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The breast and prostate glands are the two major organs that are highly dependent on the gonadal steroid hormones for their development and homeostasis. The cancers of these organs also show a large dependence on steroid hormones and have formed the basis of endocrine therapy. Estrogen deprivation by oophorectomy has been in active practice since the 1970s, and androgen deprivation therapy for prostate cancer was a major breakthrough in medicine in 1941. Since then, several improvisations have happened in these modes of therapy. However, the development of resistance to this deprivation and the emergence of hormone independence are major problems in both cancers. The lessons learned from rodent models have made it clear that the male hormone has a role in females and vice versa. Also, the metabolic products of these hormones may have unintentional effects including proliferative conditions in both sexes. Hence, administering estrogen as a method of chemical castration in males and administering DHT in females may not be the ideal scenario. It would be important to consider the status of the opposite sex hormone signaling and its effects and come up with a combinatorial regime to strike a balance between androgen and estrogen signaling. This review summarizes the current understanding and developments in this field in the context of prostate cancer.
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Nuclear hormone receptors are intracellular receptors that are activated by lipid-soluble ligands such as steroid hormones. Once bound by the ligand, most receptors function as transcription factors to control gene expression affecting numerous biological processes (reviewed in (1)). Steroid hormones are derivatives of cholesterol and have a wide variety of physiological functions. These are classified based on the site of synthesis. The hormones which are synthesized by the gonads, both in males and females, are called gonadal steroids or sex hormones. Gonadal steroid hormone synthesis is mainly regulated by the hypothalamic–pituitary–gonadal (HPG) axis. The release of gonadotropin-releasing hormone (GnRH) from the hypothalamus results in the release of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from the pituitary into general circulation. The binding of LH to its receptors on Leydig cells in males and on theca cells in females causes the enhanced expression of the steroidogenic acute regulatory protein (StAR). This protein helps cholesterol to move to the inner membrane of the mitochondria, where it is converted into pregnenolone by the cytochrome p450scc (CYP11A1) enzyme. Pregnenolone acts as a precursor for both androgen and estrogen in both males and females (2). Figure S1 summarizes the biosynthesis of these steroid hormones in both males and females.

Nuclear hormone signaling occurs when the ligand (usually a steroid derivative such as estrogen and androgen) diffuses into the cell and binds to the receptor. The receptors dimerize and translocate to the nucleus and function as transcription factors. Along with other co-activators or co-repressors, they bring about changes in gene transcription [reviewed in (1)]. All the nuclear hormone receptors share a similar domain architecture, and the mode of signaling and activation is also similar. In the case of estrogen receptor (ER) and androgen receptor (AR) signaling, the signaling can occur by canonical/genomic signaling or non-canonical/non-genomic signaling. The non-canonical signaling can be activated either by variant receptors or membrane-bound receptors and sometimes by a cross talk with other pathways [reviewed in (3)] (Figure 1). These non-canonical or non-genomic actions are likely to play a role in pathophysiological processes including proliferative, inflammatory, and immune-related diseases (4, 5). It is also possible that these mechanisms may also have a role in resistance to endocrine therapies (3). Since the mode of signaling is very similar for the AR and ER, this could be applicable to both AR- and ER-targeted therapies, which are relevant in prostate and breast cancers, respectively (6).




Figure 1 | Canonical and non-canonical actions of nuclear hormone receptors. (A) The genomic and (B) non-genomic actions of steroid hormone receptors (AR and ER) are illustrated. (A) Canonical actions require the binding of steroid hormones to its receptors in the cytoplasm, resulting in the release of heat shock proteins (Hsps) from the nuclear receptor (NR)–Hsp complex, followed by dimerization of the nuclear receptors. The dimer translocates to the nucleus and regulates transcription upon binding to the hormone response element (HRE) on target gene promoters. (B) In non-canonical actions, the membrane-tethered steroid hormone receptors [androgen receptor/estrogen receptor (AR/ER)] either bind to growth factor receptors and activate their action or activate the enzyme cascade resulting in the activation of proliferative pathways and transcription of their downstream target genes. Created in Biorender.com.



Androgens such as testosterone and dihydrotestosterone are known to control sexual characteristics in males. Similarly, estrogen, the steroid hormone produced mainly in the granulosa and theca cells of the ovaries along with its production in the corpus luteum, is responsible for the development of female sexual characteristics. Although androgens and estrogens are commonly known as the male and female sex hormones, respectively, the physiological roles of these gonadal steroids in the opposite sex have become evident mostly due to the insights gained from rodent models, particularly from estrogen receptor knockout (ERKO) and androgen receptor knockout (ARKO) mice models.

Estrogen receptors ER-α and ER-β are coded by two genes, namely, ESR1 (estrogen receptor 1) and ESR2 (estrogen receptor 2), respectively. When these genes are knocked out in mouse models either alone or in combination, the effect is seen in both in the males and females. Both males and females are infertile in the case of ER-α knockout. In females, there are severe defects in the uterus such as insensitivity to estradiol and no implantation. The mammary gland development is also severely affected [(7) and references therein]. There is a reduction in ductal morphogenesis or alveolar development (8). ER-β knockout shows normal mammary development (8).

In the male ER-α knockout mouse, although the testes show normal development, there is a decrease in the weight of the testes with age, retention of fluid and dilation of seminiferous tubules, and poor motility of sperms (7). However, the male ER-β knockout mouse is fertile but with increased Leydig cells and decreased germ cells resulting from germ cell apoptosis (9). The double knockout (ESR1/ESR2) shows similar features as ESR1 knockout, suggesting a dominant role for ESR1 and associated signaling (9).

Although the effect of ESR1 knockout on the male reproductive organs and function is described well, its effect on the prostate is not so well understood. Few previous studies have shown how prostatic epithelial tissue depends on estrogen for its differentiation. Estrogen also has been shown to have an effect on prostatic angiogenesis (10, 11). The ER-α and ER-β are expressed in the prostate of many species, but the knockouts in mice show no major defects in development (7). However, estrogens do play an important role in the growth, differentiation, and homeostasis of normal prostate and also in prostate carcinogenesis (11). Also, there are differential effects of the ER-α and ER-β in the initiation and progression of disease (12).

The androgen receptor is coded for by the gene NR3C4 (nuclear receptor subfamily 3, group C, member 4). Inactivation of the androgen receptor gene in males results in the disruption of spermatogenesis by interfering with meiosis, resulting in terminating mature sperm production, causing male sterility. Meanwhile, in females, inactivation of the androgen signaling results in impairment in the health of the follicle, development and ovulation via intraovarian and neuroendocrine mechanisms, and female fertility (13).

Also, in females, a balance between estrogen stimulatory action and androgen inhibitory action is a key regulator in controlling cell proliferation in both normal and cancerous mammary tissues (9, 14). The human prostate is comprised of glandular epithelium with acini and ducts lined by luminal, basal, and neuroendocrine cells (15). Among these, luminal cells express the androgen receptor and respond to androgens in the body. The role of androgens in the development and maintenance of the prostate has been established quite well. However, the role seems more complex in the context of prostate cancer (16, 17).

Several mouse models have given us insight into the roles of androgen receptor and signaling in the prostate (18). While the global ARKO shows no prostate gland at all (13), the AR knocked out in specific cell types such as the epithelium and the stroma sheds light on the interplay between these cells. PEARKO, which is a model in which the AR DNA-binding function is deficient in the epithelia of the prostate, epididymis, and vas deferens, develops a normal prostate. However, later on, there is a lobe-specific reduction in prostate weight, particularly in the dorsal lobe. Increased proliferation and abnormal lesions are seen in the anterior lobe along with hindered structural and functional differentiation (19). This phenotype could be rescued when a constitutive receptor T857A transgenic was crossed with the epithelial-specific ARKO, confirming that the AR regulates growth by suppressing epithelial proliferation (20).

In intact males, it has been observed that ER-α expression is low, and an increase is seen in the prostatic epithelia in castrated animals. However, PEARKO mice show increased expression of the ER-α, as well as increased sensitivity to estrogens, which can result in increased prostate growth and squamous metaplasia. This suggests that ER expression and sensitivity to estrogens are controlled by AR-dependent mechanisms and imbalances in these may cause unwarranted effects by estrogens (21).

There are multiple mouse models where there is a stromal-specific lack of the AR (SM-ARKO). In the SM-ARKO, where the AR is knocked out in the smooth muscle cells, the adult exhibits reduced prostate weight and histological abnormalities such as hyperplasia, inflammation, fibrosis, and reduction in the epithelial, smooth muscle, and stem cell markers. Also, there are an increased sensitivity to estradiol in terms of increase in prostate weight and a decreased response to castration. These would have possible implications in prostate cancer and castrate resistance (22). Another model of SM-ARKO exhibited a reduced expression of insulin-like growth factor 1 (IGF-1) which may have an implication on the proliferation (23). FSP-ARKO is another model in which the AR is specifically knocked out in the stromal fibroblasts. This model showed decreased epithelial proliferation, increased apoptosis, and decreased collagen composition in the prostate. These observations emphasize the importance of AR signaling in the stroma and open the possibility of targeting the stromal AR in prostate cancer and hyperplasia (24).

Recent studies on two different mouse models, namely, the Hi-Myc genetic model and the T + E2 hormonal carcinogenesis model, demonstrate that stromal AR normally inhibits prostate cancer progression by restraining secretory luminal cells. This may result in unintended negative effects of androgen deprivation therapy and possibly progression toward the emergence of androgen-independent prostate cancer (25). The abovementioned observations on rodent models suggest that the AR and associated signaling have cell-type-specific and very often opposing roles in proliferation. Hence, it becomes very important to keep the context in consideration before designing therapeutic strategies.

Furthermore, from the different models of ERKO, it is clear that estrogen signaling has an important role in males, including for fertility. However, the role of estrogens on prostate development is not very clear.

The breast and prostate are two highly hormone-dependent organs, and hence, cancers arising in these organs are candidates for endocrine therapy. Oophorectomy as a treatment for breast cancer was practiced even in the 19th century (26). George Beatson, a surgeon, tried ovarian ablation as a mode of treatment for inoperable cancers of the breast (27). In the 1940s, Alexander Haddow studied the effect of synthetic estrogens on breast cancer (and other cancers as well) and found that the compounds showed partial reduction in tumor growth with no evidence of the prevention of metastases and relapse (28). However, today, endocrine therapies are one of the widely used options for ER-positive cancers. The strategies used include estrogen ablation and administration of selective estrogen receptor modulators (SERMs) such as tamoxifen or aromatase inhibitors and occasionally GnRH modulators (29). These strategies not only come with side effects such as bone loss but also result in resistance very often.

Similarly, in the case of prostate, androgen deprivation therapy has been a treatment of choice (30). This is achieved by surgical or chemical castration. The latter includes 1) GnRH agonists/analogs or LHRH agonists/analogs [e.g., goserelin (Zoladex, AstraZeneca UK Limited)], 2) GnRH antagonists or LHRH antagonists [e.g., degarelix (Firmagon, Ferring Pharmaceuticals, Switzerland)], 3) Androgen receptor antagonists [e.g., flutamide and bicalutamide as first-generation drugs (Casodex, AstraZeneca UK Limited) and enzalutamide (Xtandi, Pfizer Inc. and Astellas Pharma Inc) as a second-generation drug], 4) Androgen synthesis inhibitors [abiraterone (Yonsa, Sun Pharma; Zytiga, Centocor Ortho Biotech Inc.)], and 5) Estrogens (29). In this case, like in breast cancer, resistance to ADT is a major challenge faced in treating the disease.

Treatment with estrogens is one of the modes of chemical castration used in prostate cancer treatment. It has been observed in Noble rats that prostate cancer develops when treated with estradiol and testosterone. When estrogen is administered, it gets converted into 4-catechol estrogen by a specific p450 cytochrome enzyme and oxidizes to catechol estrogen-3,4-quinones. These react with DNA and form depurinating adducts. These activate error-prone base excision repair resulting in an apurinic site eventually leading to mutations, which could be carcinogenic (31–35).

In the cell culture models of prostate cancer, it has been observed that local steroid metabolism is different in androgen-sensitive vs. Androgen-resistant cells (36). In LNCaP prostate cancer cells, as they progress toward an androgen refractory state, there are a decrease in oxidative activity and an increase in the reductive activity of 17-beta hydroxysteroid dehydrogenase 3 (17-βHSD). This results in the accumulation of bioactive estrogen (estradiol) in androgen refractory cells. Meanwhile, androgen-sensitive cells show a predominance of oxidized estrogens such as estrone (36).

Androgen-responsive LNCaP cells produce bioactive DHT and its derivatives as well as estrogen, while androgen-insensitive PC3 cells mainly produce oxidized androgen and estrogen derivatives such as androstenedione and estrone. This observation of altered steroid metabolism is crucial to the biological impact on the target cells (37).

The other very important factor that determines the balance between androgens and estrogens in the local tissue environment is the aromatase enzyme. Aromatase is the enzyme responsible for the conversion of androgens to estrogens and, hence, determines the local estrogen biosynthesis. It is important for regulating the balance between androgens and estrogens both at the tissue and plasma levels. Aberrant aromatase production and activity have been shown to have an important role in breast cancer. However, from the insights gained by mouse models such as ERKO, it is clear that the prostate is one of the major target organs for estrogen action. Hence, aromatase function is one of the important factors to be considered in prostate disease.

Aromatase is an enzyme coded by the gene CYP19 (aromatase cytochrome p450). Aromatase knockout mice have been generated and have been very useful in gaining insight into the roles of the aromatase enzyme in both sexes (38–40). The phenotype of these mice includes infertility and lack of sexual behavior in both sexes, defects in folliculogenesis and spermatogenesis, increased gonadotropins and testosterone, loss of bone mass, metabolic syndrome, and insulin resistance (41).

In the prostate gland, aromatase is expressed within the stroma of benign tissue, while in cancer, there is an alternate promoter utilization leading to the induction of epithelial expression. However, the role of aromatase in the prostate and its aberrant expression and contribution to prostate carcinogenesis remains unclear. Mouse models lacking aromatase (ArKO) and overexpressing aromatase (AROM+) have given us some insights into the role of this enzyme in prostate homeostasis and disease. In aromatase knockout mice (ArKO), the T:E ratio is altered. In the absence of conversion of testosterone to estrogen, testosterone accumulates, leading to hypertrophy and hyperplasia but no malignancy. In contrast, (AROM+) mice showed increased production of estrogen and low levels of testosterone, resulting in the emergence of premalignant lesions and inflammation upon aging (42) [reviewed in (43)].

Considering these problems of administering estrogens or aromatase inhibitors, using SERMs may seem a better option in treating prostate cancer. SERMs can act as agonists or antagonists based on the tissue and cell types they act on (44). SERMs mostly act by modulating the interaction between the ER and co-regulatory proteins. The availability and concentration of the co-regulators vary between tissues and form the basis of the selective agonistic or antagonistic activity of the SERMs in different cell types [reviewed in (45)]. For example, cis-5,11-diethyl-5,6,11,12-tetrahydrochrysene-2,8-diol or THC, an R,R enantiomer, displays a contrasting effect on ER-α and ER-β transcriptional activity. Upon binding of THC to these receptors, they act as agonists toward the ER-α and antagonists against the ER-β. Tamoxifen, the first clinically approved SERM, is known to inhibit the proliferation in the PC3 and DU145 by inhibiting protein kinase C and inducing p21 (waf1/cip1) and in LNCaP cells in combination with mifepristone (46, 47). Tamoxifen along with quercetin inhibits angiogenesis and proliferation in CWR22 prostate tumor xenograft growth (48). These effects of SERMs highlight the importance of these molecules in the treatment of prostate cancer.

SERMs, such as tamoxifen, toremifene, and raloxifene, were shown to suppress prostate cancer cell proliferation in mouse models and cultured cells (47, 49–51). However, clinical trials did not show the same efficacy (52–54). However, the combination of toremifene and ADT in patients with advanced prostate cancer has been found to have a relatively better effect (55).

Raloxifene binds to both the ER-α and ER-β. In prostate cancer cell lines, it appears to selectively act on the ER-β and induce apoptosis (49, 50). In human-xenografted CWR22 and CWRSA9 cells, it appears to antagonize the ER-α and, hence, cause apoptosis (56).

The results obtained from prostate cancer cell lines and mouse models seem conflicting, and one of the major reasons is because of the differential expression of the ER-α and ER-β and the AR in these cells. Also, the cell line models do not take into consideration the tumor stroma which has an undeniable effect on the behavior of the tumor cells including the response to any drug (57). It has also been shown that ER-β-specific agonist in combination with AR targeting therapies decreases the survival of castrate-resistant prostate cancer (CRPC) cells (58). One of the possible mechanisms of this would be by activating the tumor suppressor PTEN (59).

Selective androgen receptor modulators (SARMs), similar to SERMs, bind and act on androgen receptors in a context-specific mechanism. SARMs have been used in prostate cancer treatment, but they have their own drawbacks. AR signaling has dual effects at different doses—inducing growth at lower activity levels while suppressing growth at higher levels. In-vitro and in-vivo studies have shown that SARMs repressed MYC oncoprotein expression and inhibited the growth of castration-sensitive and castration-resistant prostate cancer. However, further understanding is required for better efficacy (60). SARMs also have been used for treating triple-negative breast cancer cells, where they suppress the expression of genes and their associated pathways intratumorally, which encourages the development of breast cancer via its actions on the AR (61). For example, SARM RAD140 substantially inhibits the growth of AR/ER+ breast cancer patient-derived xenografts (PDX) by activating the AR and by suppressing ER-α action (62). However, this even requires further investigations.

Although this article is mainly focused on prostate cancer, considering that breast and prostate cancer are very similar in many aspects (6), some of the issues discussed here would be relevant in breast cancer as well. Hormone deprivation therapies such as androgen deprivation therapies, although they appear to be straightforward, have many complications in the long run, including the emergence of androgen independence. The differential distribution of estrogen receptors and the opposing effect of signaling in different cell types (such as epithelial/tumor- and stroma/cancer-associated fibroblasts) could be some of the causes of the emergence of androgen independence after administering ADT (Figure 2). Also, in some cases, it may be useful to activate hormonal signaling such as ER-β-mediated signaling to get a better effect (63). Hormones have very intricate feedback and feed forward regulations, because of which tampering with an intermediate in the pathway (Ex: Testosterone) can cause a major shift in the hormonal balance (Testosterone/Estrogen ratio) (Figure S1). A shift in the balance between androgen and estrogen due to localized alterations in biosynthesis and metabolism may result in unintentional adverse effects. It becomes extremely important to keep all these aspects in consideration while designing endocrine therapies so as to avoid endocrine resistance.




Figure 2 | Differential distribution and effects of the AR and ER in the tumor and tumor microenvironment. The tumor is harbored in a complex microenvironment composed of different kinds of cells like immune cells, cancer-associated fibroblasts (CAFs), etc. The AR and ER show differential distribution and effects in the tumor and the stroma. Inhibiting the actions of the ER-α in the epithelium by certain drugs (e.g., tamoxifen) also suppresses the tumor-suppressive property of the ER-β in the stroma and disturbs the balance leading to resistant disease. Similarly, agents used to inhibit the tumor-promoting function of the epithelial AR (eAR) cause the stromal AR (sAR) to lose its tumor-suppressive action. Created in Biorender.com.
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