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ABSTRACT
	Background: The relationship between hormones and cancer development constitutes one of the most clinically consequential intersections in modern oncology. Sex hormones, mainly oestrogen, progesterone, and androgens, play a significant role in the onset, development, and advancement of various prevalent cancers, such as breast, endometrial, prostate, and ovarian cancers.
Aims: This mini-review synthesises current evidence on the molecular mechanisms underpinning hormone-driven carcinogenesis, critically evaluates epidemiological data linking hormonal exposure to cancer incidence, and appraises the clinical translation of this knowledge into contemporary prevention and therapeutic strategies.
Study Design: Narrative mini-review of published peer-reviewed literature.
Methods: A systematic review of existing literature was performed utilizing the PubMed/MEDLINE, Scopus, and Web of Science databases. Key search terms included: hormones, cancer, carcinogenesis, oestrogen receptor, androgen receptor, hormone replacement therapy, molecular mechanisms, chemoprevention, and precision oncology. Priority was given to meta-analyses, large prospective cohort studies, landmark randomised controlled trials, and high-impact mechanistic studies published between 1941 and 2024.
Results: Hormones drive carcinogenesis through genomic receptor activation, direct genotoxic effects via oestrogen-quinone DNA adducts, and epigenetic reprogramming. Epidemiological evidence consistently supports cumulative lifetime oestrogen exposure as the main determinant of breast and endometrial cancer risk. In prostate cancer, androgen receptor signalling is indispensable for disease initiation and progression. Emerging evidence implicates the gut microbiome, circadian rhythm disruption, and metabolic dysfunction as modulators of hormonal carcinogenesis. Clinical translation has produced a suite of highly effective interventions, aromatase inhibitors, selective oestrogen receptor modulators and degraders, CDK4/6 inhibitors, and next-generation androgen receptor antagonists that have substantially improved outcomes in hormone-sensitive cancers.
Conclusion: The hormone-cancer axis remains a productive frontier for both basic science and clinical oncology. Advances in liquid biopsy, single-cell genomics, and artificial intelligence are poised to further refine our mechanistic understanding and therapeutic precision, ultimately enabling individualised risk stratification and treatment optimisation in hormone-sensitive malignancies.
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1. INTRODUCTION
Cancer is currently the second most prominent cause of death globally, with approximately 19.3 million new cases and 10 million fatalities recorded in 2020 (Sung et al., 2021; Adekola et al., 2026). Among various biological factors that contribute to the onset of cancer, hormones, particularly those classified as sex steroids, hold a uniquely significant role. The idea of malignancy influenced by hormones has deep historical significance: in 1941, Charles Huggins and Clarence Hodges demonstrated that prostate cancer could regress through castration or estrogen treatment, a finding that awarded Huggins the Nobel Prize in Physiology or Medicine in 1966 and confirmed the endocrine system as a viable target for treatments (Huggins and Hodges, 1941).

Hormones act as versatile signaling molecules that regulate key cellular functions such as growth, differentiation, programmed cell death, metabolism, and the formation of new blood vessels. When hormonal balance is persistently disturbed, these regulatory pathways can be redirected to facilitate cancerous transformation and the advancement of tumours (Yager and Davidson, 2006). The biological validity of such processes is strongly backed by evidence: estrogen receptors (ERs) and androgen receptors (ARs) are found in tissues particularly vulnerable to hormone-sensitive cancers, while epidemiological studies from extensive cohort analyses demonstrate that prolonged exposure to hormones influences cancer risk in a dose-dependent manner.

Since Huggins' groundbreaking discovery, the field has evolved from basic approaches such as castration and surgical removal to more sophisticated methods involving targeted endocrine therapies, multi-gene expression testing, and liquid biopsy technologies that can identify resistance mutations in real time. In parallel, insights from cell biology and structural biochemistry have enhanced our understanding of receptor pharmacology, epigenetic modifications, and environmental factors influencing hormone-cancer interactions.

This mini-review aims to succinctly synthesize the current understanding of the hormone-cancer connection, structured around four main themes: (i) molecular pathways involved in hormone-induced carcinogenesis; (ii) epidemiological findings related to primary hormone-sensitive cancer types; (iii) new biological concepts such as the microbiome, circadian rhythms, and liquid biopsies; and (iv) practical applications in clinical settings, including targeted therapies and chemoprevention strategies. The objective is to provide an accessible yet thorough introduction to this swiftly developing domain for those in the fields of endocrinology, oncology, and laboratory medicine.
2. MOLECULAR MECHANISMS OF HORMONE-DRIVEN CARCINOGENESIS
2.1 Genomic and Non-Genomic Receptor Signalling
The traditional model of hormone activity describes the process in which a fat-soluble steroid hormone travels through the plasma membrane, binds to a receptor within the cell nucleus, and then forms a dimer, which attaches to specific hormone response elements (HREs) found in the promoter regions of targeted genes (Heldring et al., 2007). This genomic pathway leads to the transcriptional activation of genes that control cell cycle initiation (CCND1, MYC), the formation of new blood vessels (VEGF), and cell survival mechanisms (BCL2), establishing a molecular environment that supports continuous cell growth (Pietras and Szego, 1977). Besides this traditional pathway, there is also a rapid signaling mechanism that operates through membrane-bound receptors and G-protein-coupled receptor complexes. This pathway activates MAPK, PI3K/AKT, and mTOR signaling cascades, which enhance both cell growth and the prevention of programmed cell death (Yue et al., 2013).
Estrogen receptors α and β (ERα, ERβ) are distributed in different tissues and importantly, they result in different outcomes during cancer development. ERα is mainly found in the epithelial cells of breast ducts and the endometrium, where its activation promotes cell growth; it is either overexpressed or constantly active in around 70% of invasive breast cancer cases (Hartman et al., 2009). On the other hand, ERβ typically has inhibitory effects on growth and promotes differentiation, acting as a tumor suppressor in breast tissue. A relative lack of ERβ compared to ERα could heighten the risk of developing cancer (Haldosen et al., 2014). Mutations acquired in the ESR1 gene, which encodes for ERα, have become a significant factor in developing resistance to aromatase inhibitors in metastatic breast cancer, and their identification through liquid biopsy is now relevant for guiding treatment choices (Jeselsohn et al., 2018; Fribbens et al., 2016).
2.2 Direct Genotoxic Effects of Hormone Metabolites
In addition to proliferation driven by receptor interactions, some metabolites of hormones have direct genotoxic influences that individually contribute to the development of cancer. The metabolism of estradiol by cytochrome P450 enzymes (CYP1A1, CYP1B1) generates catechol estrogens, especially 4-hydroxyoestradiol, which can be further oxidized to form estrogen-2,3- and 3,4-quinones (Cavalieri and Rogan, 2014). These reactive quinones create depurinating adducts with adenine and guanine bases in DNA, leading to the formation of apurinic sites. If these sites are not fully repaired, they can cause point mutations in oncogenes and tumor suppressor genes (Cavalieri and Rogan, 2016). This mutagenic process occurs regardless of receptor engagement, indicating that the metabolic activation of estrogen qualifies as a genuine carcinogen, rather than simply a factor that stimulates cell division.

2.3 Epigenetic Reprogramming
Hormonal influence modifies the epigenome via mechanisms like DNA methylation, histone modifications following translation, and the regulation of non-coding RNA (Bhan et al., 2017). Continuous exposure to estrogen has been found to cause abnormal hypermethylation at the promoters of tumor suppressor genes, including BRCA1, CDKN2A, and MLH1. This effect silences essential protectors of genomic integrity without altering the actual DNA sequence (Zhu et al., 2018). Since epigenetic modifications are reliably inherited during cell division, these alterations represent a lasting method by which initial hormonal exposures, such as the timing of menarche or estrogen levels in the womb, can influence cancer susceptibility throughout a person’s life. The potential for epigenetic markers to be reversible also presents promising opportunities for preventive and therapeutic strategies.

3. EPIDEMIOLOGY OF HORMONE-SENSITIVE CANCERS
3.1 Breast Cancer
Breast cancer is a type of cancer that is influenced by hormones. Significant meta-analyses from the Collaborative Group, which looked at information from over 100 epidemiological studies, revealed a clear connection between total estrogen exposure and the risk of developing breast cancer (Collaborative Group on Hormonal Factors in Breast Cancer, 2012). Various factors that increase a person's lifetime exposure to estrogen, such as starting menstruation early, going through menopause late, never having children, being older at the first full-term pregnancy, and gaining weight after menopause, each raise the risk level. In contrast, experiencing menopause early, having preventive oophorectomy surgery, and breastfeeding provide some protection against the disease. More recently, Mendelian randomization studies that used genetic markers for natural sex hormone levels have shown causal links between testosterone and breast cancer in women, highlighting the role of sex hormones in the development of breast cancer (Ruth et al., 2020).

The effects of outside hormonal exposure from hormone replacement therapy (HRT) have been thoroughly studied. The Women’s Health Initiative (WHI) trial, the largest trial of its kind, revealed that using combined estrogen and progestogen HRT increases the chances of developing invasive breast cancer (hazard ratio ~1.26) compared to a placebo. This additional risk was found to persist even after long-term follow-ups (Rossouw et al., 2002; Chlebowski et al., 2020; Adedokun et al., 2023). Interestingly, estrogen-only HRT in women who have undergone hysterectomy was linked to a lower incidence of breast cancer in the same study. The Million Women Study supported these results on a larger scale, and a later individual participant meta-analysis of 58 epidemiological studies affirmed that current or recent use of HRT notably heightens breast cancer risk, with the level of risk dependent on the type, method, duration, and timing of initiation in relation to menopause (Collaborative Group on Hormonal Factors in Breast Cancer, 2019; Beral et al., 2019).
3.2 Endometrial Cancer
Endometrial carcinoma serves as the quintessential example of a cancer characterized by "unopposed oestrogen." In a typical endometrium, the hormone progesterone limits the growth-promoting effects of estrogen by stimulating 17β-hydroxysteroid dehydrogenase type 2, which changes oestradiol into the less effective oestrone, and by reducing the expression of ERα. When this equilibrium is disturbed, whether by anovulatory cycles, the use of external unopposed oestrogen, or granulosa cell tumours, persistent hyperoestrogenism can lead to the development of endometrial hyperplasia with atypical features and eventually evolve into endometrioid carcinoma (Henderson et al., 1988; Kaaks et al., 2002).
Obesity has been identified as the primary modifiable risk factor for endometrial cancer in modern populations, with estimates suggesting it accounts for around 40% of cases in wealthier nations (Onstad et al., 2016). Adipose tissue converts androgens into oestrone, resulting in a widespread state of hyperoestrogenism, while simultaneously increased insulin levels and heightened IGF-1 levels promote the growth of endometrial cells and inhibit cell death (Gunter et al., 2015). The presence of metabolic syndrome, which includes central obesity, insulin resistance, abnormalities in lipid levels, and high blood pressure, correlates with an almost threefold increased risk of developing endometrial cancer, according to meta-analytic findings (Esposito et al., 2014), illustrating an endocrine context for the worldwide increase in endometrial cancer cases.
3.3 Prostate Cancer
Prostate cancer relies completely on androgen signaling for its emergence and initial advancement. Testosterone, along with its metabolite dihydrotestosterone (DHT), which is processed in the prostate, stimulates the androgen receptor (AR). This activation directly regulates genes that enhance cell survival, growth, and differentiation within the prostatic epithelium (Nelson, 2003; Attard et al., 2016). Nevertheless, the epidemiology of prostate cancer becomes intricate due to the "saturation model": when testosterone levels are below a certain low threshold (~8 nmol/L), the growth of prostate cancer seems sensitive to androgens; however, above this saturation threshold, additional increases in testosterone do not correspondingly raise cancer risk, as the occupancy of the prostatic AR is already at its maximum level (Morgentaler and Traish, 2009; Morgentaler, 2006).

As prostate cancer advances, it inevitably transitions to a castration-resistant form of the disease, in which AR signaling is restored through various mechanisms,  including AR gene amplification, splice variants such as AR-V7, activating point mutations that allow flexible binding to ligands, and the synthesis of androgens from adrenal and intratumoral precursors (Watson et al., 2015). Together, these mechanisms sustain AR transcriptional activity even at very low systemic levels of androgens, which accounts for the observed resistance to standard androgen deprivation treatments and suggests reasonable targets for the development of next-generation therapies. Variations in the genes CYP3A4, CYP3A5 (associated with hormone metabolism), and SRD5A2 (responsible for transforming testosterone into a more active form) are prevalent among prostate cancer patients in Nigeria. These genetic differences probably account for the accelerated growth of tumours and the inadequate responses to conventional treatment methods (Adekola et al., 2026).
3.4 Ovarian Cancer
Ovarian cancer encompasses a biologically heterogeneous group of malignancies with varying hormonal dependencies. The historically dominant "incessant ovulation" hypothesis (Fathalla, 1971) proposes that recurrent cycles of ovulatory-induced surface epithelial injury and repair predispose to malignant transformation, consistent with the protective effects of oral contraceptives, multiparity, and breastfeeding on ovarian cancer risk (Collaborative Group on Epidemiological Studies of Ovarian Cancer, 2012). However, molecular pathological studies have substantially revised our understanding: high-grade serous ovarian carcinoma, the most lethal subtype, now appears predominantly to originate from the distal fallopian tube rather than the ovarian surface epithelium, implicating a distinct cellular origin and potentially different hormonal sensitivities (Kurman and Shih, 2016).

Table 1. Summary of key hormone-cancer relationships: biological mechanisms, epidemiological evidence, and first-line endocrine therapeutic approaches

	Cancer Type
	Key Hormone(s)
	Primary Mechanism
	Epidemiological Evidence
	Therapeutic Target

	Breast
	Oestrogen (ERα)
	ERα-driven transcription; 4-OHE₂ DNA adducts; methylation of BRCA1
	WHI trial (HR 1.26 for combined HRT); Collaborative Group meta-analyses
	SERMs, aromatase inhibitors, SERDs, CDK4/6 inhibitors

	Endometrial
	Oestrogen (unopposed); Insulin / IGF-1
	Mitogenic ERα activation; adipose aromatase; hyperinsulinaemia → ↓SHBG → ↑free oestrogen
	Obesity-attributable risk ~40%; metabolic syndrome OR ~3.0 (Esposito et al., 2014)
	Progestogens; metformin (investigational); lifestyle modification

	Prostate
	Androgens (DHT via AR)
	AR-driven proliferative gene transcription; AR amplification / splice variants in CRPC
	Castration model (Huggins & Hodges, 1941); saturation model (Morgentaler, 2009)
	LHRH analogues; AR antagonists (enzalutamide); CYP17A1 inhibitors (abiraterone)

	Ovarian
	Gonadotrophins; oestrogen (subtype-dependent)
	Incessant ovulation hypothesis; fallopian tube origin of HGSOC; hormonal milieu of endometrioid subtype
	OCP protective (OR ~0.65); HRT limited effect on HGSOC risk
	Platinum-based chemotherapy ± bevacizumab; PARP inhibitors (BRCA-mutated)


ERα: oestrogen receptor alpha; SERMs: selective oestrogen receptor modulators; SERDs: selective oestrogen receptor degraders; CRPC: castration-resistant prostate cancer; DHT: dihydrotestosterone; OCP: oral contraceptive pill; HGSOC: high-grade serous ovarian carcinoma; SHBG: sex hormone binding globulin; OR: odds ratio; HR: hazard ratio.

4. EMERGING CONCEPTS IN HORMONAL CARCINOGENESIS
4.1 The Oestrobolome and Gut Microbiome
A growing body of evidence implicates the gut microbiome as a systemic regulator of circulating oestrogen levels through the so-called "oestrobolome", the aggregate of gut bacterial genes whose encoded enzymes deconjugate glucuronidated oestrogen metabolites via β-glucuronidase activity, thereby enabling enterohepatic recirculation and increasing the bioavailability of active oestrogens (Plottel and Blaser, 2011). Postmenopausal women with breast cancer exhibit distinct gut microbiome compositions relative to healthy matched controls, with reduced microbial diversity and altered β-glucuronidase activity resulting in elevated urinary and serum oestrogen metabolite profiles (Goedert et al., 2015; Zhu et al., 2018). These findings suggest that microbiome modulation, through diet, prebiotics, probiotics, or targeted pharmacological intervention, may constitute a novel preventive strategy for oestrogen-driven cancers, although robust interventional data remain forthcoming.

4.2 Circadian Rhythm Disruption
Chronobiological disruption is increasingly recognised as a facilitator of hormone-dependent carcinogenesis. Circadian rhythms govern the diurnal oscillation of sex hormone synthesis and secretion, immune surveillance, DNA repair efficiency, and cell cycle progression. Shift work, the prototypical form of circadian misalignment, has been consistently associated with moderately elevated risks of breast and endometrial cancers in large prospective cohort studies, with relative risks in the range of 1.1–1.5 after adjustment for reproductive confounders (Schernhammer et al., 2013; Wegrzyn et al., 2017). The endogenous chronobiological hormone melatonin, synthesised by the pineal gland predominantly at night, exhibits direct anti-proliferative effects on oestrogen-responsive breast cancer cells through inhibition of ERα transcriptional activity, reduction of aromatase expression in adipose tissue, and potent antioxidant neutralisation of reactive oxygen species generated by oestrogen metabolism (Reiter et al., 2017). Light-at-night-mediated suppression of melatonin may therefore partially explain the increased cancer risk associated with shift work, and clinical trials of melatonin supplementation as an adjuvant oncological strategy are ongoing. 
4.3 Liquid Biopsy and Circulating Hormonal Biomarkers
Advances in cell-free DNA analysis and digital droplet PCR have transformed the clinical monitoring of hormone-sensitive cancers. Circulating tumour DNA (ctDNA) enables non-invasive, real-time detection of somatic mutations, including ESR1 mutations conferring resistance to aromatase inhibitors, that emerge under treatment selective pressure, providing a dynamic window into tumour evolution without the need for repeat tissue biopsies (Fribbens et al., 2016; Ignatiadis et al., 2021). Beyond mutation detection, circulating oestrogen metabolite profiles measured by mass spectrometry in plasma or urine have demonstrated predictive capacity for breast cancer risk stratification in postmenopausal women, with the ratio of 2-hydroxyoestrogens to 16α-hydroxyoestrone (the "2:16 ratio") serving as a proposed biomarker of metabolic oestrogen handling (Sampson et al., 2017). Integration of these multi-modal liquid biopsy platforms with traditional hormonal assays and genomic profiling holds significant promise for precision risk stratification and adaptive treatment strategies.

5. CLINICAL TRANSLATION: THERAPEUTICS AND CHEMOPREVENTION
5.1 Endocrine Therapy in Breast Cancer
The therapeutic use of the estrogen-breast cancer relationship has resulted in one of the most fruitful areas in cancer treatment. Tamoxifen, a selective estrogen receptor modulator (SERM), acts by competitively blocking ERα in breast tissue while still providing some estrogen-like effects in bones and the endometrium. It continues to be a fundamental part of adjuvant therapy for ERα-positive breast cancer in both pre-menopausal and post-menopausal women (Cuzick et al., 2013; Osborne and Schiff, 2011). Third-generation aromatase inhibitors, such as letrozole, anastrozole, and exemestane, reduce systemic estrogen production in post-menopausal women by inhibiting the conversion of androgens to estrogens in peripheral fat and gonadal tissue through CYP19A1 inhibition. These inhibitors have shown better results than tamoxifen in various large randomized trials regarding disease-free survival and the duration until metastasis occurs. Selective estrogen receptor degraders (SERDs), represented by fulvestrant and newer oral SERDs like elacestrant and camizestrant, achieve complete downregulation and degradation of ERα without any residual agonist activity. This quality makes them particularly useful in cases of acquired ESR1 mutations that lead to resistance against SERMs (Jeselsohn et al., 2018).
The incorporation of CDK4/6 inhibitors, palbociclib, ribociclib, and abemaciclib, into standard endocrine therapy has significantly altered the treatment approach for hormone receptor-positive, HER2-negative metastatic breast cancer. By inhibiting cyclin-dependent kinases 4 and 6, these drugs halt Rb phosphorylation and the subsequent activation of E2F-mediated transcription, effectively stopping cell cycle progression at the G1/S checkpoint without directly modulating hormone receptors (Finn et al., 2016; Turner et al., 2018; Adedokun et al., 2023). In the PALOMA-3 and MONALEESA studies, the combination of CDK4/6 inhibitors with endocrine therapy more than doubled the median progression-free survival compared to endocrine therapy alone, establishing this approach as the preferred first-line treatment in metastatic contexts.
5.2 Androgen Axis Targeting in Prostate Cancer
Androgen deprivation therapy (ADT), which can be administered through surgical castration, LHRH analogues, or LHRH antagonists, serves as the principal strategy for treating non-localized prostate cancer. Nonetheless, nearly all patients with metastatic prostate cancer eventually progress to castration-resistant prostate cancer (CRPC), in which androgen receptor (AR) signaling resumes even when there are low levels of circulating androgens, as outlined in Section 3.3. The introduction of abiraterone acetate, a highly effective and selective inhibitor of CYP17A1 that prevents the production of androgens in both tumours and the adrenal glands, along with the development of the second-generation AR antagonist enzalutamide, has marked significant progress in treating CRPC. Key phase III clinical trials (COU-AA-302 and PREVAIL) have shown considerable overall survival improvements with both drugs in patients with CRPC who have not undergone chemotherapy (de Bono et al., 2011; Ryan et al., 2013). Their application has now been broadened to include hormone-sensitive metastatic cancer alongside ADT. 
5.3 Precision Medicine and Multi-Gene Expression Profiling
The application of molecular profiling in the treatment of hormonal cancers has transformed the approach to management. Evaluations that assess several gene expressions, notably Oncotype DX with its 21-gene recurrence score and MammaPrint utilizing a 70-gene profile, take into consideration hormone receptor status, rates of cell proliferation, and tumor features. These factors collectively generate prognostic scores that guide decisions regarding adjuvant chemotherapy for women with ERα-positive early-stage breast cancer (Sparano et al., 2018). The TAILORx trial indicated that women with intermediate recurrence scores, ranging from 11 to 25, did not experience substantial benefits from adding chemotherapy to endocrine therapy. This implies that approximately 70% of patients identified as intermediate-risk avoided unnecessary adverse effects from chemotherapy. By incorporating novel immune-related markers, such as tumor-infiltrating lymphocyte density, PD-L1 expression, and certain circulating immune characteristics alongside traditional hormonal indicators, risk classification is becoming much more accurate than when relying solely on one type of marker (Loi et al., 2019; Griffiths et al., 2021).
5.4 Chemoprevention Strategies
The advancement of evidence-based chemoprevention strategies for hormone-sensitive cancers has seen remarkable development. In high-risk women, tamoxifen is shown to lower the incidence of breast cancer by roughly 38% over five years, according to the IBIS-I trial study conducted (Cuzick et al., 2013). Similarly, raloxifene provides a comparable reduction in risk, while also having a more favourable safety profile concerning the uterus. Aromatase inhibitors, such as exemestane and anastrozole, are now sanctioned for chemoprevention in post-menopausal women at high risk, based on findings from the MAP.3 and IBIS-II trials. Regarding endometrial cancer, the ability of metformin to diminish insulin and IGF-1 signaling, alongside its activation of AMPK-mediated mTOR inhibition, has led to clinical trials assessing its role as a chemopreventive and fertility-preserving treatment for women with atypical endometrial hyperplasia, which has shown promising initial outcomes (Mitsuhashi et al., 2014). Modifications to diet, particularly adherence to a Mediterranean dietary pattern abundant in polyphenols, phytoestrogens, and omega-3 fatty acids, have correlated with a significant decrease in breast cancer risk in the PREDIMED-Plus trial, illustrating a potent lifestyle intervention to support pharmacological measures for prevention (Toledo et al., 2015). Epidemiological studies have significantly enhanced our understanding of melatonin's potential role in cancer prevention. Some research suggests that melatonin levels or the effect of working night shifts (which diminishes melatonin production) inversely correlate with the risk of developing certain cancers, including breast, prostate, and colorectal types. These observations imply that elevated melatonin levels might impede tumor growth (Adedokun et al., 2024).

Table 2. Landmark clinical trials informing endocrine therapeutic strategies in hormone-sensitive cancers

	Trial
	Cancer Type
	Intervention
	Key Result
	Outcome Measure
	Reference

	WHI
	Breast
	CEE + MPA vs. placebo
	HR 1.26 for invasive breast cancer
	Incidence (RCT)
	Rossouw et al. (2002); Chlebowski et al. (2020)

	PALOMA-3
	Breast (HR+, HER2−, mBC)
	Palbociclib + fulvestrant vs. fulvestrant
	PFS 9.5 vs. 4.6 months
	Progression-free survival
	Turner et al. (2018)

	TAILORx
	Early breast (ER+, HER2−)
	Oncotype DX-guided endocrine ± chemo
	No chemo benefit (RS 11–25) in 70% of patients
	Disease-free survival
	Sparano et al. (2018)

	IBIS-I
	High-risk breast prevention
	Tamoxifen vs. placebo (5 years)
	38% reduction in breast cancer incidence
	Incidence (RCT)
	Cuzick et al. (2013)

	COU-AA-302
	CRPC (chemo-naïve)
	Abiraterone + prednisone vs. prednisone
	OS 34.7 vs. 30.3 months
	Overall survival
	Ryan et al. (2013)

	PREVAIL
	mCRPC
	Enzalutamide vs. placebo
	HR 0.70 for OS; HR 0.19 for radiographic PFS
	OS and rPFS
	de Bono et al. (2011)


CEE: conjugated equine oestrogen; MPA: medroxyprogesterone acetate; HR: hazard ratio; PFS: progression-free survival; OS: overall survival; RS: recurrence score; mBC: metastatic breast cancer; CRPC: castration-resistant prostate cancer; mCRPC: metastatic CRPC; rPFS: radiographic progression-free survival; RCT: randomised controlled trial.

6. FUTURE DIRECTIONS
6.1 Artificial Intelligence and Predictive Modelling
Machine learning and deep learning algorithms are beginning to leverage multi-dimensional hormonal, genomic, and clinical datasets to predict individual cancer risk and treatment response with unprecedented granularity (Rajkomar et al., 2019). Radiomics-based AI platforms can extract information on hormonal tumour phenotypes from imaging data without biopsy. At the same time, natural language processing tools can mine electronic health records for hormonal exposure histories at a population scale. As these tools mature and are validated in prospective settings, they are likely to transform how hormonal risk is assessed and communicated to patients in preventive oncology clinics.
6.2 Single-Cell and Spatial Transcriptomics
Single-cell RNA sequencing has revealed an extraordinary degree of transcriptional heterogeneity within hormone receptor-positive tumours, identifying rare cell populations with distinct hormonal sensitivities and resistance phenotypes that are invisible to bulk RNA approaches (Peng et al., 2019). Spatially resolved transcriptomics further maps these cellular states within the tumour microenvironment, capturing how hormone receptor-positive cancer cells interact with stromal fibroblasts, immune effectors, and vasculature. These technologies are expected to identify novel cell-state-specific vulnerabilities in hormone-sensitive cancers, particularly in the context of endocrine therapy resistance, where a small population of treatment-tolerant persister cells likely drives relapse (Griffiths et al., 2021).
7. CONCLUSION
The relationship between hormones and cancer encompasses genomic receptor signalling, direct mutagenic effects of metabolic intermediates, epigenetic reprogramming, and complex interactions with the microenvironment, the microbiome, and systemic metabolic state. Epidemiological evidence from some of the largest observational and interventional studies ever conducted confirms that cumulative hormonal exposure is a major, quantifiable determinant of breast, endometrial, prostate, and ovarian cancer risk. The clinical translation of this biological understanding has produced an extensive portfolio of endocrine therapies, SERMs, aromatase inhibitors, SERDs, CDK4/6 inhibitors, LHRH analogues, and next-generation AR antagonists that have fundamentally altered survival trajectories for millions of patients with hormone-sensitive malignancies.
Emerging concepts, including the oestrobolome, circadian hormone regulation, and liquid biopsy-enabled real-time monitoring of tumour evolution, are deepening mechanistic understanding and opening new therapeutic avenues. Looking ahead, the convergence of artificial intelligence, single-cell transcriptomics, and multi-omics integration with established hormonal biology promises to further individualise cancer risk prediction, prevention, and treatment — translating the century-old insight of Huggins and Hodges into ever more precise and effective clinical applications.
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