PHENOTYPIC PRECISION
MEDICINE IN PROSTATE CANCER:

A PATH FORWARD
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Objectives
1. E
 xamine the clinical significance of precision medicine and the use
of biomarkers in managing patients with advanced prostate cancer.
2. R
 eview the complexities of genotypic precision medicine and
evaluate novel approaches in advanced prostate cancer.
3. D
 iscuss the value of prostate-specific membrane antigen (PSMA) as
a phenotypic biomarker and its relevance in clinical management
of advanced prostate cancer.

Introduction: Complexity of Clinical Management in
Advanced Prostate Cancer
Management of advanced prostate cancer (APC) has evolved substantially
over the last decade, with the approval of several life-prolonging hormonal and
nonhormonal treatment options (Figure 1).1,2 With current treatment options, the
median overall survival for patients with metastatic castration-resistant prostate
cancer (mCRPC) ranges from 1.8 to 2.8 years, and the 3-year overall survival rate
is 46%.3,4
Selecting and sequencing the available therapeutic options can be a challenge
for medical oncologists, radiation oncologists, and urologists.2 Despite
improvements with expanding treatment options, better diagnostic tools to
select and sequence treatment may help to improve patient outcomes.2,5-15 The
use of a precision medicine approach may facilitate patient selection and guide
treatment decision making.6,16-18
Figure 1. Timeline of Drug Approvals and New Indications in APC2,8-15
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ADP, adenosine diphosphate; APC, advanced prostate cancer; mCRPC, metastatic castration-resistant prostate cancer;
nmCRPC, non-metastatic castration-resistant prostate cancer.
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Precision Medicine in APC

Figure 2. Precision Medicine Approach
to Cancer Management30

What Is Precision Medicine?

Patient Population

Precision medicine is an approach that
utilises diagnostic tools to select therapies for
appropriate patients to optimise outcomes
and minimise adverse events.19 Ultimately,
the goal of precision medicine is to efficiently
and accurately decide on the most effective
treatment approach for an individual patient
(Figure 2).20 Precision medicine is carried out
using a 2-pronged methodology: 1) characterise
a molecular or genetic target, and 2) tailor a
treatment approach to the target. The success
of precision medicine is predicated on a detailed
understanding of the molecular characteristics
of a patient’s disease as well as the ability to
accurately characterise those features.21,22

Management option
Standard approach

Precision medicine approach
Management option A
Management option B
Management option C
Management option D

A biomarker is a disease- or host-related
indicator that is objectively evaluated to
characterise normal biologic processes,
pathogenic processes, or responses to medical
interventions.23 Biomarkers provide clinicians
with important disease information to inform
evidence-based decision making.24,25 The 3
primary types of biomarkers in oncology are
diagnostic, prognostic, and predictive
(Figure 3).23,26

This is what is known as genotypic precision
medicine.21 A classic example of the successful
use of precision medicine in oncology can be
found in the management of non-small cell lung
cancer (NSCLC). An estimated 64% of patients
with NSCLC have oncogenic driver mutations
(ie, KRAS, EGFR, ALK, ERBB2, BRAF, PIK3CA,
NRAS, MEK1, or MET),31 and up to 54% of patients
have genetic mutations that are targetable
with pharmacotherapy.32 Several studies have
shown that patients with NSCLC and actionable
genetic mutations may have better survival
outcomes when they are treated with targeted
therapies.32-34

Cancer type can be classified based on the
presence of genomic alterations along with
other molecular changes, allowing for precise
and potential targeted treatment selection.21,27-29
Figure 3. Common Biomarkers in Oncology23,26
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Implementation of Precision Medicine Is
Complicated in APC
APC is a disease in which precision medicine is
not as prevalent, in part due to a lack of adequate
biomarkers (Box 1).35 To successfully utilise
precision medicine in a specific cancer type,
several key clinical and scientific features should
be met. Shared successes in tumour types in which
precision medicine is prevalent have depended
upon detection of widespread driver mutations
across a disease population and identification
of biomarkers that correlate with response or
function.23,30,36,37 Once biomarkers have been
identified and validated, the correlation of mutations
and other biomarkers with therapeutic targets is
another critical step to implementing precision
medicine.38 Optimal biomarkers for precision
medicine should be clinically significant, noninvasive
in their characterisation, and highly sensitive and
specific.26,39
Implementation of precision medicine using
genotypic biomarkers has thus far been limited due
to a combination of different types of challenges:
• Clinical40,41
• Operational42-44
• Biological45-51

Clinical Challenges of Genotypic
Biomarker-Based Precision Medicine
Genetic biomarkers can be clinically challenging
to evaluate in APC due to inherent limitations
of obtaining bone biopsies from prostate

cancer metastases. Bone biopsies are
painful, technically difficult, and challenging
to interpret.38,50 Due to the intra- and
intertumoural heterogeneity of prostate
cancer, a single tissue biopsy may not be
representative of the tumour from which it was
obtained, let alone the tumour burden of the
patient. Even within the same patient, different
metastases can display genetic heterogeneity,
making the interpretation of genotypic tissue
biopsy results challenging.41,52
In some tumour types, liquid biopsies have
emerged as noninvasive alternatives to tissue
biopsies, further assisting in the implementation
of genotypic precision medicine.40,53

Operational Challenges of Genotypic
Biomarker-Based Precision Medicine
Although precision medicine is a promising field
in oncology, the practicalities of implementing
a precision medicine approach in APC using
genomic sequencing tools presents a variety
of operational challenges to oncologic and
urologic practices42-44:
• Obtaining the optimal biopsy
• Selecting optimal tests
• Determining timing of molecular testing
• Interpreting genetic test results, which
often have large volumes of information
• A
 ppropriately counselling patients
and families
• N
 avigating, recording, and storing data

Box 1. Prostate-Specific Antigen: A Validated Biomarker, but Not Used
for Precision Medicine
Prostate-specific antigen (PSA) is the most commonly used biomarker in prostate cancer.6 PSA is useful
in making clinical decisions, particularly in early-stage and biochemically recurrent prostate cancer.
A few examples of the utility of PSA include risk-stratifying localised disease and monitoring treatment
response and biochemical recurrence.6,54 However, PSA is not a predictive biomarker (ie, it cannot predict
responders and nonresponders for certain therapies) and therefore does not provide guidance for
selecting and sequencing treatments in APC.35,55-58
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Biological Challenges of Genotypic
Biomarker-Based Precision Medicine

mutations in APC, in which there were a few
mutations that were present in about 5% to 20%
of tumours (Figure 5); however, the majority of
identified driver mutations were present in only a
small subset (<5%) of prostate cancer tumours.50

Heterogeneity exists at nearly every level
in prostate cancer, from the patient level
(eg, geographic and ethnic diversity) to the
molecular level (eg, androgen receptor [AR]
expression differences).45,46,59,60 Current methods
in precision medicine do not fully address
tumour heterogeneity in prostate cancer.40,41
The differences between tumours (eg, multifocal
primary tumours, metastatic tumours) and within
tumours have been linked to 2 concepts in APC,
outlined in Figure 445,47-49:

Figure 4. Increasing Tumour Heterogeneity
in APC45,47-49,61
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1. Genomic instability of advancing disease
2. T
 reatment-induced selective pressures,
which can lead to genetic mutations
and resistance
Furthermore, a lack of widespread driver
mutations can make targeted interventions
challenging.50,51 In an exome sequencing analysis
study, the authors described a long tail of driver
Figure 5. Long Tail of Driver Mutations in APC50,a
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In an exome sequencing analysis study, data from 1013 prostate cancers (primary, n=680; metastatic, n=333) were aggregated and uniformly analysed to
identify recurrently mutated genes that occur at lower frequencies.
a

Reproduced by permission from Nature America Inc: Nat Genet. The long tail of oncogenic drivers in prostate cancer.
Armenia J et al. Copyright 2018.
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Harnessing Phenotypes in Precision Medicine
The genetic heterogeneity of APC and the challenges
of genotyping these tumours underlie the need
for novel techniques for the characterisation and
targeting of prostate cancer.5,62 Therapy for patients
with prostate cancer is selected according to
individual patient characteristics, including risk profile
and volume of disease.54,63 Expression of biomarkers
such as prostate-specific membrane antigen, or
PSMA, represents additional phenotypic information
that can be harnessed to help individualise patient
management.64 The use of imaging phenotypes has
emerged as a novel biomarker approach.65
A phenotypic trait is an observable characteristic that
is produced through the interaction of genotype and
environment (eg, the physical expression of genes,
such as protein expression levels).66 Genotypes and
phenotypes are distinct, albeit biologically related
ways to characterise a single disease.65
Phenotypes can be detected through noninvasive
imaging, such as PSMA-based positron emission
tomography (PET).64,67,68 The uses of PET are
rapidly evolving and have led to an improved ability

to characterise prostate cancer with enhanced
sensitivity and specificity using radiotracers.54,69-71
The radiotracers target molecules that are highly
expressed in prostatic cancer cells (Table 1).54,72-74
Early iterations of PET imaging biomarkers
were suboptimal relative to sensitivity and
specificity in prostate cancer.75,76 For example,
18
F-fluorodeoxyglucose (18F-FDG) is a glucose
analogue, and its cellular uptake can be suggestive
of increased cell metabolism in rapidly proliferating
cells in many cancer types. However, prostate
cancer cells have low glucose metabolism levels,
which has limited the effectiveness of 18F-FDG for
initial diagnosis.75 Furthermore, androgen ablation
has been shown to decrease FDG accumulation in
primary and metastatic prostate cancer lesions.77
More recent iterations of radiotracers in prostate
cancer have improved upon specificity and
sensitivity for diagnostic purposes, but radiotracers
such as 11C-choline and 18F-fluciclovine, which are
markers for cell membrane synthesis and amino acid
transport, respectively, may have limited utility as
prognostic and predictive biomarkers.70,71,76,78-80

Table 1. Comparison of Select Radiotracers Used in Prostate Cancer Imaging
Radiotracer
(Date of EMA or FDA
approval, if applicable)

Physiologic
Target

Characteristics

18

F-FDG
(EMA: 2012;
FDA: 2005)81,82

Glucose
metabolism81,82

• Widely available75
• Meaningful prognostic indicator in APC83
• Prostate cancer has low glucose metabolism, resulting in low sensitivity75

C-choline
(FDA: 2012)84

Cell membrane
synthesis84

• Higher diagnostic sensitivity than FDG-PET/CT78,79,a
• Variable sensitivity and specificity for biochemical recurrence, especially at low
PSA levels76
• Short half-life of 20.4 minutes requires an on-site cyclotron76

18

Cell membrane
synthesis85

• High diagnostic performance for accurate staging and restaging in patients with
prostate cancer97,b
• Long half-life of 109.8 minutes does not require an on-site cyclotron85,98
• Higher urinary excretion than 11C-choline, which necessitates continuous bladder
irrigation to eliminate bladder radioactivity99
• Approved in 12 countries in Europe85-96

18

F-fluciclovine
(EMA: 2017;
FDA: 2016)100,101

Amino acid
transport100,101

• Useful for restaging, particularly for patients with higher PSA values78,102
• Lesion detection rate superior to choline103,c
• Potential variability in sensitivity and specificity related to location of metastases104

PSMA-based
radiotracers

Targets PSMA

• High specificity and sensitivity, even at low PSA levels70,71,76,80,106,d-f
• May provide better biochemical recurrence detection than 18F-fluciclovine71,d
• 68
 Ga-PSMA-11 was approved in the USA in December 2020 as a radioactive
diagnostic PET imaging agent in men with prostate cancer with suspected
metastasis who are potentially curable by surgery or radiation therapy, or with
suspected recurrence based on elevated serum PSA level105

11

F-choline85-96

APC, advanced prostate cancer; CT, computed tomography; EMA, European Medicines Agency; 18F-FDG, 18F-fluorodeoxyglucose;
FDA, US Food and Drug Administration; PET, positron emission tomography; PSA, prostate-specific antigen; PSMA, prostate-specific membrane antigen.
a
In a meta-analysis of the diagnostic performance of 11C-choline carried out on 8 selected studies including 276 patients.79
b	
In a meta-analysis of the staging/restaging performance of 18F-choline carried out on 16 patient-based and 4 lesion-based studies in 2122 patients and 1039
lesions, respectively.97
c
In a head-to-head comparison performed in 50 patients radically treated for prostate cancer and presenting with rising PSA levels.103
d
In a prospective, single-center, open-label comparative study, 50 adults with biochemical recurrence after radical prostatectomy and PSA levels <2 ng/mL.71
e
In a meta-analysis of the predictive performance of 68Ga-PSMA in 16 studies involving 1309 patients.70
f
In a single-arm prospective trial of 635 patients with biochemically recurrent prostate cancer who underwent 68Ga-PSMA-11 PET.106
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Prostate-Specific Membrane Antigen: A Diagnostic, Prognostic,
and Clinically Relevant Biomarker
PSMA is a key phenotypic biomarker in APC due
to its combination of sensitivity and potential
utility across the clinical spectrum.16,17,69,107-109 PSMA
is a transmembrane protein that is anchored in
the cell membrane of prostate cancer epithelial
cells (Figure 6).110,111

Figure 7. Comparison of PSMA PET/CT
and Conventional Imaging in 2 Men With
Normal Conventional Imaging Results69,a

Figure 6. Structure of PSMA:
A Transmembrane Protein112

Extracellular
portion

Cell membrane
Transmembrane
portion
Intracellular portion
(cytoplasmic tail)

Used with permission. Chang SS. Overview of prostate-specific
membrane antigen. Rev Urol. 2004;6(suppl 10):S13-S18.

CT, computed tomography; PET, positron emission tomography;
PSMA, prostate-specific membrane antigen.
a
Images show PSMA PET/CT and conventional imaging results
for 2 patients, 1 with A) a right iliac bone metastasis and 1 with
B) multiple sub-cm pelvic and distant nodal metastasis. Sixmonth follow-up imaging is shown after systemic treatment
and disease regression.

Despite its name, PSMA is not specific to the
prostate gland but is found in tumour-associated
blood vessels across a wide range of tumour
types as well as healthy prostatic and nonprostatic
tissues.112-114 Compared to benign prostate tissue,
however, malignant prostate cells may express
PSMA at a substantially higher level.107

Reproduced from The Lancet, Vol. 395. Hofman MS et al.
Prostate-specific membrane antigen PET-CT in patients with
high-risk prostate cancer before curative-intent surgery or
radiotherapy (proPSMA): a prospective, randomised, multicentre
study. Pages 1208-1216. Copyright 2020, with permission from
Elsevier. https://www.sciencedirect.com/journal/the-lancet

was shown to be 32% more accurate for pelvic
nodal metastases and 22% more accurate for
distant metastases. Figure 7 shows an example
of a comparison between PSMA PET/CT and
conventional imaging in 2 men with normal results
from baseline conventional imaging.69

PSMA as a Diagnostic Biomarker Used in
PET Scanning
PSMA has been shown to be a useful biomarker
for the diagnosis of localised and advanced
disease.69,71 In ProPSMA, a prospective,
multicenter, randomised, controlled trial, 302
men with high-risk localised prostate cancer
were randomly assigned to receive conventional
imaging (ie, computed tomography [CT] and bone
scan) or PSMA PET/CT. PSMA PET/CT had a 27%
(95% CI 23-31) absolute greater area under the
curve for accuracy than conventional imaging for
the diagnosis of metastases in this population
(92% [88-95] vs 65% [60-69]; P<0.0001). In
addition, based on post-hoc analysis, PSMA PET/CT

PSMA-based imaging has also shown utility
in advanced disease. A separate prospective,
single-center, open-label, single-arm comparative
imaging study of 18F-fluciclovine and PSMA
PET/CT evaluated 50 adults with biochemical
recurrence after prostatectomy and PSA levels
<2 ng/mL. In this study, PSMA PET/CT was

shown to have a 4.8-fold higher rate of
disease detection than 18F-fluciclovine
(95% CI 1.6-19.2; P=0.0026) (Figure 8).71
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Figure 8. PSMA-Based Imaging Detects Prostate Cancer Metastases at a Higher Rate Than
18
F-fluciclovine71,a
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M, metastasis; N, node; PSMA, prostate-specific membrane antigen; T, tumour.
a
In a prospective, single-center, open-label, single-arm comparative imaging study of 18F-fluciclovine and PSMA PET/CT, 50 adults
with biochemical recurrence after prostatectomy and PSA levels 0.2-2.0 ng/mL were evaluated. The detection rates of biochemical
recurrence per patient were significantly lower with 18F-fluciclovine (13 [26%; 95% CI 15-40] of 50) than with PSMA PET/CT (28 [56%;
95% CI 41-70] of 50), with an odds ratio of 4.8 (95% CI 1.6-19.2; P=0.0026).
Reproduced from Lancet Oncol, Vol. 20. Calais J et al. Pages 1286-1294. Copyright 2019, with permission from Elsevier.
https://www.sciencedirect.com/journal/the-lancet

Figure 9. 5-Year Recurrence-Free Survival
According to PSMA Level at Diagnosis107,a,b
5-Year PSA
Recurrence-Free Survival, %

The sensitivity and specificity of PSMA as a
diagnostic biomarker has been shown in a
meta-analysis of PSMA PET trials, in which
prediction of primary and recurrent prostate
cancer had a per-patient sensitivity of 86%
and a per-patient specificity also of 86%.70 In
the previously described comparative imaging
study, the per-patient sensitivity was 66% for
PSMA PET/CT vs 33% for 18F-fluciclovine (95%
CI 0.67–34.5; P=0.18).71

PSMA as a Prognostic Biomarker
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In addition to its utility in diagnosis, PSMA
has also been shown to be a prognostic
biomarker. In a retrospective evaluation
of prostate cancer biopsies from primary
and metastatic tumours, PSMA expression
level at diagnosis was negatively correlated
with 5-year recurrence-free survival rates.
The 5-year recurrence-free survival rates
were 88.2%, 74.2%, 67.7%, and 26.8% for
patients exhibiting no, low, medium or high
PSMA expression on preoperative biopsy,
respectively (Figure 9).107

IHC, immunohistochemistry; PSA, prostate-specific membrane
antigen; PSMA, prostate-specific membrane antigen.
a
PSMA expression was assessed in a retrospective study by
IHC in 294 preoperative biopsies, 621 primary tumour foci from
242 radical prostatectomies, 43 locally advanced or recurrent
tumours obtained from transurethral prostate resection, 34
lymph node metastases, 78 distant metastases, and 52 benign
prostatic samples from patients who underwent surgery. PSMA
expression was categorised as no expression (score of 0), low
expression (1), medium expression (2), or high expression (3).
Expression was correlated to recurrence-free survival as the
primary end point measure.
b
Disease recurrence was defined as biochemical recurrence
(PSA increase above the postoperative nadir following radical
prostatectomy) and used as end point for survival analysis.
c
By univariate analysis for PSMA negative vs PSMA high
expression.
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PSMA as a Clinically Relevant Biomarker

Similar results have been reported in a
retrospective, real-world study. In a Swiss singleinstitution study, 223 men with biochemically
recurrent prostate cancer were imaged with
PSMA PET/CT, and changes in management
plans were analysed.108 Among the 203 patients
with 6-month follow-up results, a change in
management was recorded in up to 60% of
patients.108,115 As shown in Figure 10, therapy
options can be tailored with the addition of
PSMA PET/CT imaging.108 These results have
been replicated in another real-world study.106
Although there are currently no clinical data
available that link expanded clinical options with

PSMA-based PET/CT has also been used to
guide treatment decisions in patients with
prostate cancer. As mentioned previously,
in the ProPSMA study, first-line conventional
imaging resulted in less frequent management
change than PSMA PET/CT imaging (15%
vs 28%). Furthermore, an additional 27% of
men who underwent second-line PSMA PET/
CT imaging also had management changes
compared with 5% of patients who had
management changes after second-line
conventional imaging.69

Figure 10. Change in Therapy Options (a) Without PSMA PET/CT and (b) With PSMA PET/CT108,a
PSMA PET/CT may help guide clinical management with a tailored approach.
Therapy Options
According to Guidelines
Without PSMA PET/CT
a

Therapy Options
After PSMA PET/CT
b
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ADT, androgen deprivation therapy; chemo, chemotherapy; CT, computed tomography; PET, positron emission tomography;
PSA, prostate-specific antigen; PSMA, prostate-specific membrane antigen; RP, radical prostatectomy; RT, radiotherapy.
The aim of the retrospective study from Switzerland was to assess the effect of PSMA PET/CT on management and outcome in all
patients imaged during the first year after its introduction into clinical practice. The rate of detection of recurrence was determined
from review of patient charts. In the 203 patients with follow-up 6 months after PSMA PET/CT, the therapies effectively implemented
as well as follow-up PSA levels were evaluated, with a PSA value of <0.2 ng/mL representing a complete response and a decrease in
PSA value of at least 50% from baseline at the time of the scan representing a partial response.
a

Multimodal included surgery, salvage radiotherapy, ADT, and/or chemotherapy combined.

b

Reproduced by permission from Springer Nature: Eur J Nucl Med Mol Imaging. Müller J et al. Copyright 2019.
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tumour progression (Box 2).116-121 This is particularly
relevant for patients with APC, who may develop
resistance mutations to AR-directed therapies (Figure
11).123 Evidence exists from various tumour types that
PSMA expression in the vasculature is associated
with worse survival outcomes.124,125

Box 2. PSMA and Oncogenic
Signalling Pathways
Preliminary data have shown that PSMA may
play a role in signalling pathways related
to phosphatidylinositol-3-kinase (PI3K),
RAS/RAF/mitogen-activated protein kinase
(MAPK), nuclear factor kappa B (NF-kB),
and p21-activated kinase (PAK 1).116-119 These
pathways modulate the following cellular
properties:

PSMA is highly expressed in >80% of men with
prostate cancer, making it an attractive therapeutic
target (Figure 12).77,96,97 Another feature includes
the accessibility of the molecule due to its location
in the cell membrane.111 PSMA-binding ligands also
undergo cell internalisation by PSMA, which allows
the delivery of both small molecules and larger
biologics inside the cell.110,128,129

• Cell proliferation and survival116-118,120
• Cell migration120
• Angiogenesis119,121

Clinical Relevance of PSMA-Based Imaging
in APC

Figure 11. Cascade Signalling Effect of
PSMA-Binding Ligands116

PSMA is a diagnostic biomarker and potential
therapeutic target that may enable a phenotypic
precision medicine approach to help guide
patient selection for therapy in APC.69,107,108
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Phenotypic precision medicine is an approach
that utilises noninvasive diagnostic imaging
to characterise observable traits in order
to select therapies for appropriate patients
with the goal of optimising outcomes and
minimising adverse events.19,66,67,68
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PSMA-based imaging and potential therapeutic
targets represent a novel approach to precision
medicine through the identification of a target,
the development of a noninvasive method for
measuring that target, and then a method for
tailoring treatment according to biomarker
results.65,67-70,110,115 Ongoing studies are investigating
the efficacy of small molecule and biologic agents
targeting PSMA, and treatment of APC may
benefit from the identification and development of
additional functional biomarkers to complement
the current treatment armamentarium.5,62,130

Ca2+
stores

Reproduced with permission of Rockefeller University
Press, from: Prostate-specific membrane antigen cleavage
of vitamin 89 stimulates oncogenic signalling through
metabotropic glutamate receptors. Kaittanis C et al. J Exp
Med. 2018;215(1):159-175; permission conveyed through
Copyright Clearance Center, Inc.

improved outcomes, real-world studies showed
an increased rate of systemic treatments for
patients with metastases,106 suggesting clinically
matched interventions. Future studies should
investigate the correlation between PSMA PET
imaging and individualising treatments with the
goal of optimising outcomes.122

Figure 12. PSMA Is Highly Expressed in
>80% of Men With Prostate Cancer107,126,127

In addition to its utility for PET/CT, PSMA has
emerged as an attractive potential therapeutic
target due to its role in several oncogenic signalling
pathways.116-119 Although no natural ligand for
PSMA has been identified to date, PSMA has
been convincingly linked with a number of kinase
pathways that promote oncogenic cell growth and
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Discussion Highlights
• P
 recision medicine is an approach that utilises diagnostic tools to select therapies for
appropriate patients to optimise outcomes and minimise unnecessary side effects19
• T
 here are various types of challenges in implementing precision medicine using genotypic
biomarkers.40 Examples include:
— Clinical40,41
— Operational42-44
— Biological45-51
• P
 SMA is a diagnostic and potential therapeutic target, enabling a phenotypic precision
medicine approach to treating APC in the following ways17,69,107-109:
— D
 etection of a clinically relevant biomarker using a noninvasive diagnostic tool67,68
— O
 ptimisation of patient selection to help inform management decisions65,69,108,115
— U
 tilisation of phenotypic precision medicine with the goal of improving patient
outcomes17,106,108
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