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ABSTRACT 
Castration-Resistant Prostate Cancer (CRPC) often has genetic alterations in the Androgen Receptor (AR) signaling 

pathway. Typically, CRPC drugs work by either curbing dihydrotestosterone biosynthesis or impeding AR signaling. 

In this mini-review, we discuss Drug-Tolerant Persister (DTP), a phenotypic state that is reversible and without genetic 

mutation on the AR. Persister cells may proffer a new perspective on the development of CRPC.
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ABOUT THE STUDY

The clinical challenge of prostate cancer

Prostate Cancer (PCa) incidence and mortality are estimated to 
increase from 1.41 and 0.375 million in 2020 to 2.43 and 0.74 
million in 2040 globally. Since Dr. Charles Huggins’ discovery in 
1941, Androgen Deprivation Therapy (ADT) has been the 
mainstay to control the spread of advanced prostate cancer 1. 
Despite the initial success, nearly all patients progress to 
Castration-Resistant Prostate Cancer (CRPC) and subsequently 
succumb to the disease within 1-3 years [1-8].

Androgen Deprivation Therapy (ADT)

ADT is achieved typically by either androgen level reduction 
through castration (orchiectomy, gonadotropin-releasing 
hormone analog, abiraterone, ODM-2085), Androgen Receptor 
(AR) blockade using AR inhibitor (flutamide, bicalutamide, 
nilutamide 8, enzalutamide, apalutamide, darolutamide, 
rezvilutamide) or a combination of both Significant efforts have 
been made over the last 80 years, yet the castration resistance 
issue remains unsettled [9-12], (Figure 1).

Mechanisms of castration resistance

Initially, the failure of ADT was thought to be due to a 
“hormone refractory” state. Evidence indicates, however, that 
AR pathway activation plays a pivotal role in most cases of 
“hormone refractory” cancers, and therefore the term 
Castration-Resistant Prostate Cancer (CRPC) was proposed [13]. 
CRPC can surmount AR signaling inhibition by various genetic 
and epigenetic mechanisms: e.g., AR overexpression and gene 
amplification, AR ligand-binding domain mutations, gene 
rearrangements, constitutively active AR variants, and alterations 
in pathways of androgen biosynthesis [14]. Although second-
generation drugs, such as enzalutamide binds to AR with greater 
affinity than bicalutamide and abiraterone blocks the adrenal 
source of androgen synthesis, can overcome the primary 
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Figure 1: Methods used for prostate cancer castration and the 
date of their early clinical utilization. LHRH: Luteinizing 
Hormone-Releasing Hormone.

    

    

    



The levels of TXNRD, TXN2, PRDX5, SCL7A11, and GPX4 are 
increased in DTP cells. SCL7A11: Solute Carrier Family 7 
member 11, SLC3A2: Solute Carrier Family 3 member 2, γGCS: 
γ-Glutamylcysteine Synthase, G6PD: Glucose-6-Phosphate 
Dehydrogenase, GSR: Glutathione-Disulfide Reductase, GSH: 
Glutathione, TXNRD: Thioredoxin Reductase, TXN: 
Thioredoxin, PRDX5: Peroxiredoxin 5, GPX4: Glutathione 
Peroxidase 4, ROOH: Peroxide. Glutathione peroxidase 4 
(GPX4), which catalyzes the reduction of hydrogen peroxide, 
organic hydroperoxides, and lipid hydroperoxides, also plays a 
role in in the AR inhibitor-resistant DTP state. We notice that 
Solute Carrier Family 7 Member 11 (SLC7A11), a component of 
the system-c, and GPX4 are up-regulated in the DTP cells, which 
protect prostate cancer cells from lipid peroxidation-induced 
death such as ferroptosis. Involvement of GPX4 has also been 
observed in other therapeutic drug-resistant DTP cells [22,34]. At 
present, involvement of PRDX5 has only been reported in AR 
inhibitor-induced DTP cells. However, an elevated level of 
PRDX5 seems to be inversely associated with the overall survival 
of liver, lung, and pancreatic cancer patients, suggesting a 
possible role of PRDX5 in other types of cancer.

CONCLUSION

A study of AR inhibitor-tolerant persister cells may offer a new 
perspective on the development of CRPC, namely reversible 
resistance can emerge without genetic alterations of the AR 
signaling pathway. The DTP model seems to recapitulate, at 
least in part, the clinical course of CRPC where both AR-
positive and negative, drug-resistant cancer cells arise. PRDX5 
appears to be a useful therapeutic target for CRPC patients. It is 
unclear, however, whether AR-positive and negative DTP cells 
behave similarly towards AR inhibitor treatment, whether they 
are equally reversible after drug withdrawal, and whether they 
have similar susceptibility to PRDX5 targeting drugs. DTP cell 
characteristics await further investigation.
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Figure 2: Up-regulation of lipid peroxidation pathway in AR 
inhibitor-resistant DTP state.
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resistance, castration resistance will recur after their extended use 
[15,16]. These cancer cells may also be cross-resistant to 
apalutamide and darolutamide [17]. In addition, utilization of 
second-generation AR inhibitors may force cancer cells to survive 
via AR-independent pathways, for instance, neuroendocrine 
prostate cancer [18].

DTP cell and CRPC

The above-mentioned drug resistance often involves genetic 
alterations related to the AR signaling pathway. However, 
castration resistance may also be acquired through a reversible 
drug tolerance, a phenotypic state that no longer depends on 
the drug-targeted pathway. We have recently observed that the 
Drug-Tolerant Persister (DTP) state is responsible for AR 
inhibitor resistance in vitro and CRPC development in vivo 
[19]. The notion of DTP originates from microbiology, where a 
subpopulation of bacteria can survive in antibiotics without 
initially being genetically resistant [20]. In 2010, drug-tolerant 
persister cancer cells were reported, which had enhanced drug 
resistance, did not carry genetic mutations, and were 
phenotypically reversible after drug withdrawal [21]. This 
original study revealed a small fraction of viable quiescent cells 
that survived the treatment with a drug concentration of 100-
fold greater than the IC50 for 9 days (DTP) and that resumed 
proliferation in continuous drug exposure for 33 days (Drug-
Tolerant Expanded Persister or DTEP) .

DTP cells have been observed in many cancer types including 
cancer of the lung, breast, ovary, colorectum, stomach, head and 
neck, pancreas, and prostate as well as melanoma, and leukemia, 
and considered as a main form of cancer cell resistance to 
chemotherapeutic drugs [22-28]. It is noteworthy that Neuro 
Endocrine (NE)-like cell biomarkers (CgA, CgB, NSE, and 
PTHrP) are also increased in DTP cells [19]. Therefore, the DTP 
model may well recapitulate the clinical course of CRPC where 
both AR-positive carcinoma and AR-negative neuroendocrine 
cancer cells develop [29-31].

Lipid peroxidation and drug resistance

Several mechanisms, namely epigenomic modification, 
transcriptional regulations, tumor microenvironment, and 
metabolic remodeling, have been reported to regulate cancer 
persister state [32]. Metabolic remodeling, specifically lipid 
peroxidation, seems to play a key role in the case of AR 
inhibitor-resistant persister cells. AR inhibitor (enzalutamide, 
EPI-001, darolutamide) treatment gives rise to DTP and the 
thioredoxin/peroxiredoxin pathway is up-regulated [19]. 
Peroxiredoxin 5 (PRDX5) promotes AR inhibitor resistance and 
CRPC development. Inhibition of PRDX5 quells DTP cell 
proliferation in culture, delays CRPC development in animal 
models, and stabilizes Prostate-Specific Antigen (PSA) 
progression and metastatic lesions in patients. PRDX5 is an 
antioxidant enzyme and its peroxidic Cys48 thiol (Cys48-SH) is 
oxidized to sulfenic acid (Cys48-SOH) while reducing hydrogen 
peroxide and alkyl hydroperoxides. The Cys152 on PRDX5 then 
reacts with Cys48-SOH to form an intramolecular disulfide. 
Thioredoxins reduce the disulfide bond, regenerate a sulfhydryl 
group on the Cys48, and thereby reactivate PRDX5 in a 
NADPH-dependent manner [33], (Figure 2).

Andrology, Vol.13 Iss.1 No:1000306 2

   



REFERENCES
1. Huggins C. Studies on prostatic cancer. I. The effect of castration, of 

estrogen and androgen injection on serum phosphatases in metastatic 
carcinoma of the prostate. Cancer Research. 1941;1(1):293-297.

2. Shore ND, Laliberte F, Ionescu-Ittu R. Real-world treatment 
patterns and overall survival of patients with metastatic castration-
resistant prostate cancer in the us prior to parp inhibitors. Adv Ther. 
2021;38(8):4520-4540.

3. Tolis G, Ackman D, Stellos A. Tumor growth inhibition in patients 
with prostatic carcinoma treated with luteinizing hormone-releasing 
hormone agonists. Proc Natl Acad Sci U S A. 1982;79(5): 
1658-1662.

4. O'Donnell A, Judson I, Dowsett M. Hormonal impact of the 
17alpha-hydroxylase/C(17,20)-lyase inhibitor abiraterone acetate 
(CB7630) in patients with prostate cancer. Br J Cancer. 2004;90(12): 
2317-2325.

5. Fizazi K, Bernard-Tessier A, Roubaud G. Targeted inhibition Of 
Cyp11a1 In Castration-Resistant Prostate Cancer. NEJM Evidence. 
2024;3(1):1-5.

6. Sogani PC, Ray B, Whitmore WF. Advanced prostatic carcinoma: 
Flutamide therapy after conventional endocrine treatment. Urology. 
1975;6(2):164-166.

7. Schellhammer P, Sharifi R, Block N. A controlled trial of 
bicalutamide versus flutamide, each in combination with luteinizing 
hormone-releasing hormone analogue therapy, in patients with 
advanced prostate cancer. Casodex Combination Study Group. 
Urology. 1995;45(5):745-752.

8. Dole EJ, Holdsworth MT. Nilutamide: An antiandrogen for the 
treatment of prostate cancer. Ann Pharmacother. 1997;31(1):65-75.

9. Morris MJ, Basch EM, Wilding G. Department of defense prostate 
cancer clinical trials consortium: A new instrument for prostate cancer 
clinical research. Clin Genitourin Cancer. 2009;7(1):51-57.

10. Chi KN, Agarwal N, Bjartell A. Apalutamide for metastatic, 
castration-sensitive prostate cancer. N Engl J Med. 2019;381(1):
13-24.

11. Fizazi K, Shore N, Tammela TL. Nonmetastatic, castration-resistant 
prostate cancer and survival with darolutamide. N Engl J Med. 10 
2020;383(11):1040-1049.

12. Gu W, Han W, Luo H. Rezvilutamide versus bicalutamide in 
combination with androgen-deprivation therapy in patients with high-
volume, metastatic, hormone-sensitive prostate cancer (CHART): A 
randomised, open-label, phase 3 trial. Lancet Oncol. 2022;23(10): 
1249-1260.

13. Scher HI, Halabi S, Tannock I. Design and end points of clinical 
trials for patients with progressive prostate cancer and castrate levels of 
testosterone: Recommendations of the prostate cancer clinical trials 
working group. J Clin Oncol. 2008;26(7):1148-1159.

14. Dai C, Dehm SM, Sharifi N. Targeting the androgen signaling axis 
in prostate cancer. J Clin Oncol. 2023;41(26):4267-4278.

15. Vander Ark A, Cao J, Li X. Mechanisms and approaches for 
overcoming enzalutamide resistance in prostate cancer. Front Oncol. 
2018;8(1):180-183.

16. Mostaghel EA, Marck BT, Plymate SR. Resistance to CYP17A1 
inhibition with abiraterone in castration-resistant prostate cancer: 
Induction of steroidogenesis and androgen receptor splice variants. 
Clin Cancer Res. 2011;17(18):5913-5925.

17. Zhao J, Ning S, Lou W. Cross-Resistance among next-generation
antiandrogen drugs through the AKR1C3/AR-V7 axis in advanced
prostate cancer. Mol Cancer Ther. 2020;19(8):1708-1718.

18. Beltran H, Prandi D, Mosquera JM. Divergent clonal evolution of
castration-resistant neuroendocrine prostate cancer. Nat Med.
2016;22(3):298-305.

19. Wang R, Mi Y, Ni J. Identification of PRDX5 as a target for the
treatment of Castration-Resistant prostate cancer. Adv Sci (Weinh).
2023:e2304939.

20. Levin-Reisman I, Ronin I, Gefen O, Braniss I, Shoresh N, Balaban
NQ. Antibiotic tolerance facilitates the evolution of resistance.
Science. 2017;355(6327):826-830.

21. Sharma SV, Lee DY, Li BH. A chromatin-mediated reversible drug-
tolerant state in cancer cell subpopulations. Cell. 2010;141(1):69-80.

22. Hangauer MJ, Viswanathan VS, Ryan MJ. Drug-tolerant persister
cancer cells are vulnerable to GPX4 inhibition. Nature.
2017;551(7679):247-250.

23. Rehman SK, Haynes J, Collignon E. Colorectal cancer cells enter a
diapause-like DTP state to survive chemotherapy. Cell. 2021;184(1):
226-242.

24. Kawakami R, Mashima T, Kawata N. ALDH1A3-mTOR axis as a
therapeutic target for anticancer drug-tolerant persister cells in gastric
cancer. Cancer Sci. 2020;111(3):962-973.

25. You JH, Lee J, Roh JL. Mitochondrial pyruvate carrier 1 regulates
ferroptosis in drug-tolerant persister head and neck cancer cells via
epithelial-mesenchymal transition. Cancer Lett. 2021;507:40-54.

26. Zhang M, Yang L, Chen D, Heisterkamp N. Drug-tolerant persister
B-cell precursor acute lymphoblastic leukemia cells. bioRxiv. 2023.

27. Dash S, Ueda T, Komuro A. MYC/Glutamine dependency is a
therapeutic vulnerability in pancreatic cancer with deoxycytidine
kinase inactivation-induced gemcitabine resistance. Mol Cancer Res.
2023;21(5):444-457.

28. Poulios E, Mykoniatis I, Pyrgidis N, Zilotis F, Kapoteli P, Kotsiris
D, et al. Platelet-rich plasma improves erectile function: A double-
blind, randomized, placebo-controlled clinical trial. J Sex Med.
2021;18(5):926-935.

29. Yuan TC, Veeramani S, Lin MF. Neuroendocrine-like
prostate cancer cells: Neuroendocrine transdifferentiation of
prostate adenocarcinoma cells. Endocr Relat Cancer.
2007;14(3):531-47.

30. Alshalalfa M, Liu Y, Wyatt AW. Characterization of transcriptomic
signature of primary prostate cancer analogous to prostatic small cell
neuroendocrine carcinoma. Int J Cancer. 2019;145(12):3453-3461.

31. Islam R, Mishra J, Polavaram NS. Neuropilin-2 axis in regulating
secretory phenotype of neuroendocrine-like prostate cancer cells and
its implication in therapy resistance. Cell Rep. 2022;40(3):111097.

32. Mikubo M, Inoue Y, Liu G, Tsao MS. Mechanism of drug tolerant
persister cancer cells: The landscape and clinical implication for
therapy. J Thorac Oncol. 2021;16(11):1798-1809.

33. Bakovic J, Yu BYK, Silva D. A key metabolic integrator, coenzyme A,
modulates the activity of peroxiredoxin 5 via covalent modification.
Mol Cell Biochem. 2019;461(1-2):91-102.

34. Viswanathan VS, Ryan MJ, Dhruv HD. Dependency of a therapy-
resistant state of cancer cells on a lipid peroxidase pathway. Nature.
2017;547(7664):453-457.

Chen YQ

Andrology, Vol.13 Iss.1 No:1000306 3

https://acsjournals.onlinelibrary.wiley.com/doi/abs/10.3322/canjclin.22.4.232
https://acsjournals.onlinelibrary.wiley.com/doi/abs/10.3322/canjclin.22.4.232
https://acsjournals.onlinelibrary.wiley.com/doi/abs/10.3322/canjclin.22.4.232
https://link.springer.com/article/10.1007/s12325-021-01823-6
https://link.springer.com/article/10.1007/s12325-021-01823-6
https://link.springer.com/article/10.1007/s12325-021-01823-6
https://www.pnas.org/doi/abs/10.1073/pnas.79.5.1658
https://www.pnas.org/doi/abs/10.1073/pnas.79.5.1658
https://www.pnas.org/doi/abs/10.1073/pnas.79.5.1658
https://www.nature.com/articles/6601879
https://www.nature.com/articles/6601879
https://www.nature.com/articles/6601879
https://evidence.nejm.org/doi/full/10.1056/EVIDoa2300171
https://evidence.nejm.org/doi/full/10.1056/EVIDoa2300171
https://www.sciencedirect.com/science/article/abs/pii/0090429575907049?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0090429575907049?via%3Dihub
https://www.goldjournal.net/article/S0090-4295(99)80077-6/pdf
https://www.goldjournal.net/article/S0090-4295(99)80077-6/pdf
https://www.goldjournal.net/article/S0090-4295(99)80077-6/pdf
https://www.goldjournal.net/article/S0090-4295(99)80077-6/pdf
https://journals.sagepub.com/doi/10.1177/106002809703100112
https://journals.sagepub.com/doi/10.1177/106002809703100112
https://www.sciencedirect.com/science/article/abs/pii/S1558767311700155?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S1558767311700155?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S1558767311700155?via%3Dihub
https://www.nejm.org/doi/full/10.1056/nejmoa1903307
https://www.nejm.org/doi/full/10.1056/nejmoa1903307
https://www.nejm.org/doi/10.1056/NEJMoa2001342
https://www.nejm.org/doi/10.1056/NEJMoa2001342
https://www.thelancet.com/journals/lanonc/article/PIIS1470-2045(22)00624-6/fulltext
https://www.thelancet.com/journals/lanonc/article/PIIS1470-2045(22)00624-6/fulltext
https://www.thelancet.com/journals/lanonc/article/PIIS1470-2045(22)00624-6/fulltext
https://www.thelancet.com/journals/lanonc/article/PIIS1470-2045(22)00624-6/fulltext
https://ascopubs.org/doi/10.1200/JCO.2007.12.4487
https://ascopubs.org/doi/10.1200/JCO.2007.12.4487
https://ascopubs.org/doi/10.1200/JCO.2007.12.4487
https://ascopubs.org/doi/10.1200/JCO.2007.12.4487
https://ascopubs.org/doi/10.1200/JCO.23.00433
https://ascopubs.org/doi/10.1200/JCO.23.00433
https://www.frontiersin.org/journals/oncology/articles/10.3389/fonc.2018.00180/full
https://www.frontiersin.org/journals/oncology/articles/10.3389/fonc.2018.00180/full
https://aacrjournals.org/clincancerres/article/17/18/5913/76502/Resistance-to-CYP17A1-Inhibition-with-Abiraterone
https://aacrjournals.org/clincancerres/article/17/18/5913/76502/Resistance-to-CYP17A1-Inhibition-with-Abiraterone
https://aacrjournals.org/clincancerres/article/17/18/5913/76502/Resistance-to-CYP17A1-Inhibition-with-Abiraterone
https://aacrjournals.org/mct/article/19/8/1708/92824/Cross-Resistance-Among-Next-Generation
https://aacrjournals.org/mct/article/19/8/1708/92824/Cross-Resistance-Among-Next-Generation
https://aacrjournals.org/mct/article/19/8/1708/92824/Cross-Resistance-Among-Next-Generation
https://www.nature.com/articles/nm.4045
https://www.nature.com/articles/nm.4045
https://onlinelibrary.wiley.com/doi/full/10.1002/advs.202304939
https://onlinelibrary.wiley.com/doi/full/10.1002/advs.202304939
https://www.science.org/doi/10.1126/science.aaj2191
https://www.science.org/doi/10.1126/science.aaj2191
https://www.cell.com/cell/fulltext/S0092-8674(10)00180-7?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867410001807%3Fshowall%3Dtrue
https://www.cell.com/cell/fulltext/S0092-8674(10)00180-7?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867410001807%3Fshowall%3Dtrue
https://www.nature.com/articles/nature24297
https://www.nature.com/articles/nature24297
https://www.cell.com/cell/fulltext/S0092-8674(20)31535-X?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS009286742031535X%3Fshowall%3Dtrue
https://www.cell.com/cell/fulltext/S0092-8674(20)31535-X?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS009286742031535X%3Fshowall%3Dtrue
https://onlinelibrary.wiley.com/doi/10.1111/cas.14316
https://onlinelibrary.wiley.com/doi/10.1111/cas.14316
https://onlinelibrary.wiley.com/doi/10.1111/cas.14316
https://www.sciencedirect.com/science/article/abs/pii/S030438352100118X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S030438352100118X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S030438352100118X?via%3Dihub
https://www.biorxiv.org/content/10.1101/2023.02.28.530540v1
https://www.biorxiv.org/content/10.1101/2023.02.28.530540v1
https://aacrjournals.org/mcr/article-abstract/21/5/444/726027/MYC-Glutamine-Dependency-Is-a-Therapeutic?redirectedFrom=fulltext
https://aacrjournals.org/mcr/article-abstract/21/5/444/726027/MYC-Glutamine-Dependency-Is-a-Therapeutic?redirectedFrom=fulltext
https://aacrjournals.org/mcr/article-abstract/21/5/444/726027/MYC-Glutamine-Dependency-Is-a-Therapeutic?redirectedFrom=fulltext
https://academic.oup.com/jsm/article-abstract/18/5/926/6956070?redirectedFrom=fulltext&login=false
https://academic.oup.com/jsm/article-abstract/18/5/926/6956070?redirectedFrom=fulltext&login=false
https://erc.bioscientifica.com/view/journals/erc/14/3/0140531.xml
https://erc.bioscientifica.com/view/journals/erc/14/3/0140531.xml
https://erc.bioscientifica.com/view/journals/erc/14/3/0140531.xml
https://onlinelibrary.wiley.com/doi/10.1002/ijc.32430
https://onlinelibrary.wiley.com/doi/10.1002/ijc.32430
https://onlinelibrary.wiley.com/doi/10.1002/ijc.32430
https://www.cell.com/cell-reports/fulltext/S2211-1247(22)00899-3?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2211124722008993%3Fshowall%3Dtrue
https://www.cell.com/cell-reports/fulltext/S2211-1247(22)00899-3?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2211124722008993%3Fshowall%3Dtrue
https://www.cell.com/cell-reports/fulltext/S2211-1247(22)00899-3?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2211124722008993%3Fshowall%3Dtrue
https://www.sciencedirect.com/science/article/pii/S1556086421023327?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1556086421023327?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1556086421023327?via%3Dihub
https://link.springer.com/article/10.1007/s11010-019-03593-w
https://link.springer.com/article/10.1007/s11010-019-03593-w
https://www.nature.com/articles/nature23007
https://www.nature.com/articles/nature23007

	Contents
	Persister Cells: A New Perspective on the Development of Castration-Resistant Prostate Cancer?
	ABSTRACT
	ABOUT THE STUDY
	The clinical challenge of prostate cancer
	Androgen deprivation therapy (ADT)
	Mechanisms of castration resistance
	DTP cell and CRPC
	Lipid peroxidation and drug resistance

	CONCLUSION
	CONFLICT OF INTEREST
	REFERENCES




