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Abstract

Bipolar androgen therapy (BAT) relies on oscillating levels of serum testosterone as
a way to treat patients with metastatic castration-resistant prostate cancer
(mCRPC). Aggressive-variant prostate cancers typically require combination
chemotherapy and are frequently associated with loss-of-function mutations in
tumor suppressor genes. Here we report clinical outcomes after BAT among
patients with mCRPC harboring pathogenic alterations in at least two of three
genes: TP53, PTEN, and RB1. In this setting, BAT induced a meaningful PSA50

response rate, progression-free survival and overall survival, particularly in
patients without prior chemotherapy.
Patient summary: Bipolar androgen therapy, in which drugs are used to raise
testosterone levels and then allow them to decrease again in a cycle, may be a safe
and effective treatment for prostate cancer that is resistant to testosterone sup-
pression and has mutations in tumor suppressor genes. A randomized study com-
paring this approach to chemotherapy is needed to confirm the findings.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of European Association of
Urology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
Bipolar androgen therapy (BAT) is an emerging treatment ity, a process by which the prostate cancer undergoes a ser-

strategy for patients with metastatic castration-resistant
prostate cancer (mCRPC). During BAT, serum testosterone
is cycled from supraphysiologic down to near-castrate
levels every month [1]. Multiple clinical trials have demon-
strated the benefit of BAT as a single-agent strategy and its
ability to resensitize patients to prior novel androgen recep-
tor (AR)-targeted therapies [2,3].

Treatment resistance to AR-targeted therapies occurs
through a variety of mechanisms, including lineage plastic-
lsevier B.V. on behalf of Eu
tivecommons.org/licenses/b

nd are joint senior authors.
ic Cancer Center, Minneapo
ies of molecular events resulting in less reliance on AR
signaling [4]. Loss-of-function mutations in tumor suppres-
sor genes have been associated with lineage plasticity and
the emergence of neuroendocrine prostate cancers or other
AR-indifferent cancers. Thus, the presence of at least two
mutations in TP53, RB1, and/or PTEN has been proposed as
a prognostic biomarker associated with aggressive prostate
cancer variants [5]. These aggressive-variant prostate can-
cers are largely resistant to AR-targeted therapies, but
ropean Association of Urology. This is an open access
y-nc-nd/4.0/).

lis, MN, USA.
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Fig. 1 – Waterfall plot of prostate-specific antigen (PSA) response in patients
with androgen receptor–indifferent metastatic castration-resistant pros-
tate cancer treated with bipolar androgen therapy. The best change in PSA
from baseline is shown for each patient stratified by molecular profile. The
PSA50 response rate was estimated at 45.5%.
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may respond favorably to taxane and platinum doublet
chemotherapy [6,7].

Even though prostate-specific antigen (PSA) production
is directly stimulated by testosterone, we have shown that
BAT can induce deep PSA responses in some patients with
mCRPC harboring inactivating TP53 or DNA-repair gene
mutations [8]. Given the efficacy of BAT in TP53-mutated
mCRPC, we hypothesized that BAT may yield a clinical ben-
efit in prostate cancers with an AR-indifferent phenotype,
which would address an unmet medical need.

We identified 22 patients with aggressive-variant
mCRPC, defined as inactivating mutations or genomic loss
in at least two of three specific genes (TP53, RB1, and/or
PTEN), identified via clinical-grade next-generation DNA
sequencing or immunohistochemistry (IHC) of either a pri-
mary or metastatic tumor. These patients were treated with
testosterone cypionate 400 mg intramuscularly every 28 d
in one of three prospective clinical trials (NCT02090114,
NCT03554317, and NCT02286921). All patients were also
maintained on luteinizing hormone–releasing hormone
agonist/antagonist therapy if not surgically castrated. Treat-
ment status for mCRPC ranged from treatment-naïve to
heavily pretreated patients with multiple novel AR-
targeted therapies in addition to taxane chemotherapy.
Here we report the clinical efficacy of BAT in terms of the
PSA50 response rate (�50% decline from baseline) and com-
posite progression-free survival (PFS, defined as the first of
either radiographic or clinical progression), and overall sur-
vival (OS). A full description of clinical and pathologic char-
acteristics is provided in the supplement.

The PSA50 response rate in the cohort was 45.5%
(n = 10/22; 95% confidence interval [CI] 24.4–67.8%;
Fig. 1). An additional two patients experienced a decline
in PSA from baseline that did not reach the PSA50 threshold
(PSAany = 54.5%; n = 12/22). All patients who experienced
PSA reductions on BAT had a pathogenic TP53 mutation
(while no PSA reductions were observed in patients with
combined PTEN/RB1 inactivation). No patients in this cohort
had mutations in all three genes of interest. Interestingly,
two patients who were previously resistant to enzalutamide
were rechallenged following BAT. Both patients experienced
a PSA50 response to enzalutamide retreatment. To better
understand the duration of benefit, we estimated the med-
ian PFS on BAT, which was 4.8 mo (95% CI 2.8–8.5; Fig. 2A).
Since this was a heterogeneous population with respect to
prior therapies, we also assessed the effect of prior
chemotherapy on PFS. Patients who received prior taxane
chemotherapy had a shorter median PFS in comparison to
chemotherapy-naïve patients (8.4 vs 3.6 mo; log-rank
p = 0.04; Fig. 2B). The median OS estimate for the whole
cohort was 34 mo (95% CI 15–not reached; Fig. 2C). Simi-
larly, patients without prior chemotherapy had a longer
median OS in comparison to taxane-treated patients (38
vs 15.1 mo; log-rank p = 0.04; Fig. 2D).

In a randomized trial, Corn et al [7] compared carbo-
platin in combination with cabazitaxel versus cabazitaxel
alone in men with mCRPC. A post hoc analysis revealed that
patients with alterations in at least two of TP53, PTEN, and
RB1, determined via circulating tumor DNA or IHC analysis,
had an estimated PFS of 2.2 mo with cabazitaxel alone ver-
sus 6.0 mo with carboplatin-cabazitaxel (p = 0.0003). OS
(17.4 vs 9.9 mo; p = 0.002) favored the carboplatin-
cabazitaxel arm in this cohort with combined tumor-
suppressor losses. In a separate study, an OS of �14 mo
was observed for patients with TP53�/RB1� mCRPC at the
start of novel AR-targeted therapy [9]. The median OS
approached 3 yr following treatment with BAT in our anal-
ysis, suggesting potential long-term benefits in comparison
to these prior studies. Similar to the study by Corn et al [7],
our patient population was heavily pretreated, with
chemotherapy-naïve patients experiencing the most favor-
able outcomes. Although chemotherapy remains the main-
stay of treatment for this aggressive subtype of prostate
cancer, grade �3 adverse events, including fatigue (20%)
and neutropenia (16%), were observed with combination
chemotherapy. In the largest randomized clinical trial using
BAT, the majority of adverse events were of low grade
(grade <2) [2]. Our data suggest that BAT may induce clini-
cally meaningful responses in aggressive-variant prostate
cancers with a more favorable safety profile in comparison
to a taxane/platinum doublet. Although anecdotal, the
observation that two patients achieved PSA responses to
enzalutamide rechallenge suggests that BAT has potential
for resensitization to novel AR-targeted therapies.

Several limitations of this analysis should be addressed.
(1) The number of patients is small. The confidence inter-
vals for the PFS and OS estimates are wide and broad con-
clusions are not prudent. (2) There was random sampling
of patients. The data come from a small number of patients
across different clinical trials for whom clinical-grade
molecular analyses were available. It is likely that other
patients in these studies may have had the requisite molec-
ular profile. This approach may have led to unintended bias
in the study. (3) We did not identify any patients with neu-
roendocrine features on pathology. Pathology review was
conducted on archived tissue and may not have detected
neuroendocrine transformation in late-stage disease. (4)
The study includes patient with a molecular profile detected
via IHC or next-generation sequencing. It is possible that



Fig. 2 – Progression-free survival (PFS) and overall survival (OS) on bipolar androgen therapy. Kaplan-Meier estimates of (A) composite PFS in the entire
cohort and (B) PFS stratified by prior chemotherapy exposure. PFS was longer for chemotherapy-naïve patients (red) than for patients treated with prior
taxane-based chemotherapy (blue): 8.4 mo (95% CI 2.8–NR) versus 3.6 mo (95% CI 1.9–NR); log-rank p = 0.04. Kaplan-Meier estimates of (C) OS in the entire
cohort and (D) OS stratified by prior chemotherapy exposure. OS was longer for chemotherapy-naïve patients (red) than for patients treated with prior
taxane-based chemotherapy (blue): 38 mo (95% CI 34–NR) versus 15.1 mo (2.8–NR); log-rank p = 0.04. chemo = chemotherapy; CI = confidence interval;
NR = not reached.
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clinical benefit may have been differentially affected by the
technique used for eligibility. (5) The study is not random-
ized. Corn et al. [7] reported significant PFS and OS differ-
ences across different treatment paradigms using the
carboplatin-cabazitaxel combination. Although our PSA
response rates and PFS and OS estimates suggest prelimi-
nary efficacy, a randomized study with BAT is necessary
to derive further conclusions.

Our findings suggest that BAT may have a role in treat-
ment of an aggressive molecular phenotype of mCRPC char-
acterized by combined tumor-suppressor losses. Given the
tolerability of BAT in comparison to combination
chemotherapy, more patients may be eligible for this
unique treatment paradigm. Further study of BAT in this
clinical setting is warranted.

Author contributions: Mark C. Markowski had full access to all the data

in the study and takes responsibility for the integrity of the data and the

accuracy of the data analysis.
Study concept and design: Markowski, Wang, De Marzo, Schweizer, Anto-

narakis, Denmeade.

Acquisition of data: Markowski, Schweizer, Denmeade.

Analysis and interpretation of data: Markowski, Wang, De Marzo, Sch-

weizer, Antonarakis, Denmeade.

Drafting of the manuscript: Markowski, Antonarakis.

Critical revision of the manuscript for important intellectual content: Mar-

kowski, Wang, De Marzo, Schweizer, Antonarakis, Denmeade.

Statistical analysis: Wang.

Obtaining funding: Markowski, Denmeade, Antonarakis.

Administrative, technical, or material support: Markowski.

Supervision: Antonarakis, Denmeade.

Other: None.

Financial disclosures: Mark C. Markowski certifies that all conflicts of

interest, including specific financial interests and relationships and affili-

ations relevant to the subject matter or materials discussed in the manu-

script (eg, employment/affiliation, grants or funding, consultancies,

honoraria, stock ownership or options, expert testimony, royalties, or

patents filed, received, or pending), are the following: Michael T. Sch-



E U R O P E A N U R O L O G Y O P E N S C I E N C E 4 1 ( 2 0 2 2 ) 1 1 2 – 1 1 5 115
weizer is a paid consultant for AstraZeneca, PharmaIn, and Resverlogix,

and has received institutional research funding from Zenith Epigenetics,

Bristol-Myers Squibb, Merck, Immunomedics, Janssen, AstraZeneca, Pfi-

zer, Madison Vaccines, Hoffman-La Roche, Tmunity, SignalOne Bio, and

Ambrx. Emmanuel S. Antonarakis is a paid consultant/advisor for Amgen,

AstraZeneca, Bayer, Blue Earth, Bristol-Myers Squibb, Celgene, Clovis,

Constellation, Curium, Eli Lilly, ESSA, Exact Sciences, Foundation Medi-

cine, GlaxoSmithKline, Invitae, Janssen, Johnson & Johnson, Merck, Sanofi,

and Tempus, and is co-inventor of a biomarker technology licensed to

Qiagen. Samuel R. Denmeade has received research funding from Astellas.

Mark C. Markowski is a paid consultant for Clovis and Exelixis. Hao Wang

and Angelo M. De Marzo have nothing to disclose.

Funding/Support and role of the sponsor: This project was supported by

the Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins

National Institutes of Health grant P30 CA006973, R01 CA184012, a PCF

Challenge Award, and an Allegheny Health Network Award. The sponsors

played a role in the design and conduct of the study. The content is solely

the responsibility of the authors and does not necessarily represent the

official views of the National Cancer Institute or the National Institutes

of Health.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.euros.2022.05.006.

References

[1] Denmeade SR, Isaacs JT. Bipolar androgen therapy: the rationale for
rapid cycling of supraphysiologic androgen/ablation in men with
castration resistant prostate cancer. Prostate 2010;70:1600–7.

[2] Denmeade SR, Wang H, Agarwal N, et al. TRANSFORMER: a
randomized phase II study comparing bipolar androgen therapy
versus enzalutamide in asymptomatic men with castration-resistant
metastatic prostate cancer. J Clin Oncol 2021;39:1371–82.
[3] Markowski MC, Wang H, Sullivan R, et al. A multicohort open-label
phase II trial of bipolar androgen therapy in men with metastatic
castration-resistant prostate cancer (RESTORE): a comparison of
post-abiraterone versus post-enzalutamide cohorts. Eur Urol
2021;79:692–9.

[4] Beltran H, Hruszkewycz A, Scher HI, et al. The role of lineage
plasticity in prostate cancer therapy resistance. Clin Cancer Res
2019;25:6916–24.

[5] Aparicio AM, Shen L, Tapia EL, et al. Combined tumor suppressor
defects characterize clinically defined aggressive variant prostate
cancers. Clin Cancer Res 2016;22:1520–30.

[6] Aparicio AM, Harzstark AL, Corn PG, et al. Platinum-based
chemotherapy for variant castrate-resistant prostate cancer. Clin
Cancer Res 2013;19:3621–30.

[7] Corn PG, Heath EI, Zurita A, et al. Cabazitaxel plus carboplatin for the
treatment of men with metastatic castration-resistant prostate
cancers: a randomised, open-label, phase 1–2 trial. Lancet Oncol
2019;20:1432–43.

[8] Markowski MC, Kachhap S, De Marzo AM, et al. Molecular and
clinical characterization of patients with metastatic castration
resistant prostate cancer achieving deep responses to bipolar
androgen therapy. Clin Genitourin Cancer 2022;20:97–101.

[9] Nyquist MD, Corella A, Coleman I, et al. Combined TP53 and RB1 loss
promotes prostate cancer resistance to a spectrum of therapeutics
and confers vulnerability to replication stress. Cell Rep
2020;31:107669.

aDepartment of Oncology, Sidney Kimmel Comprehensive Cancer Center,
Johns Hopkins University, Baltimore, MD, USA

bDepartment of Biostatistics, Johns Hopkins School of Medicine, Baltimore,
MD, USA

cDepartment of Pathology, Johns Hopkins School of Medicine, Baltimore,
MD, USA

dDepartment of Medicine, Division of Oncology, University of Washington,
Seattle, WA, USA

eClinical Research Division, Fred Hutchinson Cancer Research Center,
Seattle, WA, USA

* Corresponding author. Department of Oncology, Sidney Kimmel
Cancer Center, Johns Hopkins, Viragh Building, 201 N Broadway,

Baltimore, MD 21287, USA.
E-mail address: mmarko12@jhmi.edu (M.C. Markowski).

https://doi.org/10.1016/j.euros.2022.05.006
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0005
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0005
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0005
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0010
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0010
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0010
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0010
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0015
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0015
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0015
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0015
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0015
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0020
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0020
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0020
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0025
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0025
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0025
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0030
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0030
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0030
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0035
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0035
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0035
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0035
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0040
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0040
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0040
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0040
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0045
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0045
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0045
http://refhub.elsevier.com/S2666-1683(22)00612-7/h0045
mailto:mmarko12@jhmi.edu

	Clinical Efficacy of Bipolar Androgen Therapy in Men with �Metastatic Castration-Resistant Prostate Cancer and Combined Tumor-Suppressor Loss
	Appendix A Supplementary data
	References


