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Abstract. Due to the increasing prevalence of high-fat diets and obesity, the number of people
diagnosed with prostate cancer is also rising annually. Men are experiencing serious health
problems as a result of prostate cancer (PCa) nowadays. Three types of therapeutic methods to
treat PCa have been developed: chemotherapy, radiotherapy, and molecular therapy. Although
chemotherapy and radiotherapy have a relatively longer history, severe resistance problems still
exist and urgently need to be solved. Not only does Testicular receptor 4 (TR4) belong to the
nuclear receptor super family, but it is also an orphan receptor, meaning no endogenous ligands
have been found for it as of yet. Studies have found that TR4 participates in PCa initiation,
development, metastasis, and therapy resistance. This article will discuss the signaling pathways
mediated by TR4 that influence PCa metastasis and therapy resistance, and will provide a brief
overview of the small-molecule inhibitors that may have the potential to become effective
treatments in chemotherapy.
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1. Introduction

In recent years, the morbidity of prostate cancer (PCa) has been significantly rising. According to a
report from GLOBOCAN, PCa became the fourth most frequently diagnosed cancer, reaching 1,466,680
cases and occupying 7.3% of all cancers globally in 2022 [1]. Previous PCa therapy can be briefly
divided into three types: radiotherapy, chemotherapy, and molecular therapy. Radiotherapy is
commonly used in PCa. It can be used on curable patients with localized cancer instead of radical
prostatectomy (RP) and shares a similar efficacy with RP in all National Comprehensive Cancer
Network risk groups. With the development of science and technology, advanced therapy techniques
such as intensity-modulated radiation therapy and volumetric modulated arc therapy have been
developed, reducing damage to normal surrounding structures and improving the therapeutic ratio [2].
As for chemotherapy, Docetaxel (DTX) is one of the most commonly used therapies. Other therapies
such as Mitoxantrone and Enzalutamide are also used. Molecular therapy is mainly based on the specific
features of PCa. For instance, a therapy in clinical trials for BRCA-deficient metastatic castration-
resistant prostate cancers (mMCRPC) shows that these cancers are significantly sensitive to PARP
inhibitors. Thus, an efficient therapy using Olaparib to treat patients is established as Olaparib is the
most efficient PARP inhibitor in the clinical curation on mCRPC. Although chemotherapy and
radiotherapy have been perfected through clinical practices, severe resistance problems still exist as the
majority of patients acquire castration-resistance after treatments [3]. Therefore, finding solutions to
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resistance problems is of great urgency, and developing more advanced therapeutic targets is necessary.
TR4 was discovered to have a significant function in PCa initiation and development. The role TR4
plays in PCa initiation is determined by the presence of PPARy. The existence of PPARYy allows TR4 to
act its function to maintain DNA integrity and prevent PCa initiation while the absence of PPARy leads
to an opposite result. In PCa development, studies show that TR4 may promote PCa metastasis by
modulating CCL2, microRNA-373-3p, and the EZH2 gene [4]. In summary, TR4 plays a critical role in
PCa. Thus, this article will provide an overview of recent studies on PCa-metastasis-relevant and chemo-
resistant and radio-resistant pathways mediated by TR4, and briefly discuss the potential of TR4 to
become a target that can be utilized in PCa curation.

2. Nuclear receptor

Nuclear receptors (NRs) are transcription factors that are dependent on ligands and are involved in
numerous vital biological processes including as development, metabolism, and reproduction. So far,
48 nuclear receptors have been discovered. NRs, weighing between 66 to 100 kD, have four domains
(A/B, C, D, and E) with a conserved functional domain organization, which is one of their defining
features [5, 6]. Each domain performs a distinct vital function.

The essential functions of NRs are separated from their overall domain structure. Their functions are
played via binding to consensus DNA sequences known as HREs is dependent on their monomeric,
homodimeric, or heterodimeric nature. Seven superfamilies, subgroups 0 to subgroup 6, are categorized
according to their ligand-binding characteristics of NRs. Members of the same NR superfamily share
the same standard structure, although they are different in shape, size, and charges of their activating
ligands. Moreover, NRs regulate biological activities in organisms through gene expression by both
ligand-dependent and ligand-independent transcriptional repression [5]. Most ligands of nuclear
receptors are oleophilic molecules which are small in size. However, roughly over half of NRs do not
have any endogenous ligands and are named orphan nuclear receptors. Some orphan receptors, generally
found to have low affinity to bind, are modulated by metabolites [6].

3. TR4

TR4, encoded by the NR2C2 gene in humans, is an orphan nuclear receptor. It was first cloned in 1994
from human testis libraries. TR4 has a molecular mass of 67 kD and is widely expressed throughout the
body [7].

TRA4 is a type of orphan receptor, meaning it does not have endogenous ligands. However, exogenous
factors, including some natural molecules, their metabolites, and synthetic compounds, can activate TR4
in place of endogenous ligands. Like many orphan receptors, TR4 participates in numerous
physiological processes, including fertility, neuron development and metabolism. Thus, any abnormal
expression of TR4 significantly influences various diseases, including cancer. Previous studies showed
the critical role that TR4 plays in the repair of DNA damage caused by various factors and participates
in various cancers. For instance, TR4 can inhibit the initiation of liver and prostate cancer, but it can
also enhance the progression of pituitary corticotroph, liver, and prostate cancers [7]. It also influences
cervical, lung, and breast cancers.

4. Roles that TR4 played in PCa curation

4.1. TR4 and Prostate cancer (PCa) metastasis

Enhancer of Zeste Homolog 2 (EZH2) is an oncogene linked to prostate cancer metastasis and functions
through its downstream genes, which are crucial to cancer metastasis, including NOTCHI1, TGFp1,
SLUG, and MMP9. In castration-resistant prostate cancer (CRPC), studies show that TR4 can act as a
transcription factor through the attachment to two TR4 response elements (TR4RE) in the EZH2
promoter region causing the dosage-dependent enhancement of EZH2 promoter activity. The first
TR4RE in the EZH2 promoter region is necessary for the activity enhancement of the EZH2 promoter.
As TR4 promotes the expression of EZH2, the downstream genes of EZH2 are modulated. Consequently,
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the invasion of stem/progenitor cells (S/P cells) is promoted, leading to a high likelihood of CRPC
metastasis. This regulation of prostate cancer by TR4 was confirmed in the study [8].

In PCa, one signaling pathway that influences cancer metastasis led by TR4 is mediated with the help
of macrophages. Knocking down TR4 in PCa cells can significantly decrease macrophage recruitment
in a PCa-macrophage co-culture system, reducing macrophage infiltration into PCa cells. Tissue
inhibitor of metalloproteinases-1 (TIMP-1) is a potent cytokine related to tumor metastasis and can act
via binding various cell-surface receptors [9]. Treatment with the culture medium of the co-culture
system, which has less macrophage infiltration, causes an increase in TIMP-1 mRNA expression which
result in a decrease in MMP2/MMP9 expression in the PCa cells without TR4 knockdown. Therefore,
the function of TIMP-1 as a suppressor of MMP2 and MMP9 may be the factor that reduces PCa cell
invasion and ultimately suppresses PCa metastasis [10]. Another pathway that shares the same function
in PCa is mediated via microRNA. TR4 reduces miR-373-3p expression, which can significantly
suppress PCa invasion. The TGFBR2-3'UTR is where MiR-373-3p binds, and it down-regulates both
TGFPR2 expression and its downstream gene, p-Smad3, which are associated with PCa metastasis
according to the experiments [11].

4.2. TR4 and PCa therapy

Furthermore, chemoresistance and decreased radiosensitivity during cancer treatment have become
significant issues. Investigating the role TR4 plays in the process of enhancing treatment sensitivity is
also essential. Docetaxel (DTX) is an ordinary chemotherapy for prostate cancer (PCa). However,
clinical resistance problem to DTX is in a great urgency to be solved. Increased TR4 expression in PCa
cells activates lincRNA-p21 by directly binding to the potential TR4REs which are at the upstream of
lincRNA-p21. According to cell viability results, lincRNA-p21 can increase DTX resistance.
Upregulation of HIF-1 and VEGF-A is achieved by activating lincRNA-p21. This pathway enhances
chemoresistance in DT X-resistant PCa cells, contributing to further PCa progression [12]. Additionally,
another signaling pathway influences DTX chemoresistance in PCa. TR4, as a transcription factor, can
bind to the TR4RE in the miR-145 promoter region, suppressing miR-145 at the transcriptional level.
MiR-145 has direct effects on OCT4 expression by targeting its 3'UTR and reducing it at both
transcriptional and translational levels. Consequently, OCT4 expression is upregulated due to the
decrease in miR-145. Survivin, a downstream gene of OCT4, is involved, acting as an anti-apoptotic
factor in PCa [13]. Thus, TR4-mediated chemoresistance to DTX in PCa is regulated through these
pathways.

Enzalutamide (MDV3100) is an innovative chemotherapy agent that, despite its promise, is not
immune to the development of resistance. The transcription factor 4 (TR4) has been linked to resistance
mechanisms in prostate cancer (PCa), particularly in relation to MDV3100. Metastasis-associated lung
adenocarcinoma transcript 1 (MALATI) is involveded in the regulation of cell communication,
tumorigenesis, cancer progression, and response to therapy [14]. TR4 is able to attach to a particular
response element in the 5' promoter region of the MALATI1 gene, which leads to an increase in its
expression. This upregulation of MALATI is observed to diminish the expression of the androgen
receptor variant 7 (AR-V7) in a dose-dependent fashion, culminating in an increased resistance to
MDV3100 in PCa [15]. Thus, the interaction between TR4 and MALAT]1 is posited to augment the
chemoresistance of PCa to MDV3100.

In addition to chemotherapy, radiation therapy is a widely utilized medical method to treat prostate
cancer (PCa) which faces a similar challenge of resistance as well. Zinc Finger E-box Binding
Homeobox 1 (ZEB1) is a significant transcription factor involved in the epithelial-mesenchal transition
(EMT) that is crucial for the progression of cancer metastasis. Studies have indicated that radiation
therapy can lead to an increase in the expression of Transcription Factor 4 (TR4). This upregulation of
TR4 results in its attachment to the first TR4RE on the 5' promoter region of the QKI gene, thereby
enhancing QKI expression. The elevated QKI, in turn, leads to the enhancement of circular RNA ZEBI
(circZEBT1) expression. CircZEB1 acts as a sponge for miR-141-3p, preventing it from attaching to the
3'UTR of ZEB1 mRNA. Consequently, ZEBI1 protein levels are elevated by this interaction. The
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overexpression of ZEBI1 protein, in turn, upregulates the expression of Checkpoint Kinase 1 (CHK1), a
protein associated with the cellular response to radiation. Ultimately, this cascade of events enhances
DNA damage repair mechanisms, reducing the time required for PCa cells to complete DNA repair and
shielding them from radiation-induced apoptosis, which consequently diminishes the radiosensitivity of
PCa cells [16].

5. Discussion

Among all these mechanisms TR4 has participated in, quite a few developments have been established
in better cancer curation. The potential of TR4 to act as a target in clinical therapy is obvious. TR4 is
mainly discovered to behave in two ways, acting as the target to directly cure cancer or to solve the
resistance problem in existed therapies. In PCa metastasis aspect, the increase of TR4 expression in PCa
cells can up-regulate the oncogene EZH2 and its downstream genes. TGFB1 belongs to TGF family
which are transforming growth factors and can be transduced by its receptor, TGFBR2 [8]. The role of
TGFB1 in cancer cell proliferation, angiogenesis, and apoptosis has been identified to be critical. Thus,
both alteration in TGFB1 expression and TGFBR2 expression can modulate TR4 signaling pathway.
According to the study, TR4 decreases the expression of miR-373-3p which down-regulates TGFBR2
expression and its downstream gene, p-Smad3 [11]. Hence, two signaling pathway conducted by TR4
is mediated by TGFB1/ TGFBR2, and finally modulate PCa metastasis, increase macrophage infiltration,
and decrease miR-373-3p. MMP?9 that belongs to the downstream genes of EZH?2 is also modulated by
TIMP-1 [10]. Thus, TR4 can modulate PCa metastasis by modulating MMP9 and TGFp signaling
through four pathways. This indicate the potential of TR4 to act as a high efficient therapeutic target as
it can simultaneously modulate multiple targets through various signaling pathways.

Most therapies used in PCa curation have been facing a resistance problem. Common chemotherapy
DTX and new chemotherapy MDV3100 also shares the same. In DTX resistance, two pathways that
causes the occurrence of the resistance have been developed so far. One pathway is TR4/miR-145/0CT4
pathway, in which TR4 suppresses miR-145 expression, increases OCT4 expression consequently, and
leads to survivin expression [13]. The other pathway is TR4/lincRNA-p21/HIF-1a. TR4 expression in
DTX-resistant PCa cells increases lincRNA-p21 expression, which in turn up-regulates HIF-1 and
VEGF-A. In MDV3100 resistance, only one pathway that leads the occurrence of the resistance have
been developed. It is the pathway that increased TR4 expression activate Malatl expression which
decreases AR-v7 [15].

In summary, all mechanism that is illustrated above can be represented as a picture as follow (Figure

).
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Figure 1. TR4-mediated pathways in PCa metastasis, radioresistance, and chemoresistance.
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Investigations into small-molecule regulators that target TR4 for use as therapeutic agents in prostate
cancer (PCa) treatment have been actively pursued. Several regulators have been identified as potentially
effective. One such regulator is the TR4 antagonist bexarotene (BEX). Studies have demonstrated that
BEX, via the TR4/lincRNA-p21/HIF-1a pathway, can reduce TR4 transactivation and enhance
chemosensitivity in docetaxel (DTX)-resistant PCa cells, thereby contributing to more effective
suppression of PCa progression [12]. Additionally, nilotinib (S1033) has emerged as a potent TR4
inhibitor capable of suppressing TR4 transactivation. Comparative experiments have indicated that
S1033 exhibits greater efficiency than BEX, which was previously recognized as a TR4 inhibitor in
earlier studies [17]. Furthermore, metformin has been reported to enhance radiosensitivity and partially
reverse resistance induced by TR4 by slowing down cellular DNA damage repair mechanisms [16].

6. Conclusion

In conclusion, this article provides an overview of seven signaling pathways mediated by TR4 that
contribute to prostate cancer (PCa) metastasis, chemoresistance, and radioresistance. TR4 primarily
functions as a transcriptional factor, binding to TR4RE in the promoter or UTR of its target genes,
thereby exerting both positive and negative regulatory effects. Among the small-molecule regulators
identified, bexarotene (BEX), nilotinib (S1033), and metformin have shown potential as new therapeutic
agents targeting TR4 in PCa treatment. Bexarotene is relatively advanced in its development, with at
least one of its signaling pathways already elucidated. Nilotinib and metformin are more recently
identified regulators that are believed to suppress TR4 activity. Given the high incidence rate of PCa
and the increasing demand for effective therapies, TR4 has emerged as a promising therapeutic target
that is garnering increasing interest among researchers. This review outlines the mechanisms by which
TR4 is involved in PCa metastasis and resistance, and briefly discusses the small-molecule inhibitors
that could target TR4. It aims to provide foundational theoretical insights for scientists interested in
further exploring this area in the future.
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