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Editorial on the Research Topic

Molecular mechanisms in lethal states of prostate cancer
In 2024, prostate cancer is the most commonly diagnosed cancer and second leading

cause of cancer-related mortality in American men (1). However, in patients with localized

or regional prostate cancer, the 5-year relative survival is near 100% (2). The excellent

prognosis in localized or regional prostate cancer is due to its frequently indolent activity

and the effectiveness of androgen deprivation therapy (ADT), surgery, and radiotherapy

early in the disease course (3). Death due to prostate cancer results from progression to

castration resistance and metastasis (4). The mechanisms that cause an indolent and

treatable disease to a lethal cancer is an ongoing area of research. In this editorial, we will

highlight a few notable molecular drivers of lethality. Our focus will be on aberrations in the

androgen receptor pathway, microRNA, and bony microenvironment, as highlighted by a

series of studies published under the Research Topic “Molecular Mechanisms in Lethal

States of Prostate Cancer.” We will place findings from these recent studies in the broader

context of mechanisms that cause resistance or metastasis, while touching upon a few

additional topics of emerging interest in this area. In doing so, we hope to identify potential

targets of therapy that can improve survival of men with lethal prostate cancer.

The androgen signaling pathway plays a critical role in prostate carcinogenesis and

aggressiveness (5). Targeting this pathway via ADT is a mainstay and effective treatment in

almost all stages of prostate cancer. Whether localized disease or de novometastatic disease,

evolution to more aggressive disease states is characterized by progression from castration-

sensitive to castration-resistant prostate cancer (CRPC) (6). Treatment for metastatic

prostate cancer in the modern era is characterized by ADT intensification (7). Recent

approvals in the treatment of metastatic castration-sensitive prostate cancer (mCSPC)

include the addition of docetaxel (8, 9) or novel hormonal therapies to ADT in the first-line

setting (10–14). In a subset of high-volume mCSPC patients, triplet therapies with ADT,

docetaxel, and a NHT have been established (15, 16). Despite these recent breakthroughs

with ADT intensification, progression to castration-resistance is nearly universal whereby
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mechanisms of castration-resistance has undergone extensive

research (17–19). Although metastatic CRPC (mCRPC) has

recently seen breakthroughs in targeted and non-targeted

systemic therapies, mCRPC often represents the lethal end-stage

of prostate cancer (7). There remains a high unmet need to

understand molecular pathways involved in the progression of

prostate cancer to lethal states with the hopes of identifying novel

biomarkers or therapeutic targets to improve outcomes in patients

with lethal forms of prostate cancer.

White III et al. recently proposed Src kinase as a candidate. The

group found that Src kinase, a non-receptor tyrosine kinase, regulated

both normal AR and AR splice variants. They also speculated that Src

kinase was involved with NHT resistance via upregulation of non-AR

steroid receptors, resulting in the bypassing of AR signaling for growth.

In their in vitro study, inhibition of Src kinase with saracatinib resulted

in ablation of the phosphorylation of AR Y534,in cells expressing both

normal AR or AR splice variants. As a result, AR expression and

activity was decreased regardless of AR status. They also revealed a

strong synergismwith saracatinib and enzalutamide which resulted in a

greater reduction of AR expression and activity and increased

apoptosis. The proposed mechanism was that saracatinib would

inhibit AR expression, AR activity, and prevent the upregulation of

non-AR steroid receptors induced by enzalutamide alone. Thus, Src

kinase may be a therapeutic target. We anticipate future in vivo and

human research to see if NHT and Src kinase inhibition would be a

viable combination therapy.

MicroRNAs are non-coding, regulatory RNAs that have important

roles in many cancers, including prostate cancer (20). They can act as

oncogenes, tumor suppressors, and even as mediators of lineage

plasticity (21–23). With dysregulation, these microRNAs can

promote carcinogenesis and metastasis. Duca et al. investigated this

in mice models and prostate cancer genetic databases. They

discovered that in mice injected with prostate cancer cells, high-

fat diets (versus normal diets) downregulated miR-133a-3p and

miR-1a-3p, resulting in increased tumor growth. A similar

downregulation of miR-133a-3p and miR-1a-3p was observed in

human prostate cancer samples compared to normal prostate tissue.

Thus, this study suggests the role of miR-133a-3p and miR-1a-3p as

tumor suppressors in prostate cancer. Additionally, miR-133a-3p

was found in lower levels in patients with metastasis compared to

no metastasis, suggesting miR-133a-3p as a protective factor against

metastasis. This finding reveals an interesting role of microRNA as

mediators of metastasis. Indeed, in a study by Cassidy et al., they

demonstrated in vitro and in vivo that overexpression of miR-379

played a protective role against prostate cancer metastasis. They

also saw that in human tissue, lower miR-379 levels were observed

in primary tumor samples and metastatic bone samples compared

to benign tissue. Two mechanisms were suggested. MiR-379

increased cell-cell adhesion, preventing cancer cells from breaking

off the primary tumor and therefore decreasing systemic spread of

cancer. And miR-379 decreased cell-bone adhesion which would

prevent cancer cells from seeding in the bone, the most common

metastatic site. Therefore, when miR-379 is downregulated, there is

a more favorable environment for metastasis. Given these findings,

further research is necessary to see how miRNA can regulate the

progression of prostate cancer into a metastatic and lethal disease.
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Since the most frequent metastatic site for prostate cancer is the

bone, the bony microenvironment has been a highly studied area of

interest (24, 25). In the bone, chemokines play a major role in

promoting prostate cancer metastasis and growth, which Johnson

and Cook outlines in their review. These chemokines include

CXCL8, CXCL12/CXCR4, CCL2, CCL5/CCR5/CCR4, CXCL13,

CXCL16, and CX3CL1/CX3CR1. From their review, a few notable

findings have emerged. CXCL8, CXCL12, CXCL13, CXCL16,

CCL2, CCL5, and CX3CL1 are involved with cancer cell

migration and invasion. CXCL8, CXCL16, and CCL2 are involved

with angiogenesis. CXCL8, CXCL12, CXCL13, CCL2, CCL5, and

CX3CL1 are involved with cancer proliferation. CXCL8, CXCL12,

and CCL2 are involved with osteoclastogenesis and osteolysis. And

CXCL8 and CXCL16 are involved with chemoresistance. As the

function of these chemokines in prostate cancer are being

discovered, their potential clinical utility becomes unveiled. For

example, CCL5 and CXCL8 were elevated in patients with

metastatic and aggressive prostate cancer and can potentially

function as biomarkers. Therapies against CCR5, CCR4, and

CXCR4 are already developed and can potentially block pro-

tumorigenic signals and metastasis. CCL2 inhibition showed

promising pre-clinical potential, but a clinical trial failed to show

anti-tumor activity with single-agent CCL2 inhibition (26). This

shows that as promising as pre-clinical studies might be, they must

be validated in the clinical setting. As such, further work into the

clinical application of these chemokines must be pursued.

Beyond these recent studies, our group and others have

demonstrated that glutamine metabolism plays a role in evolution of

prostate cancer to more therapy-resistant and aggressive states of

disease (27). Here, increased glutamine dependency or “addiction”

has been associated with prostate cancer progression from castration-

sensitive to castration-resistant states and neuroendocrine

differentiation across pre-clinical prostate cancer models (27).

Combination strategies to target glutamine metabolism in prostate

cancer are in active investigation.We have also shown that the systemic

antagonism of BMP/CD105 signaling can support the re-sensitization

of castration-resistant prostate cancer to androgen receptor signaling

inhibitors (ARSIs) through downregulation of AR-V7 (28). We are

currently conducting a phase II randomized trial of men with mCRPC

progressing on previous ARSI therapy to receive apalutamide with or

without carotuximab (anti-CD105 monoclonal antibody) (29). EZH2

inhibition has also shown promise in pre-clinical prostate cancer

models through the potential to enhance immune response through

activation of the dsRNA-STING-interferon stress axis (30).

Although early and localized cases of prostate cancer have

optimistic outcomes, metastatic and castration-resistant prostate

cancer remains lethal. Aberrations occurring in the above pathways

all play an interconnected role that results in metastatic, castration-

resistant prostate cancer. However, these findings represent some of the

many recent and ongoing efforts to identify novel mechanistic and

therapeutic targets to improve our care of patients with lethal prostate

cancer states. The pre-clinical data for these mechanisms are hopeful.

But they must be validated in the clinical context. Given this, further

research is still needed to implement these results to the bedside. We

hope that as these findings become clinically useful, we will be able to

improve the survival of men suffering from lethal prostate cancer.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1210487
https://doi.org/10.3389/fonc.2022.997457
https://doi.org/10.3389/fonc.2023.1252915
https://doi.org/10.3389/fonc.2023.1100585
https://doi.org/10.3389/fonc.2023.1100585
https://doi.org/10.3389/fonc.2024.1475178
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Kim et al. 10.3389/fonc.2024.1475178
Author contributions

DK: Writing – review & editing, Writing – original draft.

YL: Writing – review & editing. LE: Writing – review & editing.

EP: Writing – review & editing. NB: Writing – review & editing. JG:

Writing – review & editing, Writing – original draft.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by grants from the Department of Defense

(W81XWH-19-1-0388 to NB and W81XWH-19-1-0406 to JG).
Conflict of interest

YL: Consultant or Advisory Role – Astrazeneca, Pfizer, EMD

Serono. EP: Consulting or Advisory Role - CytoLumina, Genentech/

Roche, Janssen Oncology, Janssen Oncology, Novartis; Speakers’
Frontiers in Oncology 03
Bureau - Bayer; Research Funding - Pfizer; Patents, Royalties,

Other Intellectual Property - Patent on NanoVelcro Assay for

circulating tumor cells in prostate cancer; Travel, Accommodations,

Expenses - TRACONPharma. NB: Leadership - Kairos Pharma Lmt.,

Armida Labs, Inc; Consulting - TRACON Pharma, Cellgene, Xencor;

Research funding - Xencor. JG: Consultant or Advisory Role - EMD

Serono, Elsevier, Exelixis, QED Therapeutics, Natera, Basilea,

HalioDx, Eisai, Janssen, Astellas and Amgen.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. CA Cancer J Clin.
(2024) 74:12–49. doi: 10.3322/caac.21820

2. SEER*Explorer: An interactive website for SEER cancer statistics. Surveillance
Research Program, National Cancer Institute. Available online at: https://seer.cancer.
gov/statistics-network/explorer/ (Accessed June 28, 2024).

3. Hamdy FC, Donovan JL, Lane JA, Mason M, Metcalfe C, Holding P, et al. Active
monitoring, radical prostatectomy and radical radiotherapy in PSA-detected clinically
localised prostate cancer: the ProtecT three-arm RCT. Health Technol Assess. (2020)
24:1–176. doi: 10.3310/hta24370

4. PatrikidouA, Loriot Y, Eymard JC, Albiges L,Massard C, Ileana E, et al.Who dies from
prostate cancer? Prostate Cancer Prostatic Dis. (2014) 17:348–52. doi: 10.1038/pcan.2014.35

5. He Y, Xu W, Xiao YT, Huang H, Gu D, Ren S. Targeting signaling pathways in
prostate cancer: mechanisms and clinical trials. Signal Transduct Target Ther. (2022)
7:198. doi: 10.1038/s41392-022-01042-7

6. Sandhu S, Moore CM, Chiong E, Beltran H, Bristow RG, Williams SG. Prostate
cancer. Lancet. (2021) 398:1075–90. doi: 10.1016/S0140-6736(21)00950-8

7. Gebrael G, Fortuna GG, Sayegh N, Swami U, Agarwal N. Advances in the treatment of
metastatic prostate cancer. Trends Cancer. (2023) 9:840–54. doi: 10.1016/j.trecan.2023.06.009

8. James ND, Sydes MR, Clarke NW, Mason MD, Dearnaley DP, Spears MR, et al.
Addition of docetaxel, zoledronic acid, or both to first-line long-term hormone therapy
in prostate cancer (STAMPEDE): survival results from an adaptive, multiarm,
multistage, platform randomised controlled trial. Lancet. (2016) 387:1163–77.
doi: 10.1016/S0140-6736(15)01037-5

9. Sweeney C, Bracarda S, Sternberg CN, Chi KN, Olmos D, Sandhu S, et al.
Ipatasertib plus abiraterone and prednisolone in metastatic castration-resistant prostate
cancer (IPATential150): a multicentre, randomised, double-blind, phase 3 trial. Lancet.
(2021) 398:131–42. doi: 10.1016/S0140-6736(21)00580-8

10. James ND, de Bono JS, Spears MR, Clarke NW, Mason MD, Dearnaley DP, et al.
Abiraterone for prostate cancer not previously treated with hormone therapy. N Engl J
Med. (2017) 377:338–51. doi: 10.1056/NEJMoa1702900

11. Chi KN, Agarwal N, Bjartell A, Chung BH, Pereira de Santana Gomes AJ, Given
R, et al. Apalutamide for metastatic, castration-sensitive prostate cancer. N Engl J Med.
(2019) 381:13–24. doi: 10.1056/NEJMoa1903307

12. Davis ID, Martin AJ, Stockler MR, Begbie S, Chi KN, Chowdhury S, et al.
Enzalutamide with standard first-line therapy in metastatic prostate cancer. N Engl J
Med. (2019) 381:121–31. doi: 10.1056/NEJMoa1903835

13. Armstrong AJ, Szmulewitz RZ, Petrylak DP, Holzbeierlein J, Villers A, Azad A,
et al. ARCHES: A randomized, phase III study of androgen deprivation therapy with
enzalutamide or placebo in men with metastatic hormone-sensitive prostate cancer. J
Clin Oncol. (2019) 37:2974–86. doi: 10.1200/JCO.19.00799
14. Fizazi K, Tran N, Fein L, Matsubara N, Rodriguez-Antolin A, Alekseev BY, et al.
Abiraterone acetate plus prednisone in patients with newly diagnosed high-risk
metastatic castration-sensitive prostate cancer (LATITUDE): final overall survival
analysis of a randomised, double-blind, phase 3 trial. Lancet Oncol. (2019) 20:686–
700. doi: 10.1016/S1470-2045(19)30082-8

15. Fizazi K, Foulon S, Carles J, Roubaud G, McDermott R, Fléchon A, et al.
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