. In the same 
line, beneficial effects of retinoid administration in APL, head/neck and 
skin cancers correlated with the induction of RARβ expression [133]. 

Retinoids also inhibit UV-induced skin cancer development in pa-
tients of xeroderma pigmentosum. In this regard, in experimental 
models for chemically-induced skin carcinogenesis, retinoid treatment 
showed effectiveness in inhibiting the appearance of squamous papil-
loma, in correlation with the ability of RAR to block AP-1 activity [134]. 

Despite the beneficial effects of retinoid chemotherapy in some types 
of cancer, the use of ATRA is limited due to its teratogenic effects and 
remains controversial in solid tumours because of mechanisms confer-
ring retinoic acid resistance and toxicity syndrome [135] (Fig. 3), which 
implies that further studies are required to test the efficacy of 
isoform-selective RAR ligands and/or alternative combinatorial thera-
pies overcoming such resistance. 

7. Anti-carcinogenic activities of RXRα 

RXRs play critical roles in a plethora of physiological processes, 
including embryo development, cell differentiation, metabolism and 
organ homeostasis. The receptor has three isotypes, RXRα (NR2B1), 
RXRβ (NR2B2), and RXRγ (NR2B3). RXRα shows abundant expression in 
the liver, kidney, epidermis and spleen; RXRβ is ubiquitously expressed; 
and the most restricted of the three receptors is RXRγ, which is abun-
dantly expressed in muscle and brain. RXR has a unique cooperative 
function because of its ability to form homodimers as well as hetero-
dimers with several other NRs, such as RARs, TRs, PPARs and LXRs. RXR 
binds the vitamin A derivatives 9-cis-retinoic acid and 9-cis-13,14-dihy-
droretinoic acid, some fatty acids, such as docosahexanoic acid and 
phytanic acid, and selective RXR ligands known as rexinoids [127]. 

Ligands that activate RXRα display potent anti-carcinogenic activ-
ities by inhibiting cancer cell growth and promoting apoptosis [136] and 
by repressing inflammatory pathways critical for carcinogenesis [137, 
138]. Alterations in the expression and function of RXRα are indeed 
implicated in the development of a number of cancers. The targeted 
disruption of the RXRα gene, for example, leads to pre-neoplastic lesions 
in the prostate and to cervical metaplasia [139,140]. Consistently, the 
diminished expression of RXRα [141–143] or its malfunction due to 
phosphorylation by the Ras-MAPK pathway [144,145] are associated 
with the development of several forms of cancer. In addition, hotspot 
mutations (S427 F/Y) in the RXRA gene are present in approximately 5% 
of bladder cancer samples [146,147]. An oncogenic role for the S427 
F/Y mutation has been proposed in luminal bladder cancer, potentially 
through the aberrant activation of other dimerization partners (e.g. 
PPARγ) in the absence of ligand [148]. 

Interestingly, a cytosolic truncated form of RXRα exists in several 
tumours and cancer cell lines as a consequence of proteolytic cleavage 
[149]. Aberrant RXRα function due to limited proteolysis may cause 
resistance to the anti-proliferative effects of retinoids [150] and promote 
cancer cell survival by activating the PI3K/AKT pathway [151]. The 
overexpression of this form accelerated the development of 
colitis-associated colon cancer in mice through increased IL-6 signalling 
in myeloid cells [152]. 

Because of all these considerations RXRα represents an important 
target for the pharmacologic intervention of cancer. The administration 
of selective RXR agonists have a well-established beneficial effect in 
solid tumours because of their capacity to induce the differentiation 
and/or apoptosis of cancer cells [136]. The endogenous RXR ligand 
9-cis-retinoic acid (also known as alitretinoin or panretin) is indicated in 
the topical treatment of cutaneous lesions of acquired immune defi-
ciency syndrome (AIDS)-related Kaposi’s sarcoma [153], whereas 
13-cis-retinoic acid (isotretinoin) has therapeutic potential in the 
treatment of several other types of cancer [154,155]. 

The synthetic RXRα ligand bexarotene (also known as targretin) is 
used currently for treating refractory cutaneous T cell lymphoma (CTCL) 
[156] (Table 1). Bexarotene acted synergistically with standard first-line 
cytotoxic chemotherapy [157] and overcame the acquired resistance to 
paclitaxel in non-small cell lung cancer (NSCLC) [158]. Interestingly, 
bexarotene also appeared to increase the survival of a segment of NSCLC 
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patients developing high-grade hypertriglyceridemia [159,160]. 
RXR agonists, in combination with drugs that increase the levels of 

cyclic AMP, can induce the terminal granulocytic differentiation and 
apoptosis of AML cells that are unresponsive or resistant to ATRA 
therapy [161]. Consistently, clinical trials suggest that bexarotene may 
also be useful as combined therapy for AML [162]. The mechanism by 
which RXR agonists exert cell differentiation has been proposed to be 
independent of heterodimerization with RAR [163]. In contrast, the 
combined use of bexarotene with LXR agonists induced potent differ-
entiation and cytotoxicity in AML cell lines and primary human AML 
cells [163], which raises the possibility that the combined activation of 
RXR-LXR heterodimers might have a potential role in the differentiation 
therapy of AML. 

Apart from agonistic ligands, some compounds target specific 
properties of the RXRα molecule. This is the case of acyclic retinoid (also 
known as peretinoin), a synthetic retinoid that binds to both RXR and 
RAR and prevents the phosphorylation of RXRα by the Ras/MAPK 
pathway through an undefined mechanism [164]. Clinical studies have 
shown that it is effective in suppressing HCC recurrence and improving 
patient survival rates following curative therapy [164]. Peretinoin not 
only enhances the expression of retinoid target genes in the liver but also 
modulates various signal transduction pathways involved in hep-
atocarcinogenesis [165]. On the other hand, the naturally occurring 
xanthone CF31 is able to inhibit the interaction between the truncated 
form of RXRα and PI3K, thus facilitating the induction of cell death in 
response to TNFα [166]. 

In contrast to the beneficial effects of rexinoids in a number of ma-
lignancies, RXRα has been demonstrated to be a binding partner of the 
PML-RAR fusion, which suggests a contributing role for RXRα in APL 
[167,168]. Genome-wide epigenetic studies suggested that the 
PML-RARα-RXR complex acts as a local chromatin modulator that is 
crucial for oncogenic transformation and for the development of APL in 
transgenic mice [169], thus raising the possibility that RXRα may be a 
relevant therapeutic target also in APL. 

The role of RXR expression specifically in the myeloid compartment 
and in the context of cancer has been recently addressed. In line with 
negative actions of RXRs in inflammatory responses and angiogenesis, 
RXR expression in myeloid cells has been shown to play a protective role 
against cancer cell migration and invasion [170]. RXR deletion in 
myeloid cells resulted in the increased expression of important de-
terminants of premetastatic niche formation in the lung. Mechanisti-
cally, RXR mediated the repression of these genes through corepressor 
recruitment to DNA elements in a ligand-independent manner [170]. 
However, recent studies have shown that the expression of RXRs in 
tissue resident macrophages contributes to their accumulation in tu-
mours and to ovarian tumour progression in mice [171], which raises 
the need to further explore the specific contribution of RXRs in the 
different cell compartments of the tumour microenvironment. 

8. PPARs display multiple functions that are pro and anti- 
tumoral 

The PPAR subfamily includes three members, PPARα (NR1C1), 
PPARδ (NR1C2), and PPARγ (NR1C3), which are activated by fatty 
acids, eicosanoids and numerous xenobiotics. Whereas the homology 
between the DBD domains of the three subtypes reaches up to 80 % 
identity, their LBDs exhibit a lower degree of sequence homology, 
thereby allowing the binding of structurally different ligands that may 
account for the specific biological activities of the three PPAR isotypes. 

The expression pattern of each PPAR in adult animals is tissue- 
specific. PPARα is mainly expressed in the liver, where it activates 
fatty acid catabolism. PPARδ is expressed ubiquitously and is implicated 
in fatty acid oxidation and keratinocyte differentiation. PPARγ is mainly 
expressed in adipose tissue, colon, kidney and immune cells, including 
lymphocytes and macrophages. PPARγ is an essential modulator of 
adipocyte differentiation, lipid storage and glucose metabolism, and 

plays important anti-inflammatory roles in macrophages [172]. In 
addition, PPARs are also involved in the control of central cellular 
processes including cell differentiation, proliferation, survival, and 
apoptosis [173]. Because of their roles at the crosstalk between meta-
bolism and central cellular processes, PPARs have received interest as 
potential therapeutic targets for a variety of malignancies, including 
solid tumours, such as liver, lung, gastrointestinal, breast and prostate 
cancer, as well as leukemia [174,175]. 

The role of the PPARα and PPARδ isotypes in cancer is controversial. 
The chronic administration of PPARα agonists in rodents results in a 
short-term pleiotropic response leading to liver hypertrophy and hy-
perplasia that is followed by the formation of HCC [176,177]. The 
development of such tumours occurs via an increase in oxidative stress, 
the induction of cell proliferation and the inhibition of apoptosis [176, 
178]. Mice lacking PPARα are resistant to clofibrate- and WY-14, 
643-induced hepatic neoplasia [177,179]. In contrast, epidemiological 
studies suggest that similar effects are unlikely to occur in humans [180, 
181]. A number of experimental observations suggest major differences 
between rodents and humans in the response to PPARα agonists 
[182–184], potentially due to the significantly lower expression of 
PPARα in human hepatocytes, the inefficient ligand activation of human 
PPARα [185], and the differential expression of coactivators and/or 
PPARα variants. Another possible explanation suggests that human 
PPARα does not exert carcinogenic effects, as the activation of a hu-
manized PPARα in transgenic mice results in the increased expression of 
genes that modulate lipid catabolism but does not induce hepatic tu-
mours [178,185]. This finding raises the question of whether there are 
structural variations in the regulatory regions of genes involved in he-
patocyte growth between humans and rodents that might be responsible 
for the differential response to PPARα agonists [182,185,186]. In 
addition, murine, but not humanized, PPARα down-regulated the let-7c 
miRNA cluster, which targets Myc. Therefore, the increased stability of 
Myc mRNA might contribute to enhance mitogenic signalling and he-
patocyte proliferation in response to murine PPARα activation [187]. 

Paradoxically, several other studies suggest that activating PPARα 
could be useful for the prevention or treatment of different cancers. The 
administration of PPARα agonists inhibited the growth of tumours 
derived from melanoma, glioblastoma, Lewis lung carcinoma, and 
fibrosarcoma cell lines, and of xenografts from A549 human lung cancer 
cells [188–190]. These inhibitory effects were mediated by the 
PPARα-dependent inhibition of endothelial cell proliferation and 
angiogenesis, via the suppression of epoxyeicosatrienoic acid biosyn-
thesis [191,192]. In addition, PPARα inhibited inflammatory signalling 
through repressive interaction with the p65 subunit of NFκB [193] and 
negatively influenced aerobic glycolysis (the Warburg effect) [194]. In 
this sense, the activation of PPARα increased the mitochondrial oxida-
tion of fatty acids, and inhibited the expression of glutaminase, thus 
reducing glutamine levels and limiting cancer cell growth [194,195]. 
Recently, intestinal PPARα was also shown to protect against colon 
carcinogenesis via the regulation of DNA methyltransferase 1 and pro-
tein arginine methyltransferase 6 [196]. In the same line, the adminis-
tration of fenofibrate protected transgenic mice expressing human 
PPARα from chemical-induced colon tumorigenesis [196]. 

Pro- and anti-tumorigenic roles have also been proposed for PPARδ 
[177,178]. PPARδ expression is up-regulated in various human cancers, 
including colorectal cancer [197–199], pancreatic cancer [200], and 
lung cancer [201]. In general, high PPARδ expression in human cancers 
is associated with higher pathological grade and negative survival out-
comes [197,202]. PPARδ overexpression in intestinal epithelial cells in 
mice, which mimics the up-regulation of this protein in human colon 
cancer tissues, promoted chemical-induced colorectal tumorigenesis 
[203]. Moreover, a recently published study using unbiased global 
transcriptome analysis identified PPARδ activation as a driver of intes-
tinal stem cell transformation and tumour promotion in APCMin mice 
maintained on a high-fat diet, suggesting that PPARδ may play a 
mechanistic role in obesity-driven cancers [204,205]. 
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In contrast with the general pro-tumorigenic roles of PPARδ, a recent 
retrospective clinical study associated high PPARδ expression in colo-
rectal tumours with an increased survival rate following radiation 
treatment [206]. In addition, its oncosuppressive activity was also 
proposed in prostate cancer [207] and in chemically induced skin 
carcinogenesis [208,209]. 

The controversy regarding the role of PPARδ in tumorigenesis is also 
evident in in vivo deletion studies in mice, in which the absence of this 
protein in the germline has either positive [210] or negative [211,212] 
effects on colon tumour development. Interestingly, in the PPARδ 
knockout model in which a pro-tumorigenic effect was observed in the 
colon, tumour development after the implantation of melanoma or 
Lewis lung carcinoma cells was inhibited [213]. Likewise, backcrossing 
this model with MMTV-cyclooxygenase (COX)-2 transgenic mice resul-
ted in the suppression of mammary gland tumour formation [214]. Such 
contradictory findings has prompted the interpretation that PPARδ may 
play different roles depending on where it is specifically expressed; 
PPARδ expression in stromal cells within the tumour microenvironment 
may promote tumorigenesis, whereas PPARδ expression in cancer cells 
may suppress tumour growth [213]. 

Apart from the effects on tumour growth, a pro-metastatic role for 
PPARδ has been suggested in different studies. The down-regulation of 
PPARδ expression in human cancer cells strongly suppressed metastasis 
after their orthotopic injection in immunodeficient mouse models. These 
effects occurred via the suppression of the expression of important pro- 
metastatic genes in cancer cells and of critical metastatic events 
including angiogenesis, epithelial-mesenchymal transition, and cancer 
cell invasion and migration [197]. In addition, PPARδ-deficiency in 
stromal cells also contributed to inhibit metastasis [197]. The activation 
of PPARδ promoted the migration and invasion of highly metastatic 
melanoma cells by up-regulating the Snail Family transcriptional 
repressor 1 [215]. Furthermore, PPARδ up-regulation in human colon, 
lung, and breast cancers correlated with reduced metastasis-free sur-
vival [197]. 

In contrast to the other members of the PPAR subfamily, PPARγ plays 
roles that are predominantly anti-tumorigenic. The activation of PPARγ 
inhibits growth, and either promotes apoptosis or induces the differen-
tiation of a number of cancer cell lines in vitro and in vivo, including 
liposarcoma, prostate, breast, bladder and colon cancer cells [178]. 
Several mechanisms are involved in these actions, including the 
repression of cyclin D1, the induction of cell cycle inhibitors (e.g. p21, 
p27 and PTEN) or the up-regulation of pro-apoptotic factors (e.g. BAX 
and BAD) [178]. An indirect mechanism affecting cell proliferation re-
lies on the insulin sensitizing activity of the PPARγ agonists thiazolidi-
nediones (TZDs), which may decrease hyperinsulinemia in patients of 
metabolic diseases associated to insulin resistance, and hence, prevent 
the mitogenic effects of insulin on malignant cells [216]. 

In addition to direct actions on transformed cells, inhibitory effects 
on the inflammatory response and on angiogenesis within the tumour 
microenvironment may contribute to the anti-tumorigenic activities of 
ligand-activated PPARγ [217]. Also, PPARγ activation counteracts the 
cancer-associated up-regulation of the WNT/β-catenin pathway, which 
is important in cancer-related chronic inflammation and oxidative stress 
[218]. 

Of note, the tumour inhibitory action of TZDs was shown to be in-
dependent or only partially dependent on PPARγ, and initial clinical 
trials using TZDs as monotherapy failed to show significant effectiveness 
against cancer [219]. However, epidemiological studies have evidenced 
a reduction in the development of different types of cancer in diabetic 
patients treated with TZDs [220]. As mentioned above, it must be taken 
into account that the beneficial effect of TZDs-PPARγ may not be a 
consequence of direct anti-tumour actions alone, but result also from 
indirect effects leading to the amelioration of pro-tumorigenic condi-
tions [217]. However, relevant discordances have emerged such as the 
increased risk of bladder cancer, non-Hodgkin lymphoma and mela-
noma in type 2 diabetes patients long-time treated with pioglitazone 

[221,222]. Currently, numerous clinical trials are ongoing (in phase II 
and III) for the use of PPARγ ligands, including rosiglitazone, pioglita-
zone, efatutazone and troglitazone, as mono- or combined therapeutic 
agents for a long list of cancers with different clinical outputs [175] 
(Table 1). 

In summary, the effects of PPARs on tumour progression are diverse 
and depend on the type of tissue and/or the PPAR ligand evaluated. 
Several variables, including the levels of expression of PPAR isotypes in 
the tumour microenvironment, the specific sets of genes regulated by 
each isotype, the relative abundance of coactivators and corepressors, 
and the possibility that ligands exert both PPAR-dependent and -inde-
pendent activities, influence the capability of such ligands to modulate 
tumour growth. 

9. The modulation of lipid metabolism by liver X receptors as a 
promising strategy in cancer therapy 

Two subtypes of LXRs exist, LXRα (NR1H3) and LXRβ (NR1H2), with 
established roles in the control of lipid and glucose metabolism, and in 
the regulation of immune responses. LXRα is highly expressed in the 
liver, adipose tissue, intestine, kidney and lung, whereas LXRβ is present 
in most tissues. They can be naturally activated by specific endogenous 
oxysterols (e.g. 22(R)-HC, 24(S)-HC, 27-HC, and 24(S),25-epoxycholes-
terol) or the cholesterol precursor desmosterol. In addition, they can be 
activated by synthetic high-affinity agonists [223]. 

The effects of LXR activation as a potential therapy in cancer have 
been studied with raising interest in the last decade. Synthetic LXR li-
gands (e.g. TO901317 and GW3965) have potent anti-proliferative, 
cytostatic and pro-apoptotic activities in several cancer cell lines 
[224–227]. These effects translate into reduced tumour progression in 
murine models [225,226,228–232]. A number of molecular mechanisms 
involved in intracellular signalling and cell cycle progression have been 
shown to be affected by LXR activation in a cell-autonomous manner in 
different cancer cell types. These include the repression of positive cell 
cycle regulators (eg. cyclins and/or CDKs) [225,227,232–234], the 
up-regulation of cell cycle inhibitors (e.g. p21 or p27) [225,227, 
235–237], the induction of suppressor of cytokine signalling 3 [228], 
and the interference with the β-catenin/WNT pathway [238]. In addi-
tion, LXR agonists are able to inhibit AKT pro-survival signalling [226] 
and to induce caspase-dependent cell death in several cancer cell lines 
[225,226,229,230]. 

The accumulated evidences indicate that the transcriptional activa-
tion of genes involved in lipid homeostasis within cancer cells plays an 
essential role in the anti-tumoral actions of the LXR pathway. In this 
sense, the induction of the cholesterol and phospholipid transporter 
ATP-binding cassette (ABC)G1, and the subsequent reduction in intra-
cellular cholesterol levels, contribute to the anti-proliferative actions of 
LXRs in cancer cells [239]. Indeed, alterations in the structural charac-
teristics of lipid rafts caused by the increased expression of ABCG1 was 
proposed as the basis for the reduced AKT phosphorylation in pancreatic 
cancer cells stimulated with LXR agonists [226]. 

In particular, glioblastoma cells are highly dependent on the uptake 
of cholesterol for survival due to dysregulated endogenous cholesterol 
synthesis [231]. LXR-623, which is a partial agonist for LXRα and a full 
agonist for LXRβ, induced glioblastoma cell death through LXRβ-de-
pendent intracellular cholesterol depletion. This effect was consistent 
with the capacity of LXR-623 to induce the expression of two sets of 
targets in parallel: the E3 ubiquitin ligase inducible degrader of the 
low-density lipoprotein receptor (IDOL), a mechanism that limits the 
uptake of cholesterol-rich low-density lipoproteins, and the cholesterol 
transporters ABCA1 and ABCG1 that mediate cholesterol efflux. 

The discovery of a different partial agonist for LXRs, dendrogenin A, 
allowed the identification of an additional role for LXRβ as inducer of 
lethal autophagy in human melanoma and AML cells [240]. Den-
drogenin A is a naturally occurring steroidal alkaloid product of the 
enzymatic conjugation of a cholesterol derivative (5, 
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6α-epoxycholesterol) and histamine [241]. Although the potential 
contribution of LXRα was not discarded, the partial agonism of LXRβ was 
proposed to mediate a complex combination of actions, including the 
direct transcriptional activation of other members of the NR family 
(nuclear receptor 77 (Nur77/NR4A1) and neuron-derived orphan re-
ceptor 1 (NOR1/NR4A3)) and of microtubule associated LC3, which is 
an important mediator of autophagosome formation [240]. In addition, 
dendrogenin A de-repressed the expression of transcription factor EB, a 
master transcriptional regulator of autophagy and lysosome biogenesis, 
by blocking the inhibitory action of LXRβ on this gene. These combi-
natorial effects were selective for dendrogenin A and were not observed 
in response to conventional full LXR agonists. Moreover, dendrogenin A 
induced characteristics of differentiation in human thyroid carcinoma 
cells in an LXRβ-dependent manner [242]. 

In addition, the LXR pathway is able to promote a lipogenic program 
involving the increased expression of fatty acid synthase (FAS), which 
results in triacylglyceride accumulation. Induction of this program in 
prostate cancer cells resulted in cell cycle arrest [234]. However, an LXR 
inverse agonist, SR9243, which induces LXR-corepressor interaction and 
reduces the expression of genes controlling glycolysis and lipogenesis, 
inhibited the Warburg effect and caused apoptosis in a broad range of 
cancer cells [243]. These contrasting observations reflect the need to 
further clarify the exact role of LXR-mediated lipogenesis in tumour 
growth control. 

The importance of secreted apolipoprotein E (ApoE), another direct 
LXR transcriptional target, as an inhibitor of the invasive capacity of 
melanoma cells has been consistently demonstrated [244]. ApoE 
secretion resulted in inhibitory effects on melanoma progression, 
angiogenesis and metastasis to the brain. Of note, the selective knock-
down of LXRβ, but not LXRα, in melanoma cells blocked the ability of 
LXR agonists to suppress invasion and endothelial cell recruitment. 

Apart from cancer cell-autonomous effects, LXR activation can also 
impact other cells within the tumour microenvironment. The activation 
of the LXR pathway altered endothelial cell cholesterol homeostasis, 
which affected the organization of lipid rafts in the plasma membrane 
[245]. These effects impaired VEGF receptor signalling and correlated 
with reduced tumour angiogenesis. In addition, stromal and endothelial 
cells may also contribute to the increase in ApoE levels in response to 
pharmacological LXR activation [244]. ApoE produced in vitro by 
LXR-treated macrophages reduced the proliferation and increased 
apoptosis of a human breast cancer cell line [246]. Moreover, the in-
crease in ApoE levels following LXR agonism with GW3965 or a novel 
LXR agonist, RGX-104, induced the apoptosis of myeloid-derived sup-
pressor cells (MDSC), resulting in decreased systemic and intratumoral 
levels of these cells in the context of melanoma [247]. These effects were 
associated with an augmented infiltration of activated cytotoxic T cells 
and pro-inflammatory helper T cells within the tumours, thus suggesting 
that the LXR-ApoE axis can exert anti-metastatic actions on cancer cells 
[244] while enhancing immune-mediated anti-tumoral responses [247]. 
In fact, RGX-104 and checkpoint blockade by anti-programmed cell 
death protein 1 (PD-1) antibodies displayed synergistic inhibitory effects 
on tumour growth in mice [247]. 

Whereas conventional LXR agonists have failed translation to the 
clinic due to adverse effects, RGX-104 is currently being tested in a phase 
1, first-in-human, dose escalation and expansion study in patients with 
lymphoma or advanced solid malignancies under standard treatments, 
including anti-PD-1 immunotherapy [248] (Table 1). Preliminary data 
indicate that RGX-104 reduce the abundance of MDSCs in cancer pa-
tients with diverse forms of metastatic cancer [247]. In addition, the 
importance of the LXR pathway in tumour growth control is supported 
by the potential prognostic value of LXRα expression in HCC patients 
[249]. 

In contrast to the generalized anti-tumoral effects of synthetic LXR 
agonists, the LXR pathway has been also shown to participate in 
mechanisms for tumour immune evasion. In this sense, factors released 
by the tumour, potentially endogenous oxysterols, inhibited the 

expression of C-C chemokine receptor type 7 (CCR7) in dendritic cells 
through the activation of LXRα. This mechanism impaired dendritic cell 
migration to lymph nodes, thus interfering with antigen presentation to 
T cells [250]. Other studies, however, have shown a requirement for LXR 
activation for efficient CCR7-dependent chemotaxis of dendritic cells 
and other myeloid cells [251,252], and the multifunctional enzyme 
CD38 emerged as an LXR transcriptional target mediating these effects 
in dendritic cells [251]. Therefore, these contrasting observations on the 
role of LXRs in dendritic cell chemotaxis raise the need to further 
investigate the type of molecules that are secreted in the tumour 
microenvironment and the way they act on the LXR pathway. On the 
other hand, hyaluronic acid produced within tumours has been recently 
shown to induce an increase in cholesterol efflux in tumour-associated 
macrophages through the activity of the cholesterol transporters 
ABCA1 and ABCG1. Increased cholesterol efflux promoted a pro-tumoral 
macrophage reprograming in response to IL-4 [253]. However, while 
these cholesterol transporters are conventional LXR targets, the 
involvement of LXRs in the actions of hyaluronic acid has not been 
established. 

In summary, many of the actions of the LXR pathway translate into 
inhibitory effects on cancer cell proliferation or on the pro-tumoral ac-
tivities of stromal cells, which directly or indirectly, derive from local 
changes in lipid metabolism. Therefore, the designing of improved li-
gands, and/or delivery strategies, that promote selective metabolic ac-
tions of LXRs within the tumour microenvironment deserve further 
investigation. 

10. Future perspectives 

Several NRs present opportunities for therapeutic intervention in 
cancer. As described in this review, established therapies or ongoing 
clinical trials exist based on the activation of several NRs (Table 1), 
either as monotherapy or in combination with chemotherapy or 
immunotherapy. In the case of PPARs, due to the fact that different 
isotypes exert complementary roles, a concept that has recently emerged 
is that dual- or pan-PPAR agonists may be more beneficial than agents 
targeting a single PPAR subtype. A candidate compound is bezafibrate, a 
pan-PPAR agonist, shown to reduce the development of colon cancer 
[254]. 

One of the major challenges in the field, however, is the development 
of side effects, as it often occurs after prolonged treatment with, for 
example, GCs [83], TZDs [174], or bexarotene [255]. This obstacle is 
also the reason why the progression of first-generation ligands for LXRs 
were stopped before reaching the clinics [256]. Novel synthetic ligands 
with less adverse effects and an improved therapeutic profile are 
currently under development for several NRs. In the case of GR, most of 
the side effects of GCs seem to rely on the GR transactivation function. 
For this reason, the designing of compounds able to selectively activate 
GR transrepression function, the so-called selective GR agonists and 
modulators (SEGRAMs), has become a major research focus and some of 
these molecules are currently in clinical trials [83]. In addition, a novel 
rexinoid capable of activating RXR with minimal toxicity offers thera-
peutic potential for the treatment of medulloblastoma [257]. Further-
more, the simultaneous activation of PPARα and/or PPARδ may be also 
a strategy to bypass the side effects of PPARγ agonists [174]. 

The second major obstacle in the field is the development of resis-
tance to NR ligands. As described in this review, mutations and other 
mechanisms contribute to the acquired unresponsiveness of NRs to ag-
onists or antagonists (Fig. 3). However, the molecular mechanisms un-
derlying such resistance are far from being well understood and more 
detailed knowledge about the structural and functional properties of 
NRs in the context of cancer will facilitate the discovery and develop-
ment of improved ligands. In this regard, the recently solved low- 
resolution of the full length AR structure may be an opportunity to 
develop novel anti-androgens with improved characteristics to avoid the 
development of resistance [258]. The use of alternative combinatorial 
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therapies also needs to be addressed. Tumour heterogeneity implies that 
within the same tumour, not all cancer cells express the receptor, as 
shown with breast cancer stem cells lacking ER, thus enabling their 
capacity to avoid the effects of endocrine therapy [55]. This illustrates 
the need to combine therapies in order to target such complexity. 
Another strategy is to reduce the content of cancer stem cells through 
differentiation. An example discussed here that strengthens this concept 
is the effectiveness of rexinoids in inducing the terminal differentiation 
of AML cells that are resistant to ATRA [161]. 

Taken together, further studies are required to identify genes tar-
geted by each NR agonist in a cell type-specific manner, and to define 
potential interactions between NRs and coregulators that selectively 
promote the beneficial functions of each NR. In addition, molecular 
studies exploring the structural aspects that govern NR-coregulator 
interaction in response to a given ligand and the acquisition of resis-
tance are fundamental. These aspects may not only provide avenues for 
the designing of compounds with improved therapeutic potential, but 
may also help define combinatorial strategies that address the hetero-
geneity of tumours. 
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H. Gronemeyer, Rexinoid-triggered differentiation and tumor-selective apoptosis 
of acute myeloid leukemia by protein kinase A-mediated desubordination of 
retinoid X receptor, Cancer Res. 65 (2005) 8754–8765, https://doi.org/10.1158/ 
0008-5472.CAN-04-3569. 

[162] J.S. Welch, H. Niu, G.L. Uy, P. Westervelt, C.N. Abboud, R. Vij, K.E. Stockerl- 
Goldstein, M. Jacoby, I. Pusic, M.A. Schroeder, J.F. Dipersio, A.F. Cashen, A phase 
I dose escalation study of oral bexarotene in combination with intravenous 
decitabine in patients with AML, Am. J. Hematol. 89 (2014), https://doi.org/ 
10.1002/ajh.23735. 

[163] P.V. Sanchez, S.T. Glantz, S. Scotland, M.T. Kasner, M. Carroll, Induced 
differentiation of acute myeloid leukemia cells by activation of retinoid X and 
liver X receptors, Leukemia 28 (2014) 749–760, https://doi.org/10.1038/ 
leu.2013.202. 

[164] M. Shimizu, Y. Shirakami, K. Imai, K. Takai, H. Moriwaki, Acyclic retinoid in 
chemoprevention of hepatocellular carcinoma: targeting phosphorylated retinoid 
X receptor for prevention of liver carcinogenesis, J. Carcinog. 11 (2012), https:// 
doi.org/10.4103/1477-3163.100398. 

[165] M. Honda, T. Yamashita, T. Yamashita, K. Arai, Y. Sakai, A. Sakai, M. Nakamura, 
E. Mizukoshi, S. Kaneko, Peretinoin, an acyclic retinoid, improves the hepatic 
gene signature of chronic hepatitis C following curative therapy of hepatocellular 
carcinoma, BMC Cancer 13 (2013), https://doi.org/10.1186/1471-2407-13-191. 

[166] G.H. Wang, F.Q. Jiang, Y.H. Duan, Z.P. Zeng, F. Chen, Y. Dai, J.B. Chen, J.X. Liu, 
J. Liu, H. Zhou, H.F. Chen, J.Z. Zeng, Y. Su, X.S. Yao, X.K. Zhang, Targeting 
truncated retinoid X receptor-α by CF31 induces TNF-α-dependent apoptosis, 
Cancer Res. 73 (2013) 307–318, https://doi.org/10.1158/0008-5472.CAN-12- 
2038. 

[167] J. Zhu, R. Nasr, L. Pérès, F. Riaucoux-Lormière, N. Honoré, C. Berthier, 
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