
INTRODUCTION

Prostate cancer (PCa) is the second most frequent 
cancer among males and was the cause of an estimated 
375,000 deaths worldwide in 2020 [1]. In the 1940s, 
Charles Huggins found that patients with metastatic 
PCa respond to androgen deprivation therapy (ADT), 

which ultimately initiated therapies for PCa [2]. Nearly 
all patients respond to ADT; however, the duration of 
response varies from months to years. Thereafter, the 
disease progresses to a lethal stage called castration-
resistant PCa (CRPC). In 2004, docetaxel, a taxane 
chemotherapy, was first demonstrated to prolong the 
survival of men with metastatic CRPC (mCRPC) and 
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The introduction of novel therapeutic agents for advanced prostate cancer has led to a wide range of treatment options for 
patients with metastatic castration-resistant prostate cancer (mCRPC). In the past decade, new treatment options for mCRPC, 
including abiraterone, enzalutamide, docetaxel, cabazitaxel, sipuleucel-T, radium-223, 177Lu-PSMA-617, and Olaparib, have 
demonstrated a survival benefit in phase 3 trials. Bone-modifying agents have become part of the overall treatment strategy 
for mCRPC, in which denosumab and zoledronic acid reduce skeletal-related events. Recently, androgen receptor-signaling 
inhibitors (ARSIs) and docetaxel have been used upfront against metastatic castration-sensitive prostate cancer. Further, triplet 
therapy with ARSI, docetaxel, and androgen deprivation therapy is emerging. However, cross-resistance may occur between 
these treatments, and the optimal treatment sequence must be considered. The sequential administration of ARSIs, such as 
abiraterone and enzalutamide, is associated with limited efficacy; however, cabazitaxel is effective for patients with mCRPC 
who were previously treated with docetaxel and had disease progression during treatment with ARSI. Radioligand therapy 
with 177Lu-PSMA-617 is a new effective class of therapy for patients with advanced PSMA-positive mCRPC. Tumors with 
gene alterations that affect homologous recombination repair, such as BRCA1 and BRCA2 alterations, are sensitive to poly 
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has since become the standard therapy for mCRPC 
[3,4]. In the past decade, new treatment options for 
mCRPC have been approved, including abiraterone [5,6], 
enzalutamide [7,8], cabazitaxel [9-12], sipuleucel-T [13], 
radium-223 [14], 177Lu-PSMA-617 [15], and olaparib [16,17]. 
These therapeutic agents have led to improved surviv-
al of mCRPC patients in phase 3 clinical trials [3-9,12-
18] (Table 1). Recently, androgen receptor-signaling in-
hibitors (ARSIs) and docetaxel have been used upfront 
against metastatic castration-sensitive PCa (mCSPC) 
[19-25], and nonmetastatic CRPC [26-28]. However, cross-
resistance may occur between these treatments, and 
the optimal treatment sequence must be considered [29]. 
mCRPC remains an incurable and fatal disease despite 
the existence of multiple treatments that prolong sur-
vival. This review provides an updated summary on 
current therapies for the management of mCRPC.

METHODS

A literature search was carried out using PubMed/
Medline database in January 2022 to identify relevant 
publications (Fig. 1). The following keywords were used: 
prostate cancer, metastatic castration-resistant prostate 
cancer, abiraterone, enzalutamide, docetaxel, cabazi-
taxel, olaparib, radium-223, and clinical randomized 
controlled trial. Clinical trials of systemic therapy for 
mCRPC were eligible for inclusion in this review. New-
ly published articles up to August 2022 were included. 
The authors' knowledge of the current literature was 

utilized to ensure proper final literature selection.

ARSIs

Although the response rates to ADT are initially 
high, most PCa patients inevitably develop CRPC over-
time. According to the current European Association of 
Urology guideline, CRPC is defined as castrate serum 
testosterone <50 ng/dL or 1.7 nmol/L plus one of the 
following types of progression: biochemical progression 
(three consecutive increases in prostate specific antigen 
[PSA] 1 wk apart, resulting in two 50% increases over 
the nadir, and PSA >2 ng/mL) or radiological progres-
sion [30]. A similar definition for castrate serum testos-
terone levels has been provided in the Prostate Cancer 
Clinical Trials Working Group (PCWG) 2 criteria and 
the PCWG 3 criteria updated in 2016 [31,32]. PCWG 3 
defined that PSA 1.0 ng/mL is the minimal starting 
value if a confirmed rise in PSA is the only indication 
of progression, unless pure small-cell carcinoma [32].

The androgen receptor (AR) pathway is often found 
to be activated in CRPC [33]. AR plays pivotal roles in 
CRPC; PCa changes the AR status and adapts to sur-
vive under castration levels of androgen. The underly-
ing mechanisms include AR mutations, AR overexpres-
sion, changes in androgen biosynthesis, constitutively 
active AR splice variants, and changes in androgen 
cofactors [34,35]. ARSIs, abiraterone and enzalutamide, 
are currently extensively used in the clinic against 
mCRPC.
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(n=1,164)
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(n=295)

Newly published article
(n=1)

Fig. 1. Literature screening to identify 
relevant publications. A literature search 
was performed using PubMed/Medline 
database in January 2022. Thereafter, 
the duplicates were removed. At the first 
screening, the clinical trials for systemic 
therapy for mCRPC were selected. At the 
second screening, the clinical random-
ized controlled trials regarding active 
agents for mCRPC were selected. One 
article published between January 2022 
and August 2022 was included in the 
analysis. mCRPC: metastatic castration-
resistant prostate cancer.
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1. Abiraterone
Abiraterone blocks CYP17, a critical enzyme in tes-

tosterone synthesis, thereby blocking androgen synthe-
sis by the adrenal glands, testes, and within the pros-
tate tumor. The concurrent administration of low-dose 
prednisone with abiraterone is required to prevent 
mineralocorticoid-related adverse events, including 
fluid retention, hypertension, and hypokalemia.

In the COU-AA-301 trial, patients with mCRPC 
who had previously been treated with docetaxel were 
randomly assigned to receive abiraterone or placebo. 
After a median follow-up of 12.8 months, the overall 
survival (OS) was longer in the abiraterone group than 
that in the placebo group (14.8 vs.10.9 months; hazard 
ratio [HR], 0.65; 95% confidence interval [CI], 0.54–0.77; 
p<0.001) [5]. Abiraterone also improved all secondary 
end points, including time to PSA progression (10.2 vs. 
6.6 months, p<0.001), progression-free survival (PFS) (5.6 
vs. 3.6 months, p<0.001), and PSA 50% response (29% 
vs. 6%, p<0.001) [5]. In the final analysis of the COU-
AA-301 trial, the median OS of the abiraterone group 
was longer than that of the placebo group (15.8 vs. 11.2 
months; HR, 0.74; 95% CI, 0.64–0.86; p<0.0001) [36]. In 
the COU-AA-302 trial, abiraterone was evaluated in 
patients with chemotherapy-naive mCRPC without 
clinically significant cancer-related symptoms. The 
median radiographic PFS (rPFS) was 16.5 months with 
abiraterone and 8.3 months with placebo (HR, 0.53; 95% 
CI, 0.45–0.62; p<0.001) [6]. In the final analysis of the 
COU-AA-302 trial, median OS was significantly lon-
ger in the abiraterone group than that in the placebo 
group (34.7 vs. 30.3 months; HR, 0.81; 95% CI, 0.70–0.93; 
p=0.0033) [37]. Thus, abiraterone improved the OS of 
chemotherapy-treated and chemotherapy-naive pa-
tients with mCRPC.

Currently, abiraterone can be used upfront against 
mCSPC. The LATITUDE trial revealed that the addi-
tion of abiraterone to ADT significantly increased the 
OS and rPFS of patients with newly diagnosed high-
risk mCSPC who had at least two of the three follow-
ing high-risk factors associated with poor prognosis: a 
Gleason score of 8 or more, at least three bone lesions, 
and presence of visceral metastasis [20]. The STAM-
PEDE trial also revealed that ADT plus abiraterone 
was associated with significantly higher rates of OS 
and failure-free survival than ADT alone among men 
with locally advanced or metastatic PCa [38]. Recently, 
the PEACE-1 trial revealed that triplet therapy, which 

comprised ADT, docetaxel, and abiraterone, improved 
the OS and rPFS of patients with mCSPC [24]. Such 
evidence will change the treatment approach in clini-
cal practice and influence the treatment sequence for 
mCRPC.

2. Enzalutamide
Enzalutamide is a second-generation, nonsteroidal 

AR inhibitor that competitively binds to the ligand-
binding domain of the AR, inhibiting AR translocation 
to the cell nucleus, AR cofactor recruitment, and AR 
binding to DNA.

In the AFFIRM trial, patients with mCRPC after 
chemotherapy were randomly assigned to receive 
enzalutamide or placebo [7]. The median OS was 18.4 
months in the enzalutamide group versus 13.6 months 
in the placebo group (HR, 0.63; 95% CI, 0.53–0.75; 
p<0.001). The superiority of enzalutamide over placebo 
was demonstrated for all secondary end points, includ-
ing time to first skeletal-related event (SRE), pain con-
trol, and patient-reported health-related quality of life 
[7,39]. Fatigue was the most common clinically relevant 
adverse event associated with enzalutamide [7]. In the 
PREVAIL trial, enzalutamide was evaluated in pa-
tients with chemotherapy-naïve, and asymptomatic or 
mildly symptomatic mCRPC [8]. The rate of rPFS at 12 
months was 65% among patients treated with enzalu-
tamide and 14% among patients receiving placebo (HR, 
0.19; 95% CI, 0.15–0.23; p<0.001). Enzalutamide signifi-
cantly improved the OS compared with the placebo (HR, 
0.71; 95% CI, 0.60–0.84; p<0.001) [8]. At the final analysis 
in the PREVAIL trial, median rPFS was 20.0 months 
in the enzalutamide arm and 5.4 months in the placebo 
arm, while median OS was 35.3 months in the enzalu-
tamide arm and 31.3 months in the placebo arm [40]. 
Thus, enzalutamide improved OS in chemotherapy-
treated and chemotherapy-naive patients with mCRPC.

The phase 2 trials, STRIVE and TERRAIN, revealed 
that enzalutamide significantly reduced the risk of 
PCa progression compared with the first-generation 
nonsteroidal AR inhibitor, bicalutamide, in patients 
with nonmetastatic or metastatic CRPC [41,42]. The 
OCUU‑CRPC study also showed that enzalutamide 
provides superior clinical outcomes compared with the 
first-generation AR inhibitor, flutamide, in patients 
with CRPC [43].

Currently, enzalutamide is approved for upfront use 
for mCSPC and nonmetastatic CRPC. The ENZAMET 
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and ARCHES trials demonstrated that enzalutamide is 
associated with significantly longer rPFS and OS than 
standard care in men with mCSPC receiving testoster-
one suppressiontreatment [22,23,44]. In the PROSPER 
trial, enzalutamide clinically significantly decreased 
(71%) risk of metastasis or death compared to placebo 
among patients with nonmetastatic CRPC with a PSA 
doubling time of 10 months or less [27]. The risk of 
death associated with enzalutamide treatment was 
27%, lower than that with placebo [27].

The phase 2 CHEIRON trial assessed the efficacy of 
the combination of docetaxel and enzalutamide as a 
first-line treatment for mCRPC. The 6-month progres-
sion rate was 12.5% in the docetaxel and enzalutamide 
group and 27.8% in the docetaxel group (p=0.002). In 
the combination group, serious adverse events were 
more frequent, and no OS improvement was observed 
[45].

3. Apalutamide
Apalutamide is a novel nonsteroidal AR inhibitor 

that is fully antagonistic to AR overexpression, a com-
mon feature of CRPC, and inhibits AR transcriptional 
activity [46]. In the SPARTAN trial, apalutamide 
significantly improved metastasis-free survival and 
time to symptomatic progression among patients with 
nonmetastatic CRPC with a PSA doubling time of 10 
months or less. Skin rash was the most common ad-
verse event with apalutamide treatment [26,47]. In the 
TITAN trial comprising patients with mCSPC, the OS 
and rPFS were significantly longer with the addition 
of apalutamide to ADT than with placebo plus ADT 
[21,48].

In the phase 3 ACIS trial, Saad et al [49] investigated 
the combination treatment using apalutamide plus 
abiraterone, each of which suppresses the androgen 
signaling axis in a different manner. Patients with 
chemotherapy-naive mCRPC who had not been previ-
ously treated with ARSIs were randomly assigned to 
receive apalutamide plus abiraterone or placebo plus 
abiraterone. In the updated analysis, median rPFS was 
24.0 months in the apalutamide plus abiraterone group 
versus 16.6 months in the abiraterone alone group (HR, 
0.70; 95% CI, 0.60–0.83; p<0.0001). The median OS, a 
secondary endpoint in ACIS, surpassed 3 years with 
apalutamide plus abiraterone versus abiraterone alone 
(36.2 vs. 33.7 months), although there was no signifi-
cant difference between the groups [49]. However, to 

date, the two active treatments evaluated in clinical 
trials for mCRPC have not displayed a significant OS 
advantage over their respective control arms [45,49]. 
Such result may be due to the uncertainty regarding 
the number of active life-prolonging treatments for 
mCRPC and optimal treatment sequence.

4. Darolutamide
Darolutamide is a novel, nonsteroidal, AR inhibitor 

that potently inhibits androgen binding to AR and 
androgen-induced nuclear translocation of AR in AR-
overexpressing cells. Darolutamide blocks the activity 
of the mutant ARs arising in response to antiandro-
gen therapies, including the F876L mutation that 
confers resistance to enzalutamide and apalutamide. 
Darolutamide has low neurotoxicity owing to its low 
penetration of the blood–brain barrier [50]. In the 
ARAMIS study, metastasis-free survival and OS were 
significantly longer with darolutamide than with pla-
cebo among patients with nonmetastatic CRPC with 
a PSA doubling time of 10 months or less. [28,51] In 
the ARASENS trial comprising patients with mCSPC, 
OS was significantly longer with the triplet therapy, 
which consisted of darolutamide, ADT, and docetaxel, 
than with placebo plus ADT and docetaxel (HR, 0.68; 
95% CI, 0.57–0.80; p<0.001). Further, the addition of 
darolutamide led to improvement in the key secondary 
end points, including time to CRPC and time to pain 
progression. The frequency of adverse events was simi-
lar between the two groups [25]. On August 5, 2022, the 
Food and Drug Administration (FDA) approved da-
rolutamide combined with docetaxel for patients with 
mCSPC.

5. �Sequencing of abiraterone and 
enzalutamide

Whether patients treated with one ARSI would 
benefit from treatment with the alternate agent at 
progression is unknown as the available data consis-
tently revealed varying degrees of cross resistance. 
Among patients previously treated with abiraterone, 
the percentage of patients with a PSA 50% response 
to enzalutamide ranged from 12% to 40%, while the 
percentage of patients previously treated with enzalu-
tamide responding to abiraterone was less than 10% 
[52]. Consistent with these results, only 1% of patients 
in the phase 3 PLATO trial had a PSA 50% response to 
abiraterone after progression with enzalutamide [53].
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Khalaf et al [54] performed a randomized, phase 2, 
crossover trial, in which 202 patients with mCRPC 
were randomly administered either abiraterone until 
PSA progression and then enzalutamide, or the oppo-
site sequence. Abiraterone and enzalutamide had simi-
lar first-line activity for mCRPC. Time to second PSA 
progression was longer in the abiraterone followed 
by enzalutamide group than in the opposite sequence 
group (median 19.3 vs. 15.2 months; HR, 0.66; 95% CI, 
0.45–0.97; p=0.036). With regard to PSA 30% responses 
to second-line therapy, responses were observed in 36% 
patients for enzalutamide and in 4% for abiraterone 
(p<0.0001) [54]. Enzalutamide retains clinical activity 
as a second-line drug following abiraterone, whereas 
abiraterone has low activity as a second-line drug fol-
lowing enzalutamide.

6. Bipolar androgen therapy (BAT)
ARSIs have become a standard of care as they result 

in improved survival; however, resistance increases 
with each subsequent line of AR-directed therapy. 
PCa cells can acquire resistance to ADT by adaptively 
increasing AR expression upon castration. Preclini-
cal studies revealed that temporary exposure to sup-
raphysiologic testosterone can downregulate the AR 
levels, leading to potential resensitization to ADT [55]. 
Clinical studies have demonstrated the safety of BAT, 
defined as rapid cycling between high and low serum 
testosterone, in men with mCRPC [56].

Denmeade et al [57] performed the phase 2 TRANS-
FORMER study to compare monthly BAT with enzalu-
tamide in asymptomatic patients with mCRPC pro-

gression during abiraterone treatment. The PFS was 5.7 
months for both arms, and crossover was permitted at 
progression. At crossover, a PSA 50% response occurred 
in 77.8% of patients crossing to enzalutamide and 23.4% 
crossing to BAT. The PFS2 was 28.2 months for BAT 
to enzalutamide versus 19.6 months for enzalutamide 
to BAT (HR, 0.44; 95% CI, 0.22–0.88; p=0.02). Patient-
reported quality of life consistently favored BAT. Thus, 
BAT is safe and can sensitize CRPC to subsequent an-
tiandrogen therapy [57].

7. �Current status and future directions for 
ARSIs

Currently, enzalutamide and apalutamide are ap-
proved and widely used for the treatment of mCSPC. 
In addition, high-risk mCSPC patients are treated 
with abiraterone. Recently, the combination of darolu-
tamide and docetaxel has been approved for patients 
with mCSPC. Patients with nonmetastatic CRPC are 
treated with either enzalutamide, apalutamide, or 
darolutamide. Cross-resistance between these ARSIs 
is not fully elucidated, but the efficacy of abiraterone 
or enzalutamide for mCRPC will be affected by prior 
use of other ARSI. The main adverse event profiles of 
ARSI and taxane that can guide patient selection in 
treatment strategies are summarized in Table 2.

CHEMOTHERAPY

1. Docetaxel
Docetaxel, a taxane-based anticancer drug, has been 

widely used as a standard treatment for mCRPC since 

Table 2. Major AE profiles of ARSI and taxane

Agent Abiraterone Enzalutamide Apalutamide Darolutamide Docetaxel Cabazitaxel

Major AEs Fluid retention
Hepatic disorders
Hypertension
Hypokalemia

Fall/Fracture
Fatigue
Hot flashes
Hypertension

Fall/Fracture
Fatigue
Hypothyroidism
Rash

Fatigue Alopecia
Change in taste
Diarrhea
Fatigue
Nail changes
Neutropenia
Peripheral edema
Sensory neuropathy
Stomatitis

Diarrhea
Fatigue
Infection
Neutropenia

Clinical trial COU-AA-301 [5]
COU-AA-302 [6]
LATITUDE [20]
STAMPEDE [38]

AFFIRM [7]
PREVAIL [8]
ENZAMET [22]
ARCHES [23]
PROSPER [27]

TITAN [21]
SPARTAN [26]

ARAMIS [28] TAX 327 [3]
CHAARTED [19]

TROPIC [9]
CARD [12]

AE: adverse event, ARSI: androgen receptor-signaling inhibitor.
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its first demonstration to prolong life in 2004. In the 
TAX 327 study, patients with mCRPC were randomly 
assigned to receive mitoxantrone, docetaxel every 3 
weeks (75 mg/m2), or weekly docetaxel (30 mg/m2). 
Docetaxel every 3 weeks had superior OS compared to 
mitoxantrone plus prednisone (HR, 0.76; 95% CI, 0.62–
0.94; p=0.009) [3]. In the SWOG 99-16 trial, the median 
OS was longer in patients with mCRPC treated with 
docetaxel (60 mg/m2) and estramustine than that in 
those treated with mitoxantrone and prednisone (17.5 
vs. 15.6 months; HR, 0.80; 95% CI, 0.67–0.97; p=0.02) [4].

To date, several clinical trials have focused on 
the use of docetaxel in patients with mCSPC. In the 
GETUG-AFU15 trial, the OS of patients with mC-
SPC was not significantly improved by the upfront 
docetaxel therapy. This result may be partly due to the 
fact that most patients in the ADT arm (79%) received 
salvage docetaxel within a median of 18.5 months [58]. 
In the CHAARTED trial, the median OS for mCSPC 
was 13.6 months longer with ADT plus docetaxel than 
that with ADT alone (57.6 vs. 44.0 months; HR, 0.61; 
95% CI, 0.47–0.80; p<0.001). The survival benefit was 
more apparent in the subgroup with high-volume dis-
ease, which was defined as the presence of visceral 
metastases or ≥4 bone lesions with ≥1 beyond the ver-
tebral bodies and pelvis [19]. In the STAMPEDE trial, 
the OS was significantly improved by the combination 
of docetaxel with ADT in patients with mCSPC [59]. 
To date, upfront docetaxel combined with ADT is the 
standard of care for patients with mCSPC, especially 
those with a high tumor burden. The retrospective 
data from the GETUG-AFU 15 trial revealed that 
docetaxel rechallenge following progression to mCRPC 
after upfront ADT plus docetaxel for mCSPC was ac-
tive in a limited number of patients [60]. A PSA 50% 
response following treatment with first- or second-line 
docetaxel for mCRPC was observed in 45% of patients 
in the ADT arm and 14% in the ADT plus docetaxel 

arm [60].

2. Cabazitaxel
Cabazitaxel is a next-generation taxane approved for 

the treatment of mCRPC in patients previously ad-
ministered docetaxel. The safety profile of cabazitaxel 
differs from that of docetaxel, and is associated with a 
higher incidence of febrile neutropenia and lower inci-
dence of peripheral neuropathy, peripheral edema, and 
nail disorders.

The phase 3 TROPIC trial sought to compare ca-
bazitaxel (25 mg/m2) with mitoxantrone in patients 
with mCRPC with progressive disease after docetaxel. 
The median OS was 15.1 months in the cabazitaxel 
group and 12.7 months in the mitoxantrone group 
(HR, 0.70; 95% CI, 0.59–0.83; p<0.0001) [9]. In the phase 
3 PROSELICA trial, the noninferiority of cabazitaxel 
20 mg/m2 compared to cabazitaxel 25 mg/m2 was con-
firmed in patients with post-docetaxel mCRPC [10]. In 
the phase 3 FIRSTANA trial, cabazitaxel 20 mg/m2 or 
cabazitaxel 25 mg/m2 did not demonstrate superior-
ity for OS compared to docetaxel 75 mg/m2 in patients 
with chemotherapy naïve mCRPC [11] (Table 3).

The CARD trial was designed to determine the ef-
ficacy of cabazitaxel (25 mg/m2) compared with an 
ARSI (abiraterone or enzalutamide) for patients with 
mCRPC who were previously treated with docetaxel 
and had progression within 12 months while receiv-
ing an alternative ARSI (abiraterone or enzalutamide). 
The median rPFS was 8.0 months with cabazitaxel and 
3.7 months with the ARSI (HR, 0.54; 95% CI, 0.40–0.73; 
p<0.001) [12].

Annala et al [61] performed a phase 2 trial to deter-
mine the optimal treatment for patients with ARSI 
naïve mCRPC with poor prognosis features (e.g., pres-
ence of liver metastases or progression to mCRPC after 
<12 months of ADT). Patients were randomly assigned 
to receive cabazitaxel or the physician's choice of 

Table 3. Comparison between cabazitaxel 20 mg/m2, cabazitaxel 25 mg/m2, docetaxel 75 mg/m2

Clinical trial Patient status Intervention Comparison Primary endpoint Outcome
PROSELICA [10] Postdocetaxel mCRPC Cabazitaxel  

(20 mg/m2)
Cabazitaxel  

(25 mg/m2)
OS  

(noninferiority)
The upper boundary of the HR CI was 1.184  

(less than the 1.214 noninferiority margin).
FIRSTANA [11] Chemotherapy-naiive 

mCRPC
Cabazitaxel  

(20 mg/m2) or  
(25 mg/m2)

Docetaxel  
(75 mg/m2)

OS HR for C20 vs. D75 was 1.01 (95% CI, 0.85–1.20; 
p=0.997) and HR for C25 vs. D75 was 0.97  
(95% CI, 0.82–1.16; p=0.757).

CI: confidence interval, C20: cabazitaxel (20 mg/m2), C25: cabazitaxel (25 mg/m2), D75: docetaxel (75 mg/m2), HR: hazard ratio, mCRPC: metastatic 
castration-resistant prostate cancer, OS: overall survival.
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enzalutamide or abiraterone. The first-line clinical ben-
efit rate (defined as PSA 50% response, radiographic 
response, or stable disease ≥12 weeks) was greater in 
the cabazitaxel group than that in the ARSI group (80% 
vs. 62%, p=0.039) [61].

3. Platinum-based chemotherapy
Platinum-based chemotherapy has antitumor ef-

fects against mCRPC, but has not improved survival 
in large clinical trials. Emerging evidence suggests that 
the status of DNA damage-repair pathways may influ-
ence sensitivity to platinum-based chemotherapy, such 
as cisplatin and carboplatin [62,63]. mCRPC harboring 
BRCA2 mutations has a high response to platinum-
based chemotherapy [64-66].

The aggressive variant of PCa tumors shares molecu-
lar features with platinum-sensitive small-cell prostate 
carcinomas and is characterized by defects in at least 
two of the following genes: TP53, RB1, and PTEN [67]. 
Corn et al [68] performed a phase 1-2 trial to determine 
whether adding carboplatin to cabazitaxel would im-
prove the outcomes of men with mCRPC. The combi-
nation improved the median PFS from 4.5 months to 7.3 
months (HR, 0.69; 95% CI, 0.50–0.95; p=0.018). Subgroup 
analyses suggested that treatment with the combina-
tion seemed to benefit patients with aggressive variant 
PCa features, but not those without such features [68].

IMMUNOTHERAPY

1. Sipuleucel-T
Sipuleucel-T, an autologous cellular immunotherapy, 

is the first immunotherapeutic agent to exhibit a sur-
vival benefit in patients with mCRPC. In the phase 3 
IMPACT study, patients with asymptomatic or mini-
mally symptomatic mCRPC without visceral metasta-
ses were randomly assigned to receive either sipuleucel-
T or placebo group [13]. The sipuleucel-T group had a 
relative reduction of 22% in the risk of death compared 
with the placebo group (HR, 0.78; 95% CI, 0.61–0.98; 
p=0.03).

2. Immune checkpoint inhibitors
The presence of inflammatory cells and T-cell infil-

tration in PCa tissue suggests that host immune effec-
tors may mediate antitumor response. Ipilimumab is 
a monoclonal antibody that increases antitumor T cell 
responses by binding to cytotoxic T lymphocyte antigen 

4. In the phase 3 CA184-095 trial, chemotherapy-naive 
patients with asymptomatic or minimally symptomatic 
mCRPC without visceral metastases were randomly 
assigned to receive ipilimumab or placebo. Ipilimumab 
did not improve OS, the primary end point, in patients 
with mCRPC, despite increasing the PFS [69].

Radiotherapy is a rational modality to stimulate im-
mune priming that can be amplified by ipilimumab. 
In the phase 3 CA184-043 trial, patients with mCRPC 
with at least one bone metastasis that progressed af-
ter docetaxel were randomly assigned to receive bone-
directed radiotherapy followed by either ipilimumab or 
placebo [70]. At the final analysis, the OS assessment 
revealed crossing of the curves at 7–8 months, followed 
by persistent separation of the curves beyond that 
point, favoring the ipilimumab arm [71].

Pembrolizumab is a humanized antibody that targets 
programmed cell death protein 1 (PD-1). Pembrolizumab 
is approved by the FDA for the treatment of patients 
with unresectable or metastatic solid tumors with high 
microsatellite instability (MSI-H), deficient in mis-
match repair (dMMR), or high mutational burden, that 
have progressed following prior treatment and lack 
satisfactory alternative treatment options [72,73]. Abida 
et al [74] reported that among 1,033 patients with PCa 
who had adequate tumor quality, 32 (3.1%) had MSI-H/
dMMR. Eleven patients with MSI-H/dMMR CRPC re-
ceived an anti–PD-1 or anti-programmed death-ligand 
1 therapy. Six of these patients (54.5%) had a PSA 50% 
response, four of whom had radiographic responses [74].

BONE-TARGETED THERAPY

PCa has a high preference for metastasis to bone, 
and 90% of men who die owing to PCa have bone me-
tastasis [75]. Management of bone metastases is impor-
tant for the prevention of SREs, such as pathological 
fractures, spinal cord compression, and the painful 
metastatic lesions. The osteoclast-targeted agents, zole-
dronic acid and denosumab, reduce SREs in mCRPC, 
while radium-223 improves OS and reduces SREs.

1. Radium-223
Radium-223 is an alpha-emitting radiopharmaceuti-

cal agent that selectively binds to sites of increased 
bone turnover in bone metastases. In the phase 3 AL-
SYMPCA trial, patients with mCRPC with symptom-
atic bone metastases and no known visceral metastases 
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were randomly assigned to receive radium-223 or pla-
cebo. Radium-223 significantly improved OS compared 
with placebo (median 14.9 vs. 11.3 months; HR, 0.70; 95% 
CI, 0.58–0.83; p<0.001). Radium-223 significantly pro-
longed the time to the first SRE compared with placebo 
(median 15.6 vs. 9.8 months; HR, 0.66; 95% CI, 0.52–0.83; 
p<0.001) [14].

An early access trial showed that radium-223 may 
safely prolong survival in patients treated with con-
comitant abiraterone, enzalutamide, or denosumab 
[76]. ERA 223 is the first randomized controlled phase 
3 trial to demonstrate the efficacy and safety of the 
combination of radium-223 and abiraterone in patients 
with mCRPC. Patients with asymptomatic or mildly 
symptomatic, chemotherapy-naive, mCRPC with bone 
metastases were scheduled to receive abiraterone and 
then randomly assigned to receive radium-223 or place-
bo. The addition of radium-223 to abiraterone therapy 
did not improve the SRE-free survival of patients with 
mCRPC with bone metastases, and was associated with 
an increased frequency of bone fractures compared 
with placebo (any grade, 29% vs. 11%). In the post-hoc 
analyses, the use of bone-modifying agents at baseline 
was substantially less common in patients who had a 
fracture than those without fracture in both groups [77].

2. Bone-modifying agent
Bone metastases of PCa are often characterized as 

osteoblastic, but usually have an underlying osteo-
clastic component. Bisphosphonate is a pyrophosphate 
analog that blocks bone destruction. Saad F et al. con-
ducted a randomized, phase 3 clinical trial to evaluate 
zoledronic acid and determine its effectiveness and 
safety in reducing SREs associated with mCRPC with 
bone disease [78]. Fewer patients in the zoledronic acid 
group than in the placebo group had at least one SRE 
(38 vs. 49%; difference –11%; 95% CI –20.2% to –1.3%; 
p=0.028) [79].

Denosumab is a monoclonal antibody against 
RANKL, which inhibits osteoclast-mediate bone de-
struction. Fizazi et al [80] carried out a randomized 
phase 3 study to compare denosumab with zoledronic 
acid for the prevention of  SREs in patients with 
mCRPC with bone metastases. The median time to 
first SRE was 20.7 months with denosumab, while it 
was 17.1 months with zoledronic acid (HR, 0.82; 95% 
CI, 0.71–0.95; p=0.0002). More hypocalcemia events oc-
curred in the denosumab group (13%) than in the zole-

dronic acid group (6%, p<0.0001) [80]. In the TRAPEZE 
trial, the clinical effectiveness was compared between 
docetaxel alone or with strontium-89, zoledronic acid, or 
both in patients with bony mCRPC [81]. Strontium-89 
combined with docetaxel modestly improved clinical 
PFS but did not improve SREs, while zoledronic acid 
with docetaxel did not improve clinical PFS but sig-
nificantly improved SREs. A post hoc analysis of COU-
AA-302 trial displayed a trend of prolongation of life 
for mCRPC patients treated with abiraterone in com-
bination with bone-targeted therapy [82]. Bone-targeted 
therapy has now become part of the overall treatment 
strategy for mCRPC.

RADIOLIGAND THERAPY

Prostate-specific membrane antigen (PSMA) is a 
transmembrane glutamate carboxypeptidase that is 
highly expressed in mCRPC [83]. 177Lu-PSMA-617 is a 
radioligand therapy that delivers beta-particle radia-
tion to PSMA-expressing PCa cells and the surround-
ing microenvironment. In the phase 3 VISION trial, pa-
tients who had mCRPC, were previously treated with 
ARSI and taxane, and were 68Ga-PSMA-positive were 
randomly assigned to receive either 177Lu-PSMA-617 
plus standard care or standard care alone groups. 
Compared with the standard care, 177Lu-PSMA-617 plus 
standard care significantly prolonged the rPFS (me-
dian, 8.7 vs 3.4 months; HR, 0.40; 99.2% CI, 0.29–0.57; 
p<0.001) and OS (median, 15.3 vs. 11.3 months; HR, 0.62; 
95% CI, 0.52–0.74; p<0.001) [15].

Hofman et al [84] performed a phase 2 TheraP trial 
to compare 177Lu-PSMA-617 with cabazitaxel in pa-
tients with mCRPC that were previously treated with 
docetaxel. The eligibility criteria for the trial were 
PSMA-positive disease and no sites of metastatic dis-
ease with discordant 18F-fluorodeoxyglucose-positive 
and 68Ga-PSMA-negative findings. PSA 50% responses 
were more frequent among men in the 177Lu-PSMA-617 
group than in the cabazitaxel group (66% vs. 37%; dif-
ference 29%; 95% CI, 16–42; p<0.0001) [84]. Radioligand 
therapy with 177Lu-PSMA-617 is a new effective class 
of therapy for patients with advanced PSMA-positive 
mCRPC.

A NEW ERA OF TARGETED THERAPY

Cancer genomic profiling provides a useful guide re-
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garding treatment selection for mCRPC [85]. The CRPC 
tumors have a highly complex genomic landscape com-
pared to primary prostate tumors; a number of mCRPC 
harbor clinically actionable molecular alterations, in-
cluding mutations in homologous recombination repair 
(HRR) (e.g., BRCA1, BRCA2, and ATM) and PTEN/
phosphoinositide 3-kinase signaling.

1. PARP inhibitors
DNA repair alterations are observed in up to 30% of 

PCa, and the most commonly mutated genes include 
BRCA1, BRCA2, and ATM  [86]. These gene altera-
tions can occur at either a somatic or germline level. 
The germline mutations in BRCA1, BRCA2, and ATM  
are associated with PCa risk and an aggressive PCa 
phenotype [85]. Tumors with gene alterations that af-
fect HRR are sensitive to poly (adenosine diphosphate–
ribose) polymerase (PARP) inhibitors in prostate and 
other cancers [87,88]. In the TOPARP-B trial, Mateo et 
al [89] demonstrated the antitumor activity of olaparib 
in mCRPC with specific DDR gene aberrations. The 
high response rates observed in mCRPC patients with 
germline or somatic BRCA1/2 alterations and the 
durability of many of these responses support the use 
of olaparib in this subpopulation [89]. In the phase 2 
TRITON2 study, Abida et al [90] found that the PARP 
inhibitor, rucaparib, had antitumor activity in mCRPC 
patients with deleterious BRCA alterations.

The PROfound trial is a phase 3 trial comprising 
patients with mCRPC who had disease progression 
while receiving an ARSI (e.g., enzalutamide or abi-
raterone). Patients with qualifying alterations in genes 
involved in HRR were randomly assigned to receive 
the PARP inhibitor, olaparib, or either enzalutamide or 
abiraterone (control group). The primary outcome was 
efficacy, which was assessed based on rPFS in patients 
with alterations in BRCA1, BRCA2, or ATM  (cohort 
A). In cohort A, rPFS was significantly longer in the 
olaparib group than that in the control group (median, 
7.4 vs. 3.6 months; HR, 0.34; 95% CI, 0.25–0.47; p<0.001). 
Significant differences were also observed with respect 
to objective response rate and time to pain progression. 
Anemia and nausea are the main toxicities in patients 
treated with olaparib [16]. The median OS in cohort 
A was 19.1 months in the olaparib group and 14.7 
months in the control group (HR, 0.69; 95% CI, 0.50–0.97; 
p=0.02). Despite substantial crossover from control to 
olaparib, patients initially assigned to receive olaparib 

had significantly longer OS than those assigned to re-
ceive enzalutamide or abiraterone as control therapy 
[91].

Preclinical studies suggest a synergy between PARP 
inhibitors and ARSIs. This synergy may be due to the 
involvement of PARP in the positive co-regulation 
of AR signaling, which leads to enhanced AR target 
gene suppression when PARP/AR signaling is co-
repressed [92]. ARSIs have been reported to inhibit 
the transcription of some HRR genes, leading to HRR 
deficiency and increased sensitivity to PARP inhibitors 
via nongenetic mechanisms [93]. These preclinical find-
ings were confirmed in a phase 2 trial, which showed 
that olaparib combined with abiraterone significantly 
prolonged rPFS compared to abiraterone and placebo 
in patients with mCRPC who had previously received 
docetaxel and were not selected based on their HRR 
mutation status (HR, 0.65; 95% CI, 0.44–0.97; p=0.034) 
[94]. The PROpel trial is a phase 3 trial comparing abi-
raterone and olaparib to abiraterone and placebo as the 
first-line treatment for patients with mCRPC. Patients 
were enrolled regardless of their HRR gene mutation 
status. Based on the primary analysis at the first data 
cutoff, the median rPFS was significantly longer in the 
abiraterone and olaparib group than that in the abi-
raterone and placebo group (24.8 vs. 16.6 months; HR, 
0.66; 95% CI, 0.54–0.81; p<0.001). However, at this data 
cutoff, the OS data were immature [17].

2. AKT inhibitor
The PI3K/AKT and AR pathways are dysregulated 

in approximately 40%–60% of patients with mCRPC, 
and AKT signaling is hyperactivated in tumors with 
functional PTEN-loss [33]. The PI3K/AKT and AR 
pathways exhibit crosstalk regulation in mCRPC [95]. 
Ipatasertib is a selective ATP-competitive small-mole-
cule inhibitor of the three isoforms of AKT. In a phase 
2 study, de Bono JS et al. found that the rPFS was 
prolonged in patients with mCRPC administered ipa-
tasertib plus abiraterone compared with that in those 
administered placebo plus abiraterone, with a greater 
effect observed in patients with PTEN-loss tumors [96]. 
In the phase 3 IPATential150 trial, patients with previ-
ously untreated asymptomatic or mildly symptomatic 
mCRPC were randomized to receive ipatasertib plus 
abiraterone or placebo plus abiraterone. For patients 
who had tumors with PTEN loss, the median rPFS was 
16.5 months in the placebo plus abiraterone group and 
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18.5 months in the ipatasertib plus abiraterone group 
(HR, 0.77; 95% CI, 0.61–0.98; p=0.034); however, there 
was no significant difference between the groups in 
the intention-to-treat population [18].

CONCLUSIONS

Currently, abiraterone, enzalutamide, apalutamide, 
and docetaxel are approved and widely used to treat 
mCSPC in combination with ADT. Furthermore, the 
triplet therapy comprising docetaxel, ARSI, and ADT 
has emerged for the treatment for mCSPC. This inten-
sification of treatment upfront in the disease trajec-
tory has undoubtedly been an important step forward. 
However, cross-resistance between drugs may reduce 
the effectiveness of downstream therapies for mCRPC, 
giving rise to a more aggressive, treatment-resistant 
disease phenotype. The sequential administration of 
ARSIs, such as abiraterone and enzalutamide, is associ-
ated with limited efficacy. For patients with mCRPC 
who were previously treated with docetaxel and had 
disease progression while receiving an ARSI, cabazitax-
el is recommended and should be applied early if the 
patient is still eligible for chemotherapy. In addition, 
several novel agents have been clinically applied for 
the treatment of mCRPC. In particular, Lu-PSMA and 
PARP inhibitors are emerging as effective therapeutic 
options. PSMA-PET is used to determine the eligibility 
for Lu-PSMA therapy. Companion diagnostics are used 
to identify patients with mCRPC with HRR mutations, 
making them eligible for treatment with the PARP in-
hibitors.
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