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Key points

o Circulating tumour cells (CTCs) can be detected in blood from
subsets of patients with prostate cancer by using antigen-dependent
or -independent methods of enrichment.

o New label-free enrichment strategies are renewing interest in CTCs
after advances in next-generation sequencing had previously shifted
the focus of liquid biopsy to cell-free DNA (cfDNA).

e Molecular profiling of prostate cancer CTCs might offer a stratification
tool for selecting patients for systemic therapy.

o CTCs provide insight into the clinical and biological heterogeneity
of prostate cancer, potentially offering markers of prognosis and/or
treatment response.

o Further study is needed on the role of CTCs in localized prostate cancer,
requiring increased sensitivity and specificity of enrichment methods.

Introduction

The clinical, morphological, molecular and intra-tumour spatial
heterogeneity of prostate cancer is well established' . Prostate can-
cer can be indolent, showing a slow course of clinical progression,
or can develop into aggressive disease with metastatic and lethal
phenotypes*”. The treatment landscape inadvanced prostate cancer
is rapidly changing, and current methods of diagnosis often lead to
overdiagnosis of tumours that are unlikely to be clinically significant
withinthe patient’s lifetime, leading to arisk of over-treatment. In this
scenario, accurate risk stratification and tumour profiling to inform
therapeutic approachare particularly important®. Studies carried out
tounravelintra-tumour spatial heterogeneity of prostate cancer led to
theidentification of the clonal evolution of the disease both withinand
outside the prostate gland"**'?, Understanding the interplay between
tumour heterogeneity, classically defined ‘index lesions’, and the biol-
ogy of disease spread is crucial toinform risk stratification of patients
and clinical decision making.

Circulating biomarkers have garnered much attention over the
past decade, as cancer research and clinical practice recognize the
potential of these markers for non-invasive risk stratification and per-
sonalized treatment strategies. Circulating tumour cells (CTCs) are
tumour cells shed either from primary tumour or metastatic sites
that travel through the bloodstream, with some having the potential
to seed disease in distant sites. CTC liquid biopsy offers a minimally
invasive approach to sampling molecular tumour phenotypes and
genotypes with potentially lower health care costs than tissue biopsy.
CTCswere considered apromising circulating biomarker todominate
future cancer liquid biopsy development, with the FDA approval of
CellSearch-based CTC analysis for advanced breast, colorectal and pros-
tate cancer prognosis™**, However, with the advance of DNA sequencing
technology, circulating tumour DNA (ctDNA) as abiomarker for cancer
has been developed through the investigation of ctDNA fraction™',
genomic alterations” and fragmentomics’®, overtaking CTCs as the
mainstream circulating biomarker for clinical application owing to the
technology readiness and improved standardization, as well as ease
of sample storage and transportation. Androgen receptor (AR) status
detectedin plasma DNA has also been used as abiomarker of treatment

selectionin prostate cancer”, with sequencing of ctDNA used to identify
AR alterations associated with androgen receptor signalling inhibitor
(ARSI) resistance?® and patterns of methylation? and fragmentation®
that can identify transformation to neuroendocrine prostate cancer
(NEPC). Plasma cell-free or ctDNA assays are commercially available
and canalso provide aninsight into tumour burden, progression, copy
number variants and methylation patterns®?**. However, definitively
identifying the origin of plasma DNA poses a challenge. Fragmentom-
ics, which enables identification of size distributions of cell-free DNA
fragments unique to patients and cancer subtypes, offers the possibil-
ity of distinguishing tumour-derived ctDNA'®. However, the relevance
of ctDNA to tumour evolution and metastasis is limited, as it is not
clear whether ctDNA arises from the primary tumour, metastatic sites
or CTCs. Moreover, fragments could be representative of apoptotic
tumour cells lacking the potential to seed metastatic disease, and
ctDNA could fail to capture the homogenization of shedding sites*.

CTCsshed fromthe primary tumour or metastatic sitesand enter
the circulation, with some having the potential to seed distant metas-
tases, propagating the haematogenous spread of cancer”?. Steven
Paget’s ‘seed and soil” hypothesis introduced in 1889 suggested a
reciprocal determinism in which both the metastatic potential and
microenvironments of cells shed from primary tumour and metastatic
niches (such as bone marrow) influence ‘successful’ propagation of
tumours to distant sites”®”. This theory is exemplified by the biological
phenomenon of ‘dormancy’ observed in prostate and other cancers,
as both tumour microenvironmental drivers and autogenous cell
programmes are thought to regulate cellular dormancy®°. Subsequent
research across cancer types has corroborated this hypothesis and
begun tounravel the molecular details of these tumour and metastatic
niche profiles, suggesting that the successful propagation of metastasis
and treatment resistance are mediated by a mesenchymal or cancer
stem cell (CSC) phenotype® **. Importantly, CTCs enable analysis of
phenotypic and genotypic characteristics cells (or ‘seeds’) that have
survivedincirculation, asthese cells are travelling to or from metastatic
niches (or ‘soil’), whereas other liquid biopsy modalities such as ctDNA
are limited to genotypic analysis, and could identify apoptotic cells or
‘shrapnel’ that are not biologically relevant to cancer spread.

Access to CTC molecular profiles offers great promise in further
delineating the metastatic potential of these cells and could enable
insight to gained into metastatic sites such as the skeleton, which are
particularly challenging to sample directly and often deliver minimal
usable material for analyses®**. Furthermore, the non-invasive nature
of CTC profiling enables longitudinal real-time monitoring of disease
burden and dynamic biology to be achieved, including response to
therapy®*¥. Yet, this promise to understand the biology behind
prostate cancer metastasis has been limited by the rarity of CTCs in
blood and the current technologies available to enrich for these cells.
These technologies are often limited by trade-offs between sensitiv-
ity (which increases with negative selection or antigen-independent
enrichment) and specificity (which increases with positive selection
orimmune affinity), and by the ability to retain live cells and carry out
downstream analyses beyond enumeration®®. However, technologi-
cal developments in isolation and the advent of advanced molecular
profiling, including single-cell technologies and cell culture, could
reinvigorate the field of CTC research.

Importantly, the presence of CTCs is associated with poor overall
survival (OS) in patients with metastatic castrate-resistant prostate
cancer (mCRPC)*. CTCs have been identified in the blood of patients
withlocalized prostate cancer, but the prognostic significance of CTCs
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remains unclear outside the realm of metastatic disease®*°~**, Nonethe-
less, the analysis of prostate cancer CTCs holds great promise for an
insightinto heterogeneous tumour biology***, prediction of treatment
response and elucidation of the metastatic pathway*>*°. Previous Reviews
discussingtherole of CTCsin prostate cancer have focussed on biomark-
ers used in prostate cancer detection and management®*, urological
malignancies as awhole**® and metastatic prostate cancer*",

In this Review, we summarize the state-of-the-art for CTCs at all
stages of prostate cancer development and treatment, describing
advances in CTC isolation and enrichment, subsequent detection
through enumeration and molecular analysis of these cells, withafocus
on unpacking the biological heterogeneity of prostate cancer to pro-
videawindowintolethality. Theliterature search methods are detailed
inthe Supplementary Information and Supplementary Fig. 1. We also
highlight research on the prognostic and clinical utility of prostate
cancer CTCs, including the role of AR and its variants. Future innova-
tions incorporating CTCs into the clinical management of prostate
cancer are also discussed.

Isolation and enrichment of prostate cancer
circulating tumour cells

Methods of CTC enrichment can be broadly categorized as antigen
dependent, such as immune-affinity-based methods, or antigen
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Fig.1|Isolation, detection and profiling workflow of circulating tumour
cells. Circulating tumour cells (CTCs) are captured from blood by using antigen
(Ag)-dependent and/or Ag-independent isolation and enrichment methods.
Captured cells are identified as CTCs (detected) based onimmunofluorescence
staining of cell-surface markers or real-time PCR of prostate-specific or
prostate-related transcripts. Captured cells are then profiled by using genomic,

independent, based on biological and physical properties, holding
different capture efficiencies (percentage of circulating prostate
cancer cells captured) and purity levels (background level of white
blood cells (WBCs); Supplementary Table1). Theisolation of CTCs from
blood has undergone substantial advances over the past decade, with
platforms such as CellSearch obtaining FDA approval in metastatic
breast, prostate or colorectal cancer, and Parsortix obtaining FDA
approval in metastatic breast cancer®*,

Immune-affinity methods target cell-surface antigens, selecting
for or against CTCs (positive versus negative enrichment). Immune
capture is often achieved by using antibody-conjugated magnetic
nanoparticles™° or microfluidic chips with antibody-coated walls or
solid support structures®®® (Fig. 1). Negative enrichment targeting
CD45 is used to deplete WBCs***¢, whereas positive enrichment of
prostate cancer CTCs typically occurs by targeting the epithelial cell
adhesion molecule (EpCAM). The most widely used platform forisola-
tion of prostate cancer CTCs for prognosis is CellSearch, which uses
the CellTracks AutoPrep System to immunomagnetically enrich an
EpCAM-positive cell population. However, isolation targeting EpCAM
alone fails to capture the phenotypic heterogeneity of CTCs owing to
the presence of epithelial-to-mesenchymal transition (EMT), a pro-
cess in which expression of epithelial markers such as EpCAM is lost
as CTCs extravasate into the circulation; additionally, non-specific

Cell capture

Ag-independent isolation

Markers of isolation:

PSMA; EpCAM; OB-cadherin; MET; TROP2; CD45 (negative enrichment);
EpCAM/HER2/PSCA/EGFR; EpCAM/EGFR/FGFR; PSA; EpCAM/PSMA; EpCAM/PSMA/PSA;
EpCAM/Vimentin; E-selectin

Ag-independent (physical) isolation

Acoustophoresis; size (7.5-ptm or 8-pm pores); deformability

'

Detection

Immunofluorescence

CTC signatures:

CK+/EpCAM+/DAPI+/CD45-; CK4, 5, 6, 8, 10, 13, 18, 19+/DAPI+/CD45-, classified by
IGF-IR; PSA+/P504S+; CK+ and/or DAPI+/CD45-, classified by CD133/E-Cad;
CD133+ or CD117+ or CD34+ or CD117+; CD117+/EpCAM+; EpCAM+/CD45-;
CK+/DAPI+/CD45-; EpCAM+/PSMA+/AMACR+/PanCK+/CD45-

RT-PCR

Transcripts detected:

KLK2; KLK3; EGFR; AR-V7; FOLH1

'

Molecular assays
Genomics
Genes:
PTEN loss; TP53 loss; RB1 loss; AR amplification; ERG rearrangements; 6416 loss;
FXBL4 loss; FOXAT amplifications; AR gain; CYP11B1 gain; UGT2B17 gain
Transcriptomics
Transcripts:
AR; AR-V7; PTRN2; ALDHT; ESR2; WNT5A; KLK2; TMPRSS2; WNT7B; GRHL2; HOXB13;
FOXAT; KLK3; FOLH1; KRT19; EPCAM; ARv567es; RPL15, CDHT (mRNA probe); AKR1C3;
DLXT1; HOXC6; MYOG6; ZEBT; SNAI1, ADAMTS1
Proteomics
Proteins:
PSA, FGF2, Ki67

transcriptomic and proteomic techniques. AMACR, a-methylacyl-CoA racemase;
CK, cytokeratin; E-cad, E-cadherin; EGFR, epidermal growth factor receptor;
EpCAM, epithelial cell adhesion molecule; FGF2, fibroblast growth factor 2;
FGFR, fibroblast growth factor receptor; IGF-IR, insulin-like growth factor-IR;
PSCA, prostate stem cell antigen; PSMA, prostate-specific membrane antigen.
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EpCAM-positive cells arealso potentially captured with this strategy® .
Thus, alternative recognition ligands have been used****”” including
E-selectin®, prostate-specific membrane antigen (PSMA)®"7¢"78, PSA®7¢,
vimentin®**¥7* epidermal growth factor receptor (EGFR)**>, MET”’,
OB-cadherin®, HER2 (ref. 72), TROP2 (ref. 80), and prostate stem cell
antigen (PSCA)”* (Table 1, Supplementary Table 2 and refs. 81-91). Mul-
tiplexed antibody-based approaches showed higher capture efficiency
thansingle-antibody (typically EpCAM)-based capture®™**”*"*°2 In one
of these studies, capture efficiencies of 74% and 85% were achieved by
targeting EpCAM alone and by using an anti-EpCAM and anti-PSMA
functionalized microfluidic platform, respectively®’. Further researchis
needed tounderstand theimplications of different capture ligands on
which CTCs are captured from a heterogeneous population, specifically
inregard to whether the biologicalimportance and metastatic potential
of selected CTCs modulates with different capture targets.

Most antigen-independent techniques leverage the unique physical
properties of CTCs — specifically size, density and deformability — to
separate CTCsfrom other blood components by using microfluidic plat-
forms. This separationis commonly achieved through filter-based micro-
fluidic devices with fixed pore size that capture CTCs and enable smaller
blood cells to pass or squeeze through®. Prostate cancer CTCs typically
haveadiameter of 9.1-15.1um’***, while WBCs have diameters of approxi-
mately 10 pm (ref. 96) and RBCs are 7.5-8.7 um (ref. 97). Thus, in studies
in which filtration was used to enrich for prostate cancer CTCs, pore
sizes of 7.5-8 pm have been used”*”*, with pore sizes generally slightly
smaller thanthe targeted cell size tofacilitate deformability-based cap-
ture. In a proof-of-concept study including nine patients with prostate
cancer, enrichment with the ScreenCell filtration technique enabled
theuse of fluorescenceinsitu hybridization (FISH) to quantify telomere
numbers and sizes’®. In another study, ScreenCell filtration enabled
the isolation and detection of CTCs from the blood of 41 patients with
low-, intermediate-, and high-risk prostate cancer (GG1-5 on biopsy, no
imaging details included)®*. The Parsortix system is another size- and
deformability-based CTC enrichment method. In one study including
seven patients with prostate cancer, Parsortix enabled the harvest of
asignificantly greater number of cytokeratin (CK)* CTCs from patient
blood samples than CellSearch (mean of 32.1 and 10.1, respectively;
P=0.04)”. Furthermore, in this study, CK*/Vimentin*/CD45 and
CK'/Vimentin®/CD45™ CTCs were found through Parsortix enrichment
(mean34.4 per patient, range 4-115) inblood samples from 4 of 5 patients
with prostate cancer, and rarely in 3 healthy individuals (0 CK'/ CD45"
cellsand 0,2 and 3 CK"/Vimentin*/CD45 CTCs detected), indicating
that this method facilitates antigen-independent enrichment of CTCs
withboth epithelial and mesenchymal features. This evidenceisimpor-
tant because CTCs might lose expression of canonical markers upon
migration into the systemic circulation.

Other methods of CTC enrichment that use microfluidic tech-
niques include dielectrophoresis, which describes the movement
of cellsinanon-uniform electric field, and acoustophoresis, in which
sound waves are used to exploit the variance in size and density of
CTCs from healthy blood cells?’'°2, One study using acoustophoresis
to isolate CTCs from five patients with mCRPC to investigate PSMA
expression found that 64.5-81.5% of CTCs (defined as CK8/18*, DAPI*
and CD45™ through immunofluorescence) were PSMA, showing the
ability to detect a potential therapeutic target through CTC liquid
biopsy'®% Dielectrophoresis is the core concept of DEPArray, a platform
that was shown to work well following isolation with CellSearch to
generate up to 30,000 ‘DEP cages’ into which single cells can be sorted
based onimmunofluorescenceimaging'®. Importantly, thisapproach

enables downstream next-generation sequencing analysis of single
CTCs to be obtained, which is crucial to studying the heterogeneity
of tumour cells.

Antigen-independent enrichmentenables a phenotypically heter-
ogeneous CTC populationto be captured, butisolation s limited by the
relativerarity of CTCsinblood (1CTC/billionblood cells)*'®>. To address
thisissue, diagnostic leukapheresis (DLA) —based on continuous cen-
trifugation for collection of peripheral blood mononuclear cells —
has been used to separate the mononuclear cell population from
larger volumes of blood, followed by CTC isolation from this enriched
fraction'**. In a study including 22 patients with metastatic prostate
cancer aimed at collecting aminimum DLA volume of 40 ml, processing
aDLAaliquot of 2x108 WBCs by using CellSearch increased CTC yield by
up to 32-fold compared with thatretrieved in 7.5-mlblood samples with
astandard CellSearch protocol'*. Another CTC enrichment tool, the
GILUPICellCollector, uses an antibody-coated (such as EpCAM, PSA or
PSCA) medical wireinserted withinthe lumen of ablood vessel to collect
CTCs from circulating blood’*'**'°¢, This method enabled isolation of
>1CTC(identified throughPanCK',Hoescht",CD45 immunofluorescence
staining) from the blood of 78.9% (56 of 71) and 46.3% of patients
(24 of 53) with metastatic and localized prostate cancer, respectively'®.
In another study in which the GILUPI CellCollector was used, enrich-
ment through prostate-specific markers (PSMA, PSA, PSCA and
EpCAM versus EpCAM alone) resulted in more sensitive detection rates
(86.7% versus 73.3% of patients with >1 CTC detected) and higher CTC
counts (median: 9 versus 3 CTCs) than those achieved by using EpCAM
targeting alonein 25 patients with metastatic prostate cancer receiving
androgen deprivation therapy (ADT) and/or chemotherapy®~.

Overall, CTC isolation methodology determines the cell popula-
tion that will be studied and, therefore, is crucial to any downstream
analyses. Antigen-independent methods yield ‘label-free’ live cells,
which facilitate the integration with a wide range of downstream bio-
logical and functional analyses, whereas methods relying on antigen
targeting resultin cells affixed to an antibody complex. Staining cells
for protein expression typically requires fixation onaslide, and, there-
fore, canexhaust the sample available for further biological profiling.
Thus, further development of CTC enrichment platforms that enable
sensitive and specific detection at a reasonable cost and elution of
live cells for functional analyses is crucial.

Enumeration and detection of prostate cancer
circulating tumour cells

After capturing, potential CTCs need to be validated and quantified.
Techniques to detect and enumerate (quantify) isolated CTCs are
typically based on cancer-cell-associated antigens (for example,
immunofluorescence), or nucleic-acid targeting (such as reverse-
transcription PCR (RT-PCR) or FISH) (Supplementary Table 2 and
Fig.1). Immunofluorescence-based enumeration methods, including
the CellSearch system, traditionally detect CTCs based on a CK'/
EpCAM'/DAPI'/CD45 signature''”’. Toimprove inter-reader variability
in counting CTCs from the CellSearch output, automated algorithms
have been evaluated in patients with metastatic prostate cancer, and
showed comparable accuracy and ability to automatically extract
morphological features'®,

However, concerns exist about the over-dependence of these enu-
merationstrategies on EpCAM and CK, owing to the phenotypic hetero-
geneity of CTCs thatarises from EMT, which leads toloss of expression
of typical epithelial markers**'%’, A variety of additional markers have
beenidentified, including CD133 (a marker of prostate stem cells)"*'",
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Table 1| Cell-surface and intracellular markers to target prostate cancer circulating tumour cells for isolation and detection

Marker name Marker Alternative names Details Marker Refs.
abbreviation use
Epithelial cell adhesion EpCAM CD326 Transmembrane protein involved in cell-to-cell adhesion,  Isolation 67-70,81
molecule® signalling, migration and growth; strong expression in
various carcinomas including prostate cancer compared
with normal epithelia
E-selectin NA Endothelial-leukocyte Glycoprotein that promotes endothelial leukocyte 75,82
adhesion molecule, CD62E interactions; has an important role in the adhesion
or leukocyte-endothelial cell of tumour cells to the vascular endothelium
adhesion molecule 2
Prostate-specific PSMA Glutamate carboxypeptidase Il  Transmembrane protein expressed by the prostate tissue 61,76-78,83
membrane antigen®
Prostate-specific PSA Kallikrein 1ll or gamma-semino Androgen-regulated serine protease produced by 61,76,84
antigen® protein prostate epithelial cells and prostate cancer cells
Vimentin® NA Fibroblast intermediate filament  Intermediate filament protein typically upregulated 56,74,85
in cells undergoing EMT
Epidermal growth EGFR HER1, ErbB-1 Transmembrane glycoprotein and type | tyrosine kinase 58,72,79,
factor receptor receptor involved in cell survival and growth 86,89
MET NA Hepatocyte growth factor Receptor tyrosine kinase expressed on the surface of 50,87
receptor, MET proto-oncogene, = mesenchymal cells, fibroblasts and smooth-muscle cells,
or tyrosine-protein kinase MET acts through a paracrine mechanism to activate HGF-MET
signalling
OB-cadherin NA Cadherin 11 Ca?-dependent homophilic cell adhesion molecule, 55,88
expressed in osteoblasts and prostate cancer cells
Human epidermal HER2 HER2, ErbB2 or Neu Receptor tyrosine kinase expressed in normal and 72,89
growth factor receptor-2 malignant epithelial cells, regulates cell proliferation,
survival and differentiation
Tumour-associated TROP2 Epidermal glycoprotein 1 Cell-surface glycoprotein that regulates tumour growth 80,90
calcium signal or membrane component and metastatic ability of prostate cancer cells
transducer 2 chromosome 1 surface marker 1
Prostate stem cell PSCA NA Glycosylphosphatidylinositol-anchored cell-surface 72,91
antigen protein up-regulated in several major cancers including
prostate, bladder and pancreatic cancers
Cluster of differentiation CD133 Prominin 1 Transmembrane protein expressed in cancer stem cells, Detection 110,111,116
133 regulates metastasis, drug resistance and stemness
properties in various cancer cells
E-cadherin E-cad Cadherin1or CD324 Ca*-dependent cell-cell adhesion molecule involved in 10,117
epithelial cell behaviour, tissue formation and suppression
of cancer
a-methylacyl-CoA AMACR P504S, 2-methylacyl-CoA Mitochondrial and peroxisomal enzyme involved in 1318
racemase racemase or RACE 2 branched-chain fatty-acid and bile-acid metabolism;
useful diagnostic biomarker for prostate cancer and other
malignancies
C-X-C chemokine CXCR4 CD184 or fusin G protein coupled receptor for ligand SDF1a, involved in mmno
receptor type 4 cancer cell adhesion, invasion and proliferation
Cluster of CD34 Gp105-120 and My10 Transmembrane phosphoglycoprotein, mediates 11,120
differentiation 34 attachment of stem cells to extracellular matrix in bone
marrow or tissue
Cluster of CcD117 C-KIT, tyrosine-protein kinase Prostate cancer stem-cell marker, type lll tyrosine kinase ma21
differentiation 117 KIT or mast or stem cell growth  receptor involved in cell signalling, survival, metabolism,
factor receptor proliferation, apoptosis, migration and differentiation
Insulin-like growth IGF-IR Insulin-like growth factor 1 Essential for development, survival and proliferation of 14,122
factor-IR receptor many cell types, and upregulated in prostate cancer
tissue
Synaptophysin SYP P38 Integral synaptic vesicle protein, marker 115,123

of neuroendocrine prostate cancer

NA, not available; SDF1a, stromal cell-derived factor 1a. *Also used for detection of prostate cancer CTCs.
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E-cadherin (encoded by CDHI)"°, PSMA (encoded by FOLHI)"?, PSA
(encoded by KLK3)', a-methylacyl-CoA racemase (AMACR)'?, C-X-C
chemokinereceptortype4 (CXCR4),CD34, CD117 (ref.111), insulin-like
growth factor-IR (IGF-IR)"™, and synaptophysin (encoded by SYP)'"
(Table 1 and Supplementary Table 2 (refs. 110,116-123)). In a study
including 303 patients undergoing prostate biopsy, the enumeration of
PSA*/P540S" CTCs (positive test for CTC defined as >1cell PSA"/P540S")
before diagnostic biopsy had a sensitivity and specificity of 88.5% and
88.4%, respectively, for detecting patients who required treatment
(compared with active observation'?).Ina another study, the detection
of EpCAM’/PSMA'/AMACR’/PanCK’/CD45  CTCs showed a sensitivity
and specificity of 91.2% and 100%, respectively, for diagnosing prostate
cancer'®, Interestingly, ina prostatectomy cohortin which blood immu-
nostaining was carried out pre- and post-operatively to detect CD133",
CXCR4*,CD34"or CD117 cells, only CD117* cell percentages decreased
after radical prostatectomy, whereas the others remained near preop-
erative levels™. Furthermore, the percentage of CD117" cells did not
decline in patients with biochemical resistance (BCR), and correlated
positively (Spearmanr=0.4851, P= 0.03) with high PSA values, suggest-
ing CD117 as a potential biomarker of therapy response™. Thus, these
enumerative studies of molecular markers for diagnosis and prognosis
of prostate cancer could have a future role in identifying patients who
need additional treatment, as well as in guiding treatment selection
based on detection of therapeutically actionable markers.
Nucleic-acid-targeting approaches for CTC detectionin prostate
cancer have historically relied largely on RT-PCR, in which detection of
prostate- or epithelial-specific mRNA transcripts was used as a surro-
gate for CTC presence in blood'**'#, RT-PCR for KLK2and KLK3mRNAs
in peripheral blood from patients with localized and metastatic pros-
tate cancer has shown strong concordance (80-85%) with CellSearch
enumeration results (positive result defined as >5 CTCs per 7.5-ml
blood sample)™*. In other studies, platforms such as the commercial
Adnatest were used to immunomagnetically enrich for cells express-
ing markers suchas EpCAM and HER2 before detecting CTCs through
prostate-specific transcripts (such as FOLH1, KLK3 and EGFR), with
results from one study showing a100% specificity and 100% sensitivity
for detection of cancer in patients with benign prostatic hyperplasia
and high-risk prostate cancer” %, The Versatile Exclusion-based Rare
Sample Analysis system is also based on the enrichment for EpCAM"-
cell populations in combination with quantitative RT-PCR targeting
AR, AR splice variants and AR-regulated genes. In a prospective trial
including 99 patients with mCRPC, the Versatile Exclusion-based
Rare Sample Analysis system was used to identify patterns of gene
expression in CTCs; patients who had high expression of transcrip-
tional AR targets were significantly more likely to have CRPC versus
hormone-sensitive prostate cancer (HSPC), and had higher levels of
serum PSA (median 216 ng/ml) than patients with alow level or absence
of detected AR-regulated genes (median 11.22 ng/ml, P< 0.0001)"°.
However, RT-PCR s limited by poor specificity™', mainly ascribed to low
sample purity, which results in alack of discrimination of transcripts
derived from CTCs as opposed to contaminating leukocytes'.
Studiesin the past decade focused on CTC detection through FISH®,
targeting of mRNA transcripts™ and identification of live cells actively
secreting prostate cancer markers®™*. In one study, FISH analysis was
used downstream of enrichment with the Parsortix platformand immu-
nostaining to probe for nine genes and genomic regions commonly
altered in prostate cancer, including 6q16, NKX3.1, MYC, PTEN, CCND1,
RBI1,16q22.1, ERG and AR in 81 patients with mCRPC or localized pros-
tate cancer; changes were observed in >30% of the genomic regions in

the majority of mesenchymal (VIM*/CD457) CTCs*. In a small group of
patients with localized and metastatic prostate cancer, a novel system
usingatriple-targeting nano-vector toisolate epithelial EpCAM*), mesen-
chymal (EGFR") and stem-cell-like (CD44") CTCs was evaluated. By using
this approach, intracellular ‘molecular beacons’ were created to target
and visualize mRNA (such asRPL15and E-cad) inliving CTCs, and the num-
ber of RPL15" and E-cad” CTCs correlated positively with the presence of
bone as opposed to nodal metastases, showing the ability to successfully
detectlive CTCs through mRNA visualization, and suggesting the poten-
tial for this strategy to provide accurate insight into tumour metastasis'™’.
Thevisualization of aheterogeneous CTC population, whichreflectsthe
heterogeneous tumour biology of the primary tumour, is crucial, butis
limited by EpCAM-based targeting. EPithelial ImmunoSPOT (EPISPOT)
is an EpCAM-independent technology for enumerating CTCs by using
afunctional approach to detect viable cells that are actively secreting
proteins such as PSA and FGF2 following CD45-cell depletion. In patients
withlocalized prostate cancer before and after radical prostatectomy™*
orradiotherapy™'*®, ahigher CTC yield was observed with CellCollector
and dual fluoro-EPISPOT than with CellSearch, indicating the potential of
EPISPOT toidentify molecular heterogeneity of prostate cancer in CTCs
and highlighting the importance of non-epithelial CTCs.

Molecular analyses of circulating tumour cells
CTCs offer awealth of information beyond enumeration, as molecular
profiling (Table 2) of these cells can provide a sample of tumour biol-
ogy at the cellular level with minimally invasive methods. Most of the
work undertaken to date has focussed on the profiling of CTCs within
the field of metastatic prostate cancer***/1¥77140,

Transcriptome analysis of circulating tumour cellsin
metastatic prostate cancer

Transcriptomic profiling enables identification of genes and pathways
implicated in CTC survival and dissemination'*. Targeted PCR of CTCs
has been widely used to predict prostate cancer survival****, Results
from these studies have shown that prognostic gene signatures, includ-
ingexpressionof genessuchas AR, ARv7, FOLHI (which encodes PSMA),
KLK2,KLK3and TMPRSS2insamples enriched for CTCs, can outperform
PSA declinein predicting 0S™** and PFS™ in patients with mCRPC. Fur-
thermore, PSMA expressionin CTCs has been shown tobe anindepend-
ent biomarker of poor prognosis, with significantly shorter PSA-PFS
(12 weeks versus 30 weeks, P=0.008), and OS (13 months versus
27 months, P=0.010) in patients with versus without PSMA* CTCs'*%
Ina cohort of 43 patients with mHSPC, the expression of ZEBI, SNAI1
and ADAMTSI detectable in CTCs through RT-qPCR was shown to be
significantly predictive of progression to mCRPC within 24 months
(area under the curve (AUC) =0.77,P=0.0092; AUC=0.71, P= 0.039;
AUC=0.71, P=0.043, respectively)*e.

Transcriptomic analyses of CTCs might also serve to identify bio-
markers of disease state and tumour molecular profile'*™, Results
fromsome studies have shown that selected EMT-related genes (such
as PTPRN2, ALDH1, ESR2, WNT5A) are more highly expressed in CTCs
enriched from the blood of patients with mCRPC rather than mHSPC';
AR and AR-regulated gene expression is increased in matched CTCs
and metastatic biopsy samples**®; and KLK3 and FOLHI expression is
higherin CTCs enriched from patients with mHSPC or mCRPC thanin
CTCs from patients with localized prostate cancer'”. Inanother study,
amultigene score was created to identify metastatic prostate cancer,
including mHSPC and mCRPC. Results from this study showed that
KRT19 expressionand EPCAM expression were 336.3-fold and 8.7-fold
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Table 2 | Molecular analyses on circulating tumour cells from patients with localized and metastatic prostate cancer

Analyses Genes or targets Genomics or Disease Comparator Findings Ref.
studied transcriptomics state (n)
(single-cell or bulk)
FISH PTEN, ERG, AR Genomics mCRPC Matched PTEN loss associated with worse survival in univariate 37
Isolation: (single cell) archival and analysis (median survival 7.0 vs 12.1 months), but not in
Enrichment free fresh cancer amultivariate analysis including additional parameters
Epic platform tissue PTEN status concordant in CTCs and fresh tissue in 32
(Epic Sciences) of 38 (84%) patients
AR expression in CTCs did not correlate with PTEN or
ERG status
gPCRof totalRNA  KLK2 and TMPRSS2  Transcriptomics mCRPC Healthy A two-gene panel of KLK2 and TMPRSS2 was created; 144
from whole blood (bulk) volunteers unfavourable results (defined as >1 marker positive)
independently predicted OS in multivariate analysis;
conversion to a favourable result during treatment
was associated with improved OS, suggesting that the
score can predict treatment benefit
RT-PCRof mMRNA  EZH2 Transcriptomics MetastaticPCa Healthy EZH2 expression was greater in patients with metastatic 160
Isolated through (bulk) (n=20) and volunteers PCa (mean expression density 2040.5 +1881.3
anti-Ber-EP4 localized PCa  (n=10) intensity/mm?) than in localized PCa (349.4 +156.7
immunomagnetic (n=20) intensity/mm?, P=0.019) and healthy individuals
beads (345.7 £131.8 intensity/mm?, P=0.023)
WGA with low- WGA: 58-gene panel  Genomic (WGA: mCRPC (n=20) Matched For each patient, a profile of cfDNA, cfRNA, CTC DNA 157
pass WGS for NGS: 27-gene panel  single cells; tumours where  and germline (WBC) DNA was developed; alterations
CNV analysis (Cynvenio) NGS — bulk) available unique to CTC DNA (20.7%), unique to cfDNA (65.5%)
NGS for SSNV and shared (13.8%) were detected
analysis
Single-cell RNA RT? Profiler Human  Transcriptomic Prostate Individual CTCs  Profiling showed subgroups of CTCs with differing 141
profiling through  Prostate Cancer PCR  (single cell) cancer (no phenotypes within patient samples, suggesting
qPCR Array further detail) that this method can be used to study intra-patient
heterogeneity
IF (CTCs) PSMA NA Clinically Primary tumours  CTC PSMA expression was heterogeneous; in patients 163
IHC (primary proven mPCa with CTCs, 12 of 20 (67%) had PSMA* CTCs; all
tumours) patients had heterogenous CTC PSMA phenotypes;
all ‘favourable’ (<5 CTCs/ml blood vs unfavourable,
>5 CTCs/ml) patients in this study had PSMA-negative
CTCs; several patients with PSMA* primary tumours had
PSMA™ CTCs
WGA Whole exome Genomic MCRPC (n=2)  Matchedprimary A new census-based WES protocol to call SSNVs from 140
(single cell) and metastatic prostate CTCs was introduced
tissue samples
aCGH CNVs (gains and Genomics (bulk) Abiraterone or Matched Genomic gains occurring in >25% of patients: AR, 35
losses) enzalutamide- leukocytes FOXAT1, ABL1, MET, ERG, CDK12, BRD4, ZFHX3
resistant Genomic losses in: PTEN, ZFHX3, PDEADIP, RAFT, GATA2
mMCRPC (n=16) _ .
The molecular profile is complex, but reproducible
common CNVs might be useful as predictive
biomarkers of therapeutic effectiveness
RNA HyCEAD assay (with  Transcriptomics mCRPC CTCs from other A custom panel consisting of AR, ARv7, FOLH1 (PSMA), 143
tailored PCa gene (bulk) patients with KLK2, KLK3, and TMPRSS2 was developed
panel, 64 genes) mCRPC
WGA CNA, SNV and SV Genomics Colon, breast, Matched SNVs in primary cells and CTC occurred sporadically, 137
analyses (single cell) gastric or single primary whereas CNAs occurred accumulatively in
prostate (n1=5) tumour cellsand primary cells and converged towards the CTC CNA
cancer CTCs profile; this homogeneity might be valuable in
understanding and targeting evolutionary processes
implicated in metastasis
Epic Sciences Genome-wide CNAs  Genomics mCRPC WBCs Loss of 22 of these genes was more frequently resolved 158
single-cell CNA Gene-based copy (single cell) clinically in CTC DNA (35% of patients) than in ctDNA (21% of
analysis pipeline  nymber analysis: defined patients); higher genomic instability (assessed through
578 cancer genes as AVPC CTC LST) was observed in patients with clinically
from Roche (n=21)and defined AVPC
Comprehensive ‘conventional’
Cancer Design Panel (non-AVPC)

mCRPC (n=26)
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Table 2 (continued) | Molecular analyses on circulating tumour cells from patients with localized and metastatic

prostate cancer
Analyses Genes or targets Genomics or Disease Comparator Findings Ref.
studied transcriptomics state (n)
(single-cell or bulk)
RT-PCR 84 EMT-relatedand  Transcriptomics PCa (n=8; Housekeeping Individual CTCs were highly heterogeneous, but 145
reference genes (single cell) mCRPC=5, gene (UBB) select EMT-related genes (PTPRN2, ALDH1, ESR2,
metastatic WNT5A) were more highly expressed in patients
castration with castration-resistant cancer than in those with
sensitive=2, castration-sensitive cancer
non-metastatic
castration
sensitive=1)
RNA-seq of NA Transcriptomics 77 CTCsfrom  Bulk transcrip- 60% of the 77 CTCs analysed robustly expressed 148
single cells (single-cell level) 12 patients tomes of primary  putative stem-cell markers, 92% expressed epithelial
(amplification + with meta- PCafroma markers, but mesenchymal genes were not
next-generation static PCaand separate cohort  upregulated compared with primary tumours
RNA-seq) 1patientwith  (n=12 patients)  Non-canonical WNt signalling was activated in patients
localized PCa with mPCa progressing under enzalutamide AR
inhibition relative to enzalutamide-untreated patients
in a retrospective analysis (P=0.0064)
WGA, then NGS Genome-wide Genomics mCRPC (n=1)  CTCscompared Targeted ADT but not standard chemotherapy was 138
CNV profiles (single cell) at four associated with the drastic depletion of an initial clone
sequential ‘A’ and the emergence of two molecularly distinct
timepoints clones ‘B’ and ‘C’ (assessed through phenotypic AR
status and genome-wide CNV profile)
RT-PCR FOLH1, AR-V7, Transcriptomics mCRPC (n=79) NA In mCRPC, PSMA expression in CTCs (vs PSMA™ CTCs) 142
AR, EGFR (bulk) is an independent biomarker of poor prognosis
(shorter PSA-PFS (12 weeks vs 30 weeks, P=0.008)
and OS (13 months vs 27 months, P=0.010)
CTCs: FA-FISH ERG (FISHand IHC), Genomics MCRPC (n=54, Matchedtissue = CTCs and metastatic biopsy samples showed 88% 34
Tissue: FISH, IHC AR (FISH) (single cell) n=28for CTC  biopsy samples  concordance in ERG rearrangement, with further ERG
sampling) rearrangement patterns detected in CTCs, indicating
greater heterogeneity in CTCs than in biopsy samples
RT-PCR AR1/2,AR 4/5, AR-V7, Transcriptomics mCRPC Baseline vs at At progression, increased expression of AR-regulated 146
AR-V9, KLK2, KLK3, (11 patients progression genes, AR splice variants and neuroendocrine markers
TMPRSS2, FOLH]1, with paired after ENZ were shown in CTCs; in patients with metastatic
NKX3.1, SYP, CHGA, baseline and biopsies harbouring AR alterations, increased AR and
CHGB, MYCN, progression AR-regulated gene expression was found in matched
NKX2.2 CTC samples) CTCs as well
NGS Targeted Genomics MCRPC (n=22) Paired cfDNA, SSNVs in PCa-related genes were detected in CTCs 156
amplicon cancer (single cell) leukocyte, in 92% of patients and cfDNA in 45% of patients; CNA
hotspot panel, 52 bcDNA analysis showed high consistency of AR copy number
cancer-related gains between patient-matched cfDNA and CTC
genes DNA — however, most SSNVs were unique to either
CTCs or ctDNA
RT-ddPCR AR, AR-V7, KLK3, Transcriptomics Localized PCa  Localized vs A multigene score was defined as the sum of the 147
FOLH1, EPCAM, (bulk) (n=26),MHSPC mHSPC vs individual gene expression scores for the six genes;
KRT19 (n=10),MCRPC mCRPC vs logistic regression analysis showed that the multigene
(n=28) healthy donor model was better at identifying metastatic prostate
cancer than individual gene models
Flow cytometry PROM1(CD133) Proteomics Patients with CD133"vs CD133 was detected in all patients. CD133" CTCs had 162
(ImageStreamX) mMCRPC (n=20) CD133  CTCs elevated Ki67 expression vs CD133™ CTCs, suggesting
a greater proliferative potential; AR expression and AR
nuclear colocalization have similar levels in CD133*
and CD133™ CTCs, suggesting that CD133 expression is
a marker of CTC proliferation and is independent of AR
pathway activity
Multi-RNA-ISH HK2, PDP2, G6PD, Metabolomics mPCa(n=29) Non-metastatic =~ GM' CTC (determined through the expression of eight 164

PGK1, PHKAT, PYGL,
PDK1, PKM2

PCa (n=25)

metastasis-related metabolic genes) were detected

in 64.8% of patients; increased hypermetabolic GM*
CTCs were associated with metastasis and advanced
tumour stages (P<0.05). The triple tPSA-Gleason-GM*
CTC marker outperformed tPSA-Gleason-H-CTC
marker (AUC=0.904 vs 0.874) in discriminating mPCa vs
localized PCa
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Table 2 (continued) | Molecular analyses on circulating tumour cells from patients with localized and metastatic

prostate cancer
Analyses Genes or targets Genomics or Disease Comparator Findings Ref.
studied transcriptomics state (n)
(single-cell or bulk)
NGS 62 PCa-associated Genomics mMCRPC (n=2) WES of the same High concordance was found between WES and 159
genes and recurring  (single cell) samples targeted NGS, with almost all alterations detected in
gene fusions with each dataset being present in the other one
ETS family members
(via tiling)
RNA-Seq N/R Transcriptomics mMCRPC (n=36; Sequential CTCs in patients with treatment-resistant tumours 149
(bulk) after RNA-seq samples, showed upregulation of TGF3 and CCND1 signalling
data QC=12, treatment pathways; resistant CTCs had significantly increased
DGEA of responders WNT transcripts (WNT7B and WNT5A) and increased
drug-resistant  vs patients canonical WNT signalling associated genes (including
and drug- showing FZD4 and LEFT)
sensitive resistance
CTCs=5
samples each
(unpaired))
FISH FBXL4 Genomics Bone meta- 2 patients with FBXL4 deletion was detected in CTCs of 6 out of 139
static PCa lower Gleason 7 patients with bone metastatic PCa, and in CTCs from a
(n=7) score (3+3; 4+3)  patient with lymph node-only metastasis — no loss was
detected in the two patients with lower Gleason scores;
subsequent in vitro work suggested FBXL4 as a putative
PCa TSG involved in migration and invasion regulation,
suggesting a potential role for CTC FBXL4 loss as a
potential prognostic marker in liquid biopsy
WES NA Genomics MCRPC (n=2) 2 patients with 70% of SSNVs detected in prostate cancer CTCs were 140
(single cell) CTCs, 1patient  also present in matched primary tumour and lymph
with paired node metastases
lymph-node
metastasis
and 9 cores of
primary tumour
RNA-seq 78 prostate Transcriptomics mMCRPC (n=41) NA TMPRSS2:ERG fusion was expressed in 41% of CTC 150

cancer-related
target genes

(bulk)

samples, and the aggressive prostate cancer-associated
long non-coding RNA SChLAPT was upregulated in 70%
of CTC samples; CTC expression of WNT5a, AURKA and
BMP7 were independently predictive of overall survival

ABI, abiraterone acetate; aCGH, array-based comparative genomic hybridization; ADT, androgen deprivation therapy; AR, androgen receptor; AUC, area under the curve; AVPC, aggressive variant
prostate cancer; bcDNA, buffy coat DNA; BPH, benign prostatic hyperplasia; cfDNA, cell-free DNA; CNA, copy number alteration; CNV, copy number variant; CRPC, castration-resistant prostate
cancer; CTC, circulating tumour cell; ddPCR, droplet digital polymerase chain reaction; DE, diethylstilbestrol; DGE, differential gene expression; EMT, epithelial-mesenchymal transition; ENZ,
enzalutamide; FA-FISH, filter-adapted fluorescence in situ hybridization; FISH, fluorescence in situ hybridization; H-CTCs, hybrid circulating tumour cells (regarding epithelial and mesenchymal
phenotypes); HE, heterozygous; HO, homozygous; IHC, immunohistochemistry; IR, immunofluorescence; LST, large-scale transitions; mCRPC, metastatic castration-resistant prostate cancer;
mHSPC, metastatic hormone-sensitive prostate cancer; multi-RNA-ISH, multi-RNA in situ hybridization; NA, not available; NGS, next-generation sequencing; OS, overall survival; PCa, prostate
cancer; PFS, progression-free survival; PSA-PFS, prostate-specific antigen progression-free survival; PSMA, prostate-specific membrane antigen; gPCR, quantitative polymerase chain reaction;
ROC, receiver operating characteristic; rs, reference single-nucleotide polymorphism; RT-ddPCR, real-time droplet digital polymerase chain reaction; RT-PCR, reverse transcription polymerase
chain reaction; SE-iFISH, subtraction enrichment-immunofluorescence in situ hybridization; SNV, single-nucleotide variant; SSNVs somatic single-nucleotide variants; SV, structural variant;
TGFR, transforming growth factor-B; tPSA, total PSA; TSG, tumour suppressor gene; WES, whole-exome sequencing, WGA, whole genome amplification; WGS, whole-genome sequencing.

higher, respectively, in the blood enriched from CTCs from patients
with metastatic versus localized disease, with EPCAM being detected
in100% of mMCRPC CTCs.

Metastatic prostate cancer is widely treated with second-line
therapies, yet no definitive method for predicting therapy response,
orfor detectingif early signs of treatment resistance in these patients
exist. Toaddress this gap, CTCs can be studied to identify biomarkers
of therapeutic effectiveness and treatment response*>**¢1514° How-
ever, results from available studies are not consistent. Inone study, the
non-canonical WNT signalling pathway was shown to be significantly
enrichedin36intact CTCsisolated fromthe blood of 5 patients (mean 6
CTCs/patient) progressing under enzalutamide AR inhibition versus 41
CTCs from 8 patients who did not receive treatment (P=0.0064),
with the most significantly enriched downstream components of

non-canonical-WNT signalling being RAC1, RHOA and CDC42 (ref. 148).
Another study including pools of upto 10 CTCsisolated from patients
who were resistant to abiraterone or enzalutamide therapies did not
show significant enrichment of these non-canonical-WNT pathway
targets (RACI1, RHOA and CDC42), nor was the non-canonical-WNT
pathway identified as enriched in pathway analysis'’. However, results
from both studies showed increased expression of canonical WNT
signalling-associated genes including FZD4 and LEFI, and increased
expression of WNT5A (a non-canonical-WNT pathway activator) in
CTCs from patients who developed AR-inhibitor resistance%'*,
Increased WNT5A expression in CTCs has been shown to be inde-
pendently predictive of OS (HR 3.62, 95% C11.63-8.05, P=0.002) in
41patientswithmCRPC"°. CTCsenriched fromtheblood of patientswith
resistance to enzalutamide and/or abiraterone have also been shown
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to have increased expression of AR-regulated genes, AR splice vari-
ants, neuroendocrine markers**®, and transforming growth factor-p
(TGFB) and cyclin D1 (encoded by CCNDI) signalling pathways'*’.
These findings are from cohorts with small sample sizes, and fur-
ther analysis of larger cohorts could be carried out to investigate
CTC-based gene-expression signatures as potential markers of treat-
ment response and resistance, and to identify candidate pathways for
therapeutic targeting.

Lineage plasticity has been identified in both preclinical models
and tissue biopsy samples from patient cohorts with prostate cancer,
but the mechanisms of how AR-directed therapies shape clonal selec-
tionand biological states that underlie lineage plasticity and treatment
resistanceis not well established™". Transcriptomic profiling of prostate
cancer CTCs with qRT-PCR panels targeting AR splice variants (AR-V7
(refs. 152,153) and AR-V9 (ref. 130)) and AR-regulated genes (AR-V7,
AR-V9, TMPRSS2,KLK2, KLK3 and FOLHI)"*° has shown that the expres-
sion of these targetsis prognostic for response to ARSIs and capable of
detecting transition to NEPC"*. However, the role of AR-V7in prostate
cancer prognosis is contentious, as studies investigating AR-V7 CTC
positivity for prostate cancer prognosis have shown conflicting results.

Genomic analyses of circulating tumour cells in metastatic
prostate cancer

Genomic analyses of CTCs can offer a crucial insight into tumour biol-
ogy and clonal evolution of disease***™*’, Inthis regard, alterations such
as PTEN gene loss®, AR amplification®*, and ERG rearrangements® in
prostate cancer CTCs have been shown to match those ontumour-tissue
samples in mCRPC. Furthermore, results from some studies showed
that 70% of somatic single-nucleotide variants (SSNVs) detected in
prostate cancer CTCs were also presentin matched primary tumour and
lymph-node metastases'*’; additionally, 84% agreement in PTEN loss
wasreported between CTCs and primary tumour®, and 88% concord-
ance in ERG rearrangement was shown between metastatic biopsies
and CTCs*. Non-100% concordance indicates genomic differences
between primary tumour, CTCs and metastatic sites, suggesting that
CTCs couldreliably reflect the biology of disease spread.

Genomic deletions presentin primary prostate cancer and meta-
static sites have also been detected in CTCs™. Microarray analysis
identified 6q16 and FXBL4 loss in six samples of prostate cancer bone
metastases, and asignificant reductionin FXBL4 expression was found
through qRT-PCR in five bone metastases and four primary prostate
cancer samples compared with benign prostatic hyperplasiasamples
(P=0.001)"’. In this study, FISH was then used to detect FXBL4 dele-
tionin CTCs enriched from blood samples in 6 of 7 patients with bone
metastatic prostate cancer, and 1 patient with lymph-node metasta-
ses, showing that genomic deletions were also present in the primary
tumour™’, Subsequent results fromin vitrowork in prostate cancer cell
lines indicated that FBXL4 is a putative prostate cancer tumour sup-
pressor gene involved in migration and invasion regulation'”. These
findings indicate that CTCs might be considered proxies for tumour
tissue in the detection of genomic alterations, with a potential role in
selecting treatment for patients stratified by molecular subtype and
distinguishing patients who carry indolent disease versus those with
amalignancy that is likely to metastasize.

Geneticmutationsin CTCs could be used to monitor evolutionary
mechanisms of disease metastasis and genomic alterations over the
course of therapy, independent of concordance with tumour-tissue
samples®*71¥7138140 n a cohort of 16 samples from 12 patients with
mCRPC, reproducible copy-number alteration (CNA) gains and losses

in CTCs associated with abiraterone or enzalutamide resistance have
been identified, with gains noted in AR signalling pathway genes in
all 16 samples, led by AR (50%), FOXAI (31.25%), CYP11B1 (31.25%) and
UGT2B17 (31.25%)*. Although inter-patient molecular profiles were
heterogeneous, such reproducible common CNAs in AR signalling
genes might be useful as predictive biomarkers of therapeutic effec-
tiveness (for example, AR-directed therapies) or therapy selection,
such as CNAs in loci containing known prostate cancer drug targets
(ERG and BRD4)*. In another study, sequential analyses of CTCs were
carried outinasingle patient over the course of therapy and progres-
sion from mHSPC to mCRPC. Results showed that targeted ADT but
not standard chemotherapy was associated with the drastic depletion
of aninitial clone ‘A’ (as assessed through phenotypic AR status, and
genome-wide CNA profile) and the emergence of two molecularly
distinct CTC populations, named clones ‘B’ and ‘C"**. These analyses
could provideinsightsinto the clonal dynamics that underlie treatment
resistance, but further studies with increased cohorts are needed.
Comparing primary tumour cells with CTCs has shown that although
single-nucleotide variations (SNVs) in primary cellsand CTC occurred
sporadically, CNAs occurred cumulatively in primary cells and con-
verged towards the CTC CNA profile, suggesting a convergent evolu-
tionary pattern towards tumour metastasis'”’. In a proof-of-concept
study including two patients with mCRPC, comparative analysis of
SSNVsin CTCsled totheidentification of trunk mutations also present
in matched tissue samples (primary or lymph-node metastasis)**°.
Further investigation into this topicis needed, and offers promise, as
founder mutations have served as successful targets in other cancers
(for example, BRAF in malignant melanoma)'. Thus, understanding
clonaldynamicsin CTCsis crucial intargeting evolutionary processes
implicated in metastasis.

If matched primary or metastatic tumour tissue is not available,
cell-free nucleic-acid profiling can be combined with CTC genetic
analysis to obtain comprehensive molecular insight**'””. However,
these multiparametric liquid-biopsy analyses have yielded differ-
ing results, perhaps owing to the uncertainty of origin of cfDNA and,
consequently, its genomic alterations. Inone study in which matched
CTC and cfDNA samples were compared in 18 patients with mCRPC,
SSNVs unique to CTCs (20.7%), unique to cfDNA (65.5%) and shared
(13.8%) were identified, suggesting that CTC analysis alone might
miss genomic alterations™’. Conversely, in another study, somatic
variantsin prostate cancer-related genes were detected in CTCs in 92%
of patients and in cfDNA in 45% of patients, with more SSNVs detected
across all patients’ CTCs (n = 38) thanacross all patients’ cfDNA (n = 16).
Overall, further studies are needed to confirm whether SSNVsin pros-
tate cancer-related genes are more often detected in CTCs or cfDNA®®,
Analysis of matched cfDNA and CTC samples from 57 patients with
mCRPC showed that CTCs were more frequently detectable and
evaluable for CNA analysis (73.7% versus 42.1%, respectively), indi-
cating that CTCs might offer greater insight into clonal evolution™®,
CNA analysis has also showed high consistency of AR copy number
gains between patient-matched cfDNA and CTC DNA data. However,
most SSNVs were unique to either CTCs or cfDNA, further suggesting
that CTCs and cfDNA might offer differing insights into the biology
of prostate cancer”*',

Single-cell analyses of CTCs offer great promise for studying
phenotypic heterogeneity and investigating EMT"%%, Analysis of
257 prostate cancer CTCs at the single-cell level in 47 patients with
mCRPC (range 1-22 CTCs/patient) showed that combined (>2 genes)
TSG loss in TP53, PTEN and/or RBI on the same CTC was associated
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with shorter median PFS (median 3.6 versus 7.2 months, P=0.042)
and greater genomic instability as defined by large-scale transitions
scores (P=0.0015), showing the ability of genomic molecular CTC fea-
tures (beyond enumeration) to offer clinically relevant information™®,
RNA-seq of 77 single, intact CTCs isolated from 13 patients (mean 6
CTCs per patient) with metastatic and localized prostate cancer showed
higher intercellular heterogeneity in individual CTC transcriptional
profiles thansingle cells from prostate cancer cell lines (mean correla-
tion coefficient: 0.10 versus 0.44, P <1 x 102°)"*%, Results from this study
alsoshowed that putative stem-cell markers, including ALDH7A1, CD44
and KLF4 were present in 60% of CTCs, and epithelial markers were
expressedin 92% of CTCs analysed, whereas mesenchymal genes were
not upregulated compared with prostate cancer cell lines, suggesting
anepithelial- or stem-cell-like phenotype of prostate CTCs'*® However,
inthisstudy, CTCs wereisolated using a microfluidic chip coated with
anti-EpCAM antibody, biasing captured CTCs towards an epithelial
phenotype. However, single-cell analyses of prostate CTCs are cur-
rently technically limited by the low purity of CTC-enriched samples —
especially when live whole cells free of immune-affinity labels are
eluted — and high single-cell technology costs.

Current limitations of molecular analyses of circulating
tumour cells

Molecular analyses of CTCs are limited by low quantity and quality
of enriched cells, alongside the costs of sequencing enriched cells,
whichstillinclude many peripheralblood mononuclear cells. Attempts
were made to overcome this limitation by performing low-pass
whole-genome sequencing to predict the quality of single CTC
DNA sequencing libraries before moving to costly whole-exome
sequencing™’. High concordance (96.3% of genes covered in both
methods) was observed between targeted next-generation sequencing
panels and whole-exome sequencing of CTCs (observed in two patients
with mCRPC; four CTCs per patient), suggesting that these targeted
panels could provide a cost-effective substitute for detecting clinically
significant alterations in prostate cancer-related genes'”.

Current studies focusing on molecular analysis of CTCs in
patients with mCRPC rely on cohorts with small sample sizes, often
with less than a few hundred cells examined in total*>"*%'%°_ Studies
in which molecular analyses of CTCs are carried out in patients with
localized prostate cancer are particularly limited in number, with
RT-PCR ofimmunomagnetically enriched cells often used to differen-
tiate between metastatic and localized disease states based on gene
expression'’'*°, Notably, in one study, transcriptomic sequencing of
CTCs—enriched fromthe blood of 98 patients pre-prostate biopsy and
155 patients with localized prostate cancer — led to the identification
ofal2-gene panel thatimproved the prediction of biopsy outcomes of
clinically significant prostate cancer (AUC 0.764 versus 0.826,P=0.03)
for PSA alone versus combined with CTC score®. Future studies with
larger sample sizes or integrative analysis of existing datasets could
increase statistical power, facilitating the identification of small effects
or subtle associations of genomic or transcriptomic alterations with
disease phenotypes and disease state.

CTC detection is limited by technological development and low
CTC numbers in many patients. An integrated panel including other
liquid biopsy techniques such as cfDNA, microRNAs (miRNA), or epi-
thelial cellsisolated fromurine could combine the best of these several
liquid biopsy options®*"*°. Enrichment methods are also crucial to carry-
ing out downstream analyses, with selective upstreamisolation poten-
tially affecting prostate cancer CTCs that undergo molecular profiling,

inturninfluencing phenotypicfindings (for example, epithelial versus
mesenchymal phenotype)**'°'.

Functional analyses and culture of circulating
tumour cells

Functional analysis of CTCs offers the possibility to isolate specific
pathways and manipulate metabolic function in prostate cancer
CTCs'***, In one study of metabolic markers, a glucose-metabolic
(GM") CTC subtype was identified, characterized by expression of
both PGKI and G6PD; in this study, an increased number of hyper-
metabolic GM" CTCs were associated with metastasis and advanced
tumour stages (P < 0.05), and outperformed EMT-based CTC sub-
typesindiscerning metastatic from non-metastatic prostate cancer
(AUC 0.780 for GM* CTCs versus EMT CTC subtypes; epithelial AUC
0.729 and mesenchymal AUC 0.648)'*. Investigations of proteins
expressed on the surface of prostate cancer CTCs have focused on
markers different from those typically used for enumeration (such
as Pan-CK, EpCAM, CD45) and including PSMA, CD133, Ki67 and
AR™*>1%_ CTC PSMA expression in patients with metastatic pros-
tate cancer shows substantial intra-patient heterogeneity, and the
presence of PSMA-negative CTCs in patients with PSMA-positive
primary tumours could explain disease progression despite treat-
ment with PSMA-targeted therapies'®. CD133-positive CTCs have
been shown to have elevated Ki67 expression and no change in AR
expression or AR cellular co-localization with nuclear markers,
suggesting that CD133 expression is a marker of CTC proliferation
andisindependent of AR pathway activity'®’. These results show the
potential use of CTC profiling to identify markers of proliferative
potential. Further studies to identify other markers of proliferation
and therapeutic-actionability could be used to achieve patient risk
stratification and monitor response to therapy.

Perhaps the most appealing prospect for functional CTC analy-
sis would be ex vivo expansion of CTCs for biological analyses and
drug-responsivity testing. In one study, cultivation and successful
growth of candidate prostate cancer CTCs (isolated through CellCol-
lector and identified by CK 8, 9 and/or 10 expression) was achieved
in1out of 3 samples from a patient with treatment-naive metastatic
prostate cancer’’. APSA level of 0.48 ng/mlwas detected in the culture
medium after 10 days, which declined to 0.02 ng/ml after 3 weeks,
indicating that PSA-secreting cells were successfully isolated and ini-
tially cultured but could not be sustained in the long term®% In other
studies'®, organoid models have been used to attempt CTC culture
in 3D. In one study, organoid culture of CTCs enriched for DLA was
achieved from 14 out of 40 patients with metastatic prostate cancer,
with the majority of organoids maintained for 6-8 weeks, and two
cultures maintained for >6 months'*®. Validation through qRT-PCR
showed that AR-V7 was expressed in one of the CTC organoid models,
the TMPRSS2-ERG fusion transcript in three, and a majority of the
isolated samples were positive for AR and/or KLK3, suggesting that
patient-derived CTC organoids could potentially be used to infer infor-
mation about the primary tumour, but further studies with matched
samples are needed™®. Furthermore, patient-specific somatic SNVs
in TP53 and PTEN identified in metastatic biopsy samples were found
in matched organoid CTC cultures in three samples, further indicat-
ingthat organoid CTC cultures could be representative of the tumour
molecular profile'®, Successful ex vivo CTC expansion would offer great
promise to unpack the functional biology of CTCs. However, attempts
to expand prostate cancer CTCs often report low rates of successful
culture and failure of long-term maintenance®>'*>'*®, These studies
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CTCs in metastatic prostate cancer
CTCs in treatment selection

e Patient groups: mCRPC

» Range of cohort size: N = 37-193

e Isolation approaches include: AdnaTest and EpicSciences

e Survival outcomes: PSA response, PFS, OS

* Treatment options: ARPIs vs taxanes

o Take-home message: AR-V7-positive and AR-V7-nuclear-positive CTCs can
predict increased OS on taxane therapy

CTCs in treatment response

e CTC cut-off: 23 or 25 CTCs/ml

e Patient groups: mHSPC or mCRPC

» Range of cohort size: N = 28-523

e Isolation approaches include: CellSearch, AdnaTest, FACS, CanPatrol,
Parsortix, EpicSciences

e Survival outcomes: PSA response, PFS, OS

» Treatment options: ADT, abiraterone, enzalutamide, docetaxel, cabazitaxel,
taxanes, radium-223

o Take-home message: a higher number of CTCs predicts shortened survival

CTCs in localized prostate cancer

e Studies include varying treatments (RP, RT, ADT)

» Patient groups: HRLPC

» Range of cohort size: N = 26-180

o Isolation approaches include: CellSearch, CellCollector, RT-PCR, flow
cytometry, EpicSciences, EPISPOT

Ly

a )
o a e

Fig. 2| Current clinical utility for circulating tumour cell detectionin localized
and metastatic prostate cancer. a, Circulating tumour cells (CTC) have been
studied in patients with localized prostate cancer (mostly stratified as ‘high risk’),
withvarying positivity rates (%) observed across studies. For study details, please
see Supplementary Table 4. b, CTC analysis from blood of patients with metastatic
prostate cancer can be carried out to predict treatment selection and/or response.
For study details, please see Supplementary Table 3. ¢, Potential for future studies

» Range of CTC positivity: 8-80%

focused on dissemination of tumour cells via the lymphatic fluid, with possible routes
including pelviclymphatic aspiration or cisterna chyli drainage. ADT, androgen
deprivation therapy; ARPI, androgen receptor pathway inhibitors; HRLPC, high-risk
localized prostate cancer; mCRPC, metastatic castration-resistant prostate cancer;
mHSPC, metastatichormone-sensitive prostate cancer; OS, overall survival; PFS,
progression-free survival; PSA, prostate-specific antigen; RP, radical prostatectomy;
RT, radiotherapy; RT-PCR, reverse transcription polymerase chain reaction.

are also limited by the challenge of definitively identifying cultured
cellsas CTCs.

Circulating tumour cells and clinical prognosis in
prostate cancer

To date, research on enumeration of CTCs to predict treatment
response has focused on metastatic disease (Fig. 2, Supplementary
Table 3). In this study, CellSearch has been predominantly used to
enumerate CTCs (typically identified as CD45, EpCAM" and CK 8, 18
and/or 19%) and predict response to anti-androgen hormonal agents,
radiotherapy and chemotherapy in patients with mCRPC'*""*, In sev-
eral studies, detection of >5 CTCs per 7.5 ml of peripheral blood in
patients with mCRPC versus patients with <5 CTCs/7.5 ml blood was
associated with shortened progression-free survival (PFS) and/or OS
before treatment with cabazitaxel (chemotherapy) (OS 8.8 versus
28 months, P=0.002; PFS not significant'®’); before treatment with abi-
raterone or enzalutamide (second-line hormonal therapies) (abirater-
one:PFSP=0.043,0S P=0.027 (ref.169); enzalutamide: PFSP=0.021,
OS P=0.003 (ref. 171)); or after the first treatment cycle with cabazi-
taxel and docetaxel (chemotherapies) (docetaxel: OS P=0.004, PFS
not evaluated)'*°*'"! Detection of =5 CTCs/7.5 ml in blood was also
associated with shortened PFS and OS compared with <5 CTCs/7.5 ml
in patients with mCRPC before and after 12 weeks of radium-223
radiotherapy (PFS 17.1 versus 25 weeks, P=0.061, OS 29.4 versus
57.9 weeks, P=0.032)"°. In another study, high radium-223 therapy
completion rate (6-monthinjection course) was reported in patients

with a>5baseline CTC count'”. Importantly, in one of these studies, a
decrease in CTC count between 3-and 6-month measurements was asso-
ciatedwithimprovedradiological PFS (rPFS)and OS, indicating the utility
of accessible longitudinal sampling'”.

Inonestudy, CTC-positive status, irrespective of detection thresh-
old (>1 CTC), was associated with shorter rPFS (CTC-positive versus
CTC-negative, P=0.043) in patients with mCRPC receiving second-line
hormonal therapy with abiraterone'®, and with shorter OS after the
first treatment cycle in patients receiving cabazitaxel chemotherapy
(CTC-positive versus CTC-negative, P= 0.047)'””. Importantly,inanother
study, the predictive accuracy of >5 CTCs/7.5 mlblood for OS after the
first treatment cycle with docetaxel (75%, P=0.02) was shown to be
similar to that of biochemical and radiological progression after the
fourth cycle of therapy (73%, P= 0.03), suggesting that CTC enumera-
tion could be an earlier predictor of survival and treatment response
than current objective response approaches™®

Few studies have been carried out to investigate CTC quantifica-
tion in mHSPC**'”>'¢, Baseline CTC presence before docetaxel treat-
menthasbeenshowntobeindependently predictive of shortened OSin
patients with mHSPC*®. In another study, baseline CTC presence before
docetaxel treatment in patients withmHSPC was predictive of progres-
sion to mCRPC">. Importantly, patients with mHSPC with baseline
undetectable CTCs were shown to have ~9-fold higher odds of achieving
7-month PSA <0.2 (versus PSA > 4, P< 0.001) and 4-fold higher odds
of achieving PFS at 2 years (P < 0.001) than patients with baseline >5
CTCs"¢.Inanother study in which prostate cancer CTCs from patients
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with oligometastatic HSPC were classified as epithelial, mesenchymal
and bi-phenotypic, mesenchymal CTCs had the highest accuracy in
predicting progression to mCRPC (AUC 0.64 versus 0.60 versus 0.61,
respectively) and cancer-specific survival (AUC 0.86 versus 0.58 versus
0.67, respectively) after a 3-year follow-up'’. The potential utility of
CTCs in predicting treatment response and identifying patients who
are likely to progress to mCRPC is an attractive prospect, but further
studies with larger cohorts are needed to prove that CTC detection
isareliable tool for reaching this aim.

The potential of CTCs in screening, diagnosis or treatment of
localized prostate cancer has been assessed in only asmall number of
studies**7* 8! (Supplementary Table 4). Importantly, the presence of
CTCsinpre-biopsy blood samples was superior to the Montreal nomo-
gram (AUC 0.84 versus 0.78, P=0.018) in predicting high-risk prostate
cancer (defined asnot complying with Epstein criteriafor active surveil-
lance)'®. In other studies, CTC count and enumeration of AR-positive
CTCs in 49 patients with localized prostate cancer were shown to
be associated with the occurrence of BCR (AR-positive CTC count
P=0.0.03) and the presence of metastases (total CTC count P=0.03,
AR-positive CTC count P=0.0.03) following radical prostatectomy*’.
The incorporation of PSMA*/CD45  CTC presence 90-120 days after
surgery into a clinicopathological risk score (Cancer of the Prostate
Risk Assessment) was shown to improve prediction of 5-year BCRina
cohort of 321 patients who underwent radical prostatectomy as mono-
therapy for prostate cancer (Harrell's Cindex of 0.73 for Cancer of the
Prostate Risk Assessment score alone versus 0.86 combined with CTC
presence)”’. Thus, CTC detectionshortly after surgery might provide
aninsightinto the benefits of early adjuvant treatment.

Studies on the use of prostate cancer CTCs for clinical prognosti-
cationsuggest that the baseline presence of CTCs pre-treatment, and
sustained CTC presence during treatment, are prognostic of treatment
failure . Identification of quantitative CTC cut-off values predictive
of disease metastasis and progression have a clear translational utility,
and large prospective studies are needed to reach this objective.

Detection of the AR and AR variants in prostate
cancer circulating tumour cells
TheARgeneisimplicatedin treatmentfailure and disease progression
inmCRPC through mechanismsincluding AR overexpression, AR gene
amplification, and expression of AR variants (AR-Vs)'**'%3, Consequently,
transcriptomic and proteomic expression of AR and AR variants in pros-
tate cancer CTCsisolated from the blood of patients with mCRPC has
beeninvestigated to predict response to second-line hormonal agents,
radiotherapy or chemotherapy. Mutations within AR can be detected
in CTCs isolated from patients with mCRPC'®* with particular atten-
tion to AR-V7, the most frequently studied AR-V**'*71°° Importantly,
AR-V7 CTC positivity hasbeen associated with indicators of advanced
and high-volume disease at the baseline — including high PSA levels
and number of bone metastases — in enzalutamide-, abiraterone-and
chemotherapy-naive patients with mCRPC'”. The role of CTCs as a
measure of AR activity in advanced prostate cancer is, perhaps, the
most established areafor CTC usein clinical prostate cancer practice.
In a study aimed at predicting treatment resistance, the pres-
ence of AR-V7-positive CTCs in 62 patients with mCRPC receiving
enzalutamide or abiraterone was associated with lower PSA response
rates (0% versus 61%, P< 0.001), shorter PSA-PFS (median 1.4 versus
6.0 months, P<0.001), shorter clinical or rPFS (median 2.1 versus
6.4 months, P<0.001) and reduced OS (9.2 versus >11.9 months,
P<0.001)"%, Furthermore, results from a study including 36 patients

withmCRPC receiving taxane chemotherapy or anti-androgens showed
that patients with AR-V7-positive CTCs had superior PSA response
rates (41% versus 0%, P< 0 001) and longer PSA-PFS (HR 0.19, 95% CI
0.07-0.52, P<0.001) and PFS (HR 0.21, 95% CI1 0.07-0.59, P< 0.003)
under taxane treatment compared with treatment with abiraterone
or enzalutamide, whereas outcomes did not differ by treatment type
inmenwith AR-V7-negative CTCs, suggesting AR-V7 CTC positivityasa
potential biomarker for treatment selectionin mCRPC*’. Inafollow-up
study, CTC presence and AR-V7 status (present or absent) were assessed
through a CTC-based mRNA assay in202 patients with mCRPC before
starting first-and second-line anti-androgen therapy'*°. PFSand OS at
amedian follow-up time of 15-22 months were best in the CTC-absent
population, intermediate inthe CTC-present/AR-V7-absent group and
worst inthe CTC-present/AR-V7-present group'°.

These findings indicate that CTC-AR-V7 status is promising for
monitoring disease progression and burden but are not consistent
withresults from other studies showing mixed reliability of CTC-AR-V7
status in predicting response to next-generation ADT*'*°_In these
studies, no association was reported between CTC AR-V7 positivity
and post-therapy PSA changes, time on therapy or rPFS***?°", In another
study, AR-V7 protein expressionin CTCs assessed through immunohis-
tochemistry was not predictive of taxane or anti-androgen response
in patients with mCRPC™". Importantly, in another work, absence,
rather than presence, of AR-V7 transcript expressionin CTCs — assessed
through mRNA assay — was associated with shorter biochemical and
rPFS and OS in patients receiving anti-androgens'®. Results from fur-
ther studies have shown that CTC AR-V7 was associated with reduced
rPFS, PSA-PFS*?, 0S%°*?% and time to treatment failure?® in patients
withmCRPCreceiving abiraterone or enzalutamide, and reduced rPFS
and OS in patients who progressed after first-line ADT and received
radium-223 radiotherapy®**. The largest prospective trial to evaluate
AR-V7-positive CTCs was PROPHECY, inwhich bothamodified AdnaT-
est mRNA assay and the Epic Sciences nuclear-specific protein assay
were used to evaluate AR-V7 CTC positivity in 118 patients with mCRPC
beginning treatment with enzalutamide or abiraterone. In this study,
shorter PFS (modified AdnaTesthazardratio1.9,95% CI1.1-3.3; P= 0.032
andEpicSciences2.4,95%Cl1.1- 5.1, P= 0.020) and OS (modified AdnaT-
esthazardratio4.2,95%Cl2.1-8.5and Epic Sciences 3.5,95% C11.6-8.1),
were reported in patients with AR-V7-positive CTCs compared with
AR-V7-negative CTCs. However, only 10-24% of patients had AR-V7
positive CTCs, and many patients with AR-V7-negative CTCs still did not
respond to ARSIs, suggesting that AR-V7 status alone is not a sensitive
predictor of resistance’. Additionally, the Epic Sciences AR-V7 assay
is limited by dependence on nuclear localization for positivity and is
nolongeravailable for purchase?”. Thus, the role of AR-V7 detectionin
prostate cancer CTCs in treatment selection and prediction of response
has elicited considerable debate in the literature?**2°?, Small sample
sizes, different isolation and detection methods, and study design
or failure to reach end point could contribute to discordant results.

Most studies on CTCs have involved patients with mCRPC, but
CTCs could also help to identify which patients are likely to progress
from mHSPC to castrate-resistant disease. In 42 patients with oligo-
metastatic HSPC, AR-positive CTC status assessed through immuno-
fluorescence (Epic Sciences assay) at the baseline before radiotherapy
was associated with shorter PFS than AR-negative CTC status (P=0.011,
median PFS AR" = 9.3 versus AR™ = 27.1 months)?°. In another study,
AR-positive CTCstatus at the baseline was associated with shorter time
frommHSPC to CRPC (4.9 versus 8.9 months, P=0.02) and significantly
shorter cancer-specific survival (14.3 versus 33.0 months, P=0.002)
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than AR-negative CTC status, with all patients with AR-V7-positive CTCs
dying of prostate cancer during the study follow-up®". Thus, AR-V7
presencein prostate cancer CTCs could serve asanimportant marker
of disease progression to castrate resistance.

Taxanes affect cytoplasmic-to-nuclear AR-trafficking, which makes
AR a potential target for taxane therapy. Patients with nuclear AR-V7
positivity in CTCs showed improved OS with taxane therapy compared
with ARSIs, indicating that assessing nuclear AR-V7 positivity could
inform treatment decisions relative to standard-of-care measures in
mCRPC?%>?°, This association was no longer significant (P= 0.55) if
nuclear-agnostic criteriawere used®”, suggesting that molecular detail
beyond the presence or absence of AR or AR splice variants might be
important for prognostication and to guide treatment decisions. In a
study in which a multigene signature of disease progression was estab-
lished toidentify proteomic and transcriptomic changesin AR signalling
andgenomicalterationsin115 patients with mCRPC starting chemother-
apy or AR pathway inhibitor therapy, the number of positive transcripts
of AR-V7 or the androgen-regulated genes GRHL2, HOXB13 and FOXA1
could predict OS (median OS: not reached versus 24.8 months versus
16.2 months for 0, 1and >2 transcripts, respectively; P=0.0052)*"%. In
another study, microfluidic capture and single-cell immunofluores-
cenceanalysis of ‘AR-on (PSA*and PSMA"), AR-off (PSA"and PSMA+) and
AR-mixed (PSA* and PSMA")’ CTC populations showed predominantly
‘AR-on’ CTC signatures in patients with mHSPC, and heterogeneous
‘AR-on, AR-off and AR-mixed’ populations in patients with mCRPC*".
Initiation of first-line ADT induced a switch from ‘AR-on’ to ‘AR-off’
CTCs, whereas secondary hormonal therapy in CRPC resulted in vari-
ableresponses. Theseresults suggest that CTC-based AR analysis could
potentially be useful to guide treatment decisions™?, but validation in
larger cohorts is needed”®. Single-cell analysis of CTCs enriched from
patients with NEPC showed that ARv567es was the predominant tran-
script in the CTCs of these patients, with full-length-AR™ detected in
20f17 CTCs (12%), AR-V7in 0 0f 17 (0%) and AR-v567esin10 of 17 (59%)'°".
The presence of the AR v567es splice variant was also shown to pre-
dict shortened survival on taxane treatment in patients with mCRPC
(PFS 12.71 versus 7.29 for patients with ARv567es-negative versus
ARv567es-positive CTCs), although AR-V7 had the strongest influence
in predicting outcomes (PFS 12.02 versus 8.48 months for patients
with AR-V7-negative versus AR-V7-positive CTCs, HR=0.38, P=0.01)".
Thus, the differential detection of AR splice variants in prostate cancer
CTCs could aid in diagnosing tumour type and predicting treatment
outcomes.

Overall, detection of AR and AR variants in CTCs offers potential
insight into both prostate cancer biology and prognostics. However,
trials to date have been limited by small sample sizes, incomplete
follow-up monitoring and conflicting results. Thus, these methods are
notcurrently usedin clinical practice. However, increasing assay sensi-
tivity mightimprove the detection of AR-V7in CTCs to predict resistance
to hormonal therapies, including abiraterone and enzalutamide™”.

The methodology of isolationis crucial to downstream biological
analyses, as, for example, AR-V7 expression was shown to be lower in
EpCAM-positive than matched EpCAM-negative CTCs, suggesting
that AR-V7 prevalence is underestimated with EpCAM-based enrich-
ment tools'. CellSearch has been shown to capture CTCs with AR
amplification, whereas with ISET, only CTCs with AR gain of copies
are captured®’. Furthermore, in one study, poor concordance was
shownbetween AdnaTest transcriptomic analyses of CTCs and matched
mCRPC biopsy samples, with AR-V7 detected in matched tumour tis-
sue samples of 63% of patients with AR-V7-negative CTCs, suggesting

that CTC analysis alone might miss patients with treatment-resistant
disease”®. Results from further studies of genomic paired analyses of
cfDNA and CTC DNA have shown discordant AR gene rearrangements
in patients with mCRPC?”. These findings suggest the potential need of
parallel liquid biopsy analyses to capture the heterogeneity of genetic
and transcriptomic alterations.

Conclusions

Understanding metastatic dissemination of prostate cancer is crucial
toexplaining the biological mechanisms underlying potentially lethal
phenotypes. CTCs are believed to be animportant step in disease spread.
Thus, analysis of these cells offers great promise for risk stratification
and disease monitoring. Inter-and intra-patient genetic and phenotypic
heterogeneity of CTCs reflect the spatial and clinical heterogeneity of
prostate cancer to some extent, with genomic (CNAs and SSNVs) and
transcriptomic (heterogenous expression of EMT markers) sequencing
showing intra-patient CTC heterogeneity at the single-cell level.

The prognostic significance of >5 CTCs/7.5 ml blood in patients
with mCRPC at the baseline before treatment with chemotherapy,
second-line hormonal therapy and radiotherapy for PFS and OS shows
the potential utility of CTC enumeration for risk stratification. Addi-
tionally, results from studies including patients with mHSPC highlight
apotentialrole for CTCin predicting treatment response and progres-
sionto mCRPC. Further studies onthe enumeration of CTCs in patients
withlocalized prostate cancer are needed to confirmthese findings, and
also to potentially predict BCR following prostatectomy and identify
patients who would benefit from early adjuvant treatments.

Analysing prostate cancer CTCs offers insight on multiple levels:
through enumeration for prognostics; and through detection of AR
alterations and splice variants (specifically AR-V7) to guide treatment
selection. Studies on detection of AR and AR variants have produced
conflicting results. In the future, detection of AR splice variants in
CTCs could also be used to gain insight into primary tumour biology
and treatment resistance.

CTCs, as whole cells, offer great potential for gaining an insight
into functional biology, and provide certainty that the cells analysed
have metastatic potential. However, this promise has been undermined
in past years by challenges in achieving sensitive and specific enrich-
ment. Enumerative studies of CTCs that garnered popularity in the
past decade have lost traction, probably owing to advancements in
whole-genome sequencing that propelled research on ctDNA, and to
the proven limitations of enumerative studies of CTCs for treatment
selection and disease progression. With ongoing advancements in
isolation techniques, such as label-free microfluidics and the advent
of single-cell RNA sequencing, molecular analyses of CTCs could now
be aimed at improving the evaluation of biologically relevant path-
ways of prostate cancer metastasis. In this regard, molecular analysis
of prostate cancer CTCs has led to identification of prognostic gene
signatures predictive of survival in metastatic disease; disease state;
and tumour molecular profile. Molecular profiling of CTCs could
be used to identify prognostic biomarkers with the ability to enable
risk stratification of patients upon diagnosis and predict therapy
response throughout the course of treatment. Furthermore, CTCs
offer an attractive evolutionary link between the prostate and meta-
static sites through analysis of copy number alterations and tumour
mutational profile. In the future, this information could be leveraged
to gain an improved understanding of the biological mechanisms
underlying prostate cancer lineage plasticity and treatment resist-
ance. In summary, CTCs are an essential link in the prostate cancer
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metastatic cascade of events and, therefore, can provide animportant
insight into risk stratification at diagnosis, progression, response to
treatment and lethality of this common and ubiquitous disease.

Published online: 16 January 2026

References

1

©

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Erickson, A. et al. Spatially resolved clonal copy number alterations in benign and
malignant tissue. Nature 608, 360-367 (2022).

Haffner, M. C. et al. Genomic and phenotypic heterogeneity in prostate cancer.

Nat. Rev. Urol. 18, 79-92 (2021).

Baca, S. C. et al. Punctuated evolution of prostate cancer genomes. Cell 153, 666-677 (2013).
Delanoy, N. et al. Clinical progression is associated with poor prognosis whatever the
treatment line in metastatic castration resistant prostate cancer: the CATS international
database. Eur. J. Cancer 125, 153-163 (2020).

Ramos-Montoya, A. et al. HES6 drives a critical AR transcriptional programme to induce
castration-resistant prostate cancer through activation of an E2F1-mediated cell cycle
network. EMBO Mol. Med. 6, 651-661(2014).

Lamb, A. D., Massie, C. E. & Neal, D. E. The transcriptional programme of the androgen
receptor (AR) in prostate cancer. BJU Int. 113, 358-366 (2014).

Ross-Adams, H. et al. Integration of copy number and transcriptomics provides risk
stratification in prostate cancer: a discovery and validation cohort study. EBioMedicine 2,
1133-1144 (2015).

Dijkstra, S., Hamid, A. R. A. H., Leyten, G. H. J. M. & Schalken, J. A. Personalized management
in low-risk prostate cancer: role of biomarkers. Prostate Cancer 2012, 1-7 (2012).

Singhal, U. et al. Integrative multi-region molecular profiling of primary prostate cancer
in men with synchronous lymph node metastasis. Nat. Commun. 15, 1-9 (2024).

Cooper, C. S. et al. Analysis of the genetic phylogeny of multifocal prostate cancer
identifies multiple independent clonal expansions in neoplastic and morphologically
normal prostate tissue. Nat. Genet. 47, 367-372 (2015).

Erickson, A. et al. A systematic review of prostate cancer heterogeneity: understanding
the clonal ancestry of multifocal disease. Eur. Urol. Oncol. 4, 358-369 (2021).

Marklund, M. et al. Spatio-temporal analysis of prostate tumors in situ suggests
pre-existence of treatment-resistant clones. Nat. Commun. 13, 5475 (2022).

Miller, M. C., Doyle, G. V. & Terstappen, L. W. M. M. Significance of circulating tumor cells
detected by the CellSearch system in patients with metastatic breast colorectal and
prostate cancer. J. Oncol. 2010, 1-8 (2010).

Cristofanilli, M. et al. Circulating tumor cells, disease progression, and survival in
metastatic breast cancer. N. Engl. J. Med. 351, 781-791(2004).

Fonseca, N. M. et al. Prediction of plasma ctDNA fraction and prognostic implications

of liquid biopsy in advanced prostate cancer. Nat. Commun. 15, 1828 (2024).

Tolmeijer, S. H. et al. Early on-treatment changes in circulating tumor DNA fraction and
response to enzalutamide or abiraterone in metastatic castration-resistant prostate
cancer. Clin. Cancer Res. 29, 2835-2844 (2023).

Tukachinsky, H. et al. Genomic analysis of circulating tumor DNA in 3,334 patients with
advanced prostate cancer identifies targetable BRCA alterations and AR resistance
mechanisms. Clin. Cancer Res. 27, 3094-3105 (2021).

Helzer, K. T. et al. Fragmentomic analysis of circulating tumor DNA-targeted cancer
panels. Ann. Oncol. 34, 813-825 (2023).

Conteduca, V. et al. Circulating androgen receptor for prognosis and treatment selection
in prostate cancer. Eur. Urol. Oncol. 4, 740-744 (2021).

Wyatt, A. W. et al. Concordance of circulating tumor DNA and matched metastatic tissue
biopsy in prostate cancer. J. Natl Cancer Inst. 109, djx118 (2017).

Beltran, H. et al. Circulating tumor DNA profile recognizes transformation to
castration-resistant neuroendocrine prostate cancer. J. Clin. Invest. 130, 1653-1668 (2020).
Herberts, C. et al. Deep whole-genome ctDNA chronology of treatment-resistant
prostate cancer. Nature 608, 199-208 (2022).

Garofoli, M. et al. Circulating tumor DNA: a new research frontier in urological oncology
from localized to metastatic disease. Eur. Urol. Oncol. 8, 805-817 (2025).

Maia, M. C., Salgia, M. & Pal, S. K. Harnessing cell-free DNA: plasma circulating tumour
DNA for liquid biopsy in genitourinary cancers. Nat. Rev. Urol. 17, 271-291 (2020).

Lin, D. et al. Circulating tumor cells: biology and clinical significance. Signal. Transduct.
Target. Ther. 6, 404 (2021).

Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell 144,
646-674 (201).

Ring, A., Nguyen-Strauli, B. D., Wicki, A. & Aceto, N. Biology, vulnerabilities and clinical
applications of circulating tumour cells. Nat. Rev. Cancer 23, 95-111 (2023).

Paget, S. The distribution of secondary growths in cancer of the breast. Lancet 133,
571-573 (1889).

Akhtar, M., Haider, A., Rashid, S. & Al-Nabet, A. D. M. H. Paget’s “seed and soil”

theory of cancer metastasis: an idea whose time has come. Adv. Anat. Pathol. 26,

69-74 (2019).

Heidrich, I., Deitert, B., Werner, S. & Pantel, K. Liquid biopsy for monitoring of tumor
dormancy and early detection of disease recurrence in solid tumors. Cancer Metastasis Rev.
42,161-182 (2023).

Chu, X. et al. Cancer stem cells: advances in knowledge and implications for cancer
therapy. Signal. Transduct. Target. Ther. 9,170 (2024).

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Mei, W. et al. The contributions of prostate cancer stem cells in prostate cancer initiation
and metastasis. Cancers 1, 434 (2019).

Xu, L. et al. The novel association of circulating tumor cells and circulating megakaryocytes
with prostate cancer prognosis. Clin. Cancer Res. 23, 5112-5122 (2017).

Massard, C. et al. Phenotypic and genetic heterogeneity of tumor tissue and circulating
tumor cells in patients with metastatic castration-resistant prostate cancer: a report from
the PETRUS prospective study. Oncotarget 7, 55069-55082 (2016).

Gupta, S. et al. Whole genomic copy number alterations in circulating tumor cells from
men with abiraterone or enzalutamide-resistant metastatic castration-resistant prostate
cancer. Clin. Cancer Res. 23,1346-1357 (2017).

Wu, C., Xu, C., Wang, G., Zhang, D. & Zhao, X. Noninvasive circulating tumor cell and urine
cellular XPC (rs2228001, A2815C) and XRCC1 (rs25487, G1196A) polymorphism detection
as an effective screening panel for genitourinary system cancers. Transl. Cancer Res. 8,
2803-2812 (2019).

Punnoose, E. A. et al. PTEN loss in circulating tumour cells correlates with PTEN loss in
fresh tumour tissue from castration-resistant prostate cancer patients. Br. J. Cancer 113,
1225-1233 (2015).

Pezzi, H. M. et al. Versatile exclusion-based sample preparation platform for integrated
rare cell isolation and analyte extraction. Lab. Chip 18, 3446-3458 (2018).

Zheng, Y. et al. Prognostic value of circulating tumor cells in castration resistant prostate
cancer: a meta-analysis. Urol. J. 13, 2881-2888 (2016).

Salami, S. S. et al. Circulating tumor cells as a predictor of treatment response in
clinically localized prostate cancer. JCO Precis. Oncol. 3, PO.18.00352 (2019).
Al-Hammouri, T. et al. Protocol for a prospective study evaluating circulating

tumour cells status to predict radical prostatectomy treatment failure in localised
prostate cancer patients (C-ProMeta-1). BMC Cancer 23, 581(2023).

Lawrence, R., Watters, M., Davies, C. R., Pantel, K. & Lu, Y.-J. Circulating tumour cells for
early detection of clinically relevant cancer. Nat. Rev. Clin. Oncol. 20, 487-500 (2023).
Xu, L. et al. Noninvasive detection of clinically significant prostate cancer using
circulating tumor cells. J. Urol. 203, 73-82 (2020).

Ren, X., He, X., Xu, C., Han, D. & Cheng, S. Functional tumor targeting nano-systems for
reprogramming circulating tumor cells with in situ evaluation on therapeutic efficiency
at the single-cell level. Adv. Sci. 9, e2105806 (2022).

Reichert, Z. R. et al. Multigene profiling of circulating tumor cells (CTCs) for prognostic
assessment in treatment-naive metastatic hormone-sensitive prostate cancer (mHSPC).
Int. J. Mol. Sci. 23, 4 (2021).

Davies, C. R. et al. The potential of using circulating tumour cells and their gene
expression to predict docetaxel response in metastatic prostate cancer. Front. Oncol. 12,
1060864 (2023).

Vandekerkhove, G., Chi, K. N. & Wyatt, A. W. Clinical utility of emerging liquid biomarkers
in advanced prostate cancer. Cancer Genet. 228-229, 151-158 (2018).

Kruck, S., Gakis, G. & Stenzl, A. Disseminated and circulating tumor cells for monitoring
chemotherapy in urological tumors. Anticancer Res. 31, 2053-2057 (2011).

Cieslikowski, W. A., Antczak, A., Nowicki, M., Zabel, M. & Budna-Tukan, J. Clinical
relevance of circulating tumor cells in prostate cancer management. Biomedicines

9, 1179 (2021).

Zhang, T. & Armstrong, A. J. Clinical utility of circulating tumor cells in advanced prostate
cancer. Curr. Oncol. Rep. 18, 3 (2016).

Strati, A., Markou, A., Kyriakopoulou, E. & Lianidou, E. Detection and molecular
characterization of circulating tumour cells: challenges for the clinical setting. Cancers
15, 2185 (2023).

Templeman, A. et al. Analytical performance of the FDA-cleared Parsortix® PC1 system.
J. Circ. Biomark. 12, 26-33 (2023).

Millner, L. M., Linder, M. W. & Valdes, R. Circulating tumor cells: a review of present
methods and the need to identify heterogeneous phenotypes. Ann. Clin. Lab. Sci. 43,
295-304 (2013).

Shen, W. et al. Combined immunomagnetic capture coupled with ultrasensitive plasmonic
detection of circulating tumor cells in blood. Biomed. Microdevices 20, 99 (2018).
Bitting, R. L. et al. Development of a method to isolate circulating tumor cells using
mesenchymal-based capture. Methods 64, 129-136 (2013).

Zhang, T. et al. Development of a novel c-MET-based CTC detection platform.

Mol. Cancer Res. 14, 539-547 (2016).

Cha, J., Cho, H., Chung, J.-S., Park, J. S. & Han, K.-H. Effective circulating tumor cell
isolation using epithelial and mesenchymal markers in prostate and pancreatic cancer
patients. Cancers 15, 2825 (2023).

Vila, A. et al. EGFR-based immunoisolation as a recovery target for low-EpCAM CTC
subpopulation. PLoS ONE 11, e0163705 (2016).

Magbanua, M. J. M. et al. Isolation and genomic analysis of circulating tumor cells from
castration resistant metastatic prostate cancer. BMC Cancer 12, 78 (2012).

Autebert, J. et al. High purity microfluidic sorting and analysis of circulating tumor cells:
towards routine mutation detection. Lab. Chip 15, 2090-2101 (2015).

Glia, A. et al. Herringbone microfluidic probe for multiplexed affinity-capture of prostate
circulating tumor cells. Adv. Mater. Technol. 6, 2100053 (2021).

Yin, C. et al. Molecular profiling of pooled circulating tumor cells from prostate cancer
patients using a dual-antibody-functionalized microfluidic device. Anal. Chem. 90,
3744-3751(2018).

Zhao, L. et al. High-purity prostate circulating tumor cell isolation by a polymer
nanofiber-embedded microchip for whole exome sequencing. Adv. Mater. 25,
2897-2902 (2013).

Nature Reviews Urology


http://www.nature.com/nrurol

Review article

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

Chu, C.-H. et al. Negative enrichment of circulating tumor cells from unmanipulated
whole blood with a 3D printed device. Sci. Rep. 11, 20583 (2021).

Huang, Y.-Y. et al. Screening and molecular analysis of single circulating tumor cells
using micromagnet array. Sci. Rep. 5, 16047 (2015).

Fachin, F. et al. Monolithic chip for high-throughput blood cell depletion to sort rare
circulating tumor cells. Sci. Rep. 7, 10936 (2017).

Mentink, A., Isebia, K. T., Kraan, J., Terstappen, L. W. M. M. & Stevens, M. Measuring
antigen expression of cancer cell lines and circulating tumour cells. Sci. Rep. 13, 6051
(2023).

de Wit, S. et al. EpCAMhigh and EpCAMlow circulating tumor cells in metastatic prostate
and breast cancer patients. Oncotarget 9, 35705-35716 (2018).

Saxena, K., Subbalakshmi, A. R. & Jolly, M. K. Phenotypic heterogeneity in circulating
tumor cells and its prognostic value in metastasis and overall survival. EBioMedicine
46, 4-5(2019).

Brouwer, A. et al. Evaluation and consequences of heterogeneity in the circulating
tumor cell compartment. Oncotarget 7, 48625-48643 (2016).

Jiang, W. et al. Bait-trap chip for accurate and ultrasensitive capture of living circulating
tumor cells. Acta Biomater. 162, 226-239 (2023).

Myung, J. H. et al. Dendrimer-based platform for effective capture of tumor cells after
TGFB ;-induced epithelial-mesenchymal transition. Anal. Chem. 91, 8374-8382 (2019).
Witek, M. A. et al. Discrete microfluidics for the isolation of circulating tumor cell
subpopulations targeting fibroblast activation protein alpha and epithelial cell adhesion
molecule. NPJ Precis. Oncol. 1, 24 (2017).

Chen, J. et al. Feasibility study of expressing epcam+/vimentin+CTC in prostate cancer
diagnosis. J. Cancer Res. Clin. Oncol. 149, 8699-8709 (2023).

Hughes, A. D. et al. Microtube device for selectin-mediated capture of viable circulating
tumor cells from blood. Clin. Chem. 58, 846-853 (2012).

Deliorman, M. et al. AFM-compatible microfluidic platform for affinity-based capture and
nanomechanical characterization of circulating tumor cells. Microsyst. Nanoeng. 6, 20
(2020).

Wang, B. et al. Evaporation-induced rGO coatings for highly sensitive and non-invasive
diagnosis of prostate cancer in the PSA gray zone. Adv. Mater. 33, €2103999 (2021).
Gleghorn, J. P. et al. Capture of circulating tumor cells from whole blood of prostate
cancer patients using geometrically enhanced differential immunocapture (GEDI) and a
prostate-specific antibody. Lab. Chip 10, 27-29 (2010).

Zhang, J., Chen, K. &Fan, Z. H. Circulating tumor cell isolation and analysis. Adv. Clin. Chem.
75, 1-31(2016).

Sperger, J. M. et al. Expression and therapeutic targeting of TROP-2 in treatment-resistant
prostate cancer. Clin. Cancer Res. 29, 2324-2335 (2023).

Gires, O., Pan, M., Schinke, H., Canis, M. & Baeuerle, P. A. Expression and function

of epithelial cell adhesion molecule EpCAM: where are we after 40 years? Cancer
Metastasis Rev. 39, 969-987 (2020).

Chiu, J.-J. et al. Mechanisms of induction of endothelial cell E-selectin expression by
smooth muscle cells and its inhibition by shear stress. Blood 110, 519-528 (2007).
Chang, S. S. Overview of prostate-specific membrane antigen. Rev. Urol. 6 (Suppl. 10),
S13-518 (2004).

Balk, S. P., Ko, Y.-J. & Bubley, G. J. Biology of prostate-specific antigen. J. Clin. Oncol. 21,
383-391(2003).

Ivaska, J. Vimentin: central hub in EMT induction? Small GTPases 2, 51-53 (2011).
Rajaram, P. et al. Epidermal growth factor receptor: role in human cancer. Indian J. Dental
Res. 28, 687 (2017).

Zhang, Y. et al. Function of the c-Met receptor tyrosine kinase in carcinogenesis and
associated therapeutic opportunities. Mol. Cancer 17, 45 (2018).

Lira, C.B.B., Chu, K., Lee, Y.-C., Hu, M. C.-T. & Lin, S.-H. Expression of the extracellular
domain of OB-cadherin as an Fc fusion protein using bicistronic retroviral expression
vector. Protein Expr. Purif. 61, 220-226 (2008).

Day, K. C. et al. HER2 and EGFR overexpression support metastatic progression of
prostate cancer to bone. Cancer Res. 77, 74-85 (2017).

Shen, M., Liu, S. & Stoyanova, T. The role of Trop2 in prostate cancer: an oncogene,
biomarker, and therapeutic target. Am. J. Clin. Exp. Urol. 9, 73-87 (2021).

Saeki, N., Gu, J., Yoshida, T. & Wu, X. Prostate stem cell antigen: a Jekyll and Hyde
molecule? Clin. Cancer Res. 16, 3533-3538 (2010).

Theil, G., Bialek, J., WeiB, C., Lindner, F. & Fornara, P. Strategies for isolating and
propagating circulating tumor cells in men with metastatic prostate cancer. Diagnostics
12, 497 (2022).

Hupert, M. L. et al. Arrays of high-aspect ratio microchannels for high-throughput
isolation of circulating tumor cells (CTCs). Microsyst. Technol. 20, 1815-1825 (2014).
Awe, J. A., Saranchuk, J., Drachenberg, D. & Mai, S. Filtration-based enrichment of
circulating tumor cells from all prostate cancer risk groups. Urol. Oncol. 35, 300-309
(2017).

Mendelaar, P. A. J. et al. Defining the dimensions of circulating tumor cells in a large series
of breast, prostate, colon, and bladder cancer patients. Mol. Oncol. 15, 116-125 (2021).
Schmid-Schonbein, G., Shih, Y. & Chien, S. Morphometry of human leukocytes. Blood 56,
866-875 (1980).

Diez-Silva, M., Dao, M., Han, J., Lim, C.-T. & Suresh, S. Shape and biomechanical
characteristics of human red blood cells in health and disease. MRS Bull. 35, 382-388
(2010).

Adebayo Awe, J. et al. Three-dimensional telomeric analysis of isolated circulating
tumor cells (CTCs) defines CTC subpopulations. Transl. Oncol. 6, 51-65 (2013).

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

100.

10.

m.

2.

13.

4.

15.

6.

n7.

na.

ne.

120.

121

122.

123.

124.

125.

126.

127.

128.

129.

Xu, L. et al. Optimization and evaluation of a novel size based circulating tumor cell
isolation system. PLoS ONE 10, e0138032 (2015).

Augustsson, P., Magnusson, C., Nordin, M., Lilja, H. & Laurell, T. Microfluidic, label-free
enrichment of prostate cancer cells in blood based on acoustophoresis. Anal. Chem. 84,
7954-7962 (2012).

Di Trapani, M., Manaresi, N. & Medoro, G. DEPArray™ system: an automatic image-based
sorter for isolation of pure circulating tumor cells. Cytometry Part. A 93, 1260-1266 (2018).
Wu, M. et al. Circulating tumor cell phenotyping via high-throughput acoustic
separation. Small 14, €1801131(2018).

Liu, J. et al. Circulating tumor cells (CTCs): a unique model of cancer metastases and
non-invasive biomarkers of therapeutic response. Front. Genet. 12, 734595 (2021).
Andree, K. C. et al. Toward a real liquid biopsy in metastatic breast and prostate cancer:
diagnostic leukapheresis increases CTC yields in a European prospective multicenter
study (CTCTrap). Int. J. Cancer 143, 2584-2591(2018).

Theil, G. et al. In vivo isolation of circulating tumor cells in patients with different stages
of prostate cancer. Oncol. Lett. 21, 357 (2021).

Theil, G. et al. The use of a new CellCollector to isolate circulating tumor cells from the
blood of patients with different stages of prostate cancer and clinical outcomes — a
proof-of-concept study. PLoS ONE 11, e0158354 (2016).

Zapatero, A. et al. Detection and dynamics of circulating tumor cells in patients with
high-risk prostate cancer treated with radiotherapy and hormones: a prospective phase Il
study. Radiat. Oncol. 15, 137 (2020).

Ligthart, S. T. et al. Circulating tumor cells count and morphological features in breast,
colorectal and prostate cancer. PLoS ONE 8, 67148 (2013).

Ju, S. et al. Detection of circulating tumor cells: opportunities and challenges.

Biomark. Res. 10, 58 (2022).

Pal, S. K. et al. Detection and phenotyping of circulating tumor cells in high-risk localized
prostate cancer. Clin. Genitourin. Cancer 13, 130-136 (2015).

Kerr, B. A. et al. CD117" cells in the circulation are predictive of advanced prostate cancer.
Oncotarget 6,1889-1897 (2015).

Murray, N. P., Reyes, E., Orellana, N., Fuentealba, C. & Duefas, R. A comparative
performance analysis of total PSA, percentage free PSA, PSA velocity, and PSA density
versus the detection of primary circulating prostate cells in predicting initial prostate
biopsy findings in Chilean men. Biomed. Res. Int. 2014, 1-8 (2014).

Limaye, S. et al. Accurate prostate cancer detection based on enrichment and
characterization of prostate cancer specific circulating tumor cells. Cancer Med. 12,
9116-9127 (2023).

de Bono, J. S. et al. Potential applications for circulating tumor cells expressing the
insulin-like growth factor-I receptor. Clin. Cancer Res. 13, 3611-3616 (2007).

Pal, S. K. et al. Synaptophysin expression on circulating tumor cells in patients with
castration resistant prostate cancer undergoing treatment with abiraterone acetate or
enzalutamide. Urol. Oncol. 36, 162.e1-162.e6 (2018).

Saha, S. K., Islam, S. M. R., Kwak, K.-S., Rahman, M. S. & Cho, S.-G. PROM1and PROM2
expression differentially modulates clinical prognosis of cancer: a multiomics analysis.
Cancer Gene Ther. 27,147-167 (2020).

van Roy, F. & Berx, G. The cell-cell adhesion molecule E-cadherin. Cell. Mol. Life Sci. 65,
3756-3788 (2008).

Gatalica, Z., Stafford, P. & Vranic, S. Alpha-methylacyl-CoA racemase (AMACR) protein

is upregulated in early proliferative lesions of the breast irrespective of apocrine
differentiation. Hum. Pathol. 129, 40-46 (2022).

Gladson, C. L. & Welch, D. R. New insights into the role of CXCR4 in prostate cancer
metastasis. Cancer Biol. Ther. 7, 1849-1851(2008).

Radu, P. et al. CD34-structure, functions and relationship with cancer stem cells.
Medicina 59, 938 (2023).

Harris, K. S. et al. CD117/c-kit defines a prostate CSC-like subpopulation driving
progression and TKI resistance. Sci. Rep. 11, 1465 (2021).

Wu, J. & Yu, E. Insulin-like growth factor receptor-1 (IGF-IR) as a target for prostate cancer
therapy. Cancer Metastasis Rev. 33, 607-617 (2014).

Wiedenmann, B., Franke, W. W., Kuhn, C., Moll, R. & Gould, V. E. Synaptophysin: a marker
protein for neuroendocrine cells and neoplasms. Proc. Natl Acad. Sci. 83, 3500-3504 (1986).
Toss, A., Mu, Z., Fernandez, S. & Cristofanilli, M. CTC enumeration and characterization:
moving toward personalized medicine. Ann. Transl. Med. 2,108 (2014).

Enikeev, D., Morozov, A., Babaevskaya, D., Bazarkin, A. & Malavaud, B. A systematic review
of circulating tumor cells clinical application in prostate cancer diagnosis. Cancers 14,
3802 (2022).

Helo, P. et al. Circulating prostate tumor cells detected by reverse transcription-PCR

in men with localized or castration-refractory prostate cancer: concordance with
CellSearch assay and association with bone metastases and with survival. Clin. Chem.
55, 765-773 (2009).

Skerenova, M., Mikulova, V., Capoun, O., Zima, T. & Tesarova, P. Circulating tumor cells
and serum levels of MMP-2, MMP-9 and VEGF as markers of the metastatic process in
patients with high risk of metastatic progression. Biomed. Pap. Med. Fac. Univ. Palacky
Olomouc Czech Repub. 161, 272-280 (2017).

Albino, G., Vendittelli, F., Paolillo, C., Zuppi, C. & Capoluongo, E. Potential usefulness

of CTC detection in follow up of prostate cancer patients. A preliminary report obtained
by using Adnagene platform. Arch. Ital. Urol. Androl. 85, 164-169 (2013).

Todenhofer, T. et al. Preliminary experience on the use of the Adnatest® system for
detection of circulating tumor cells in prostate cancer patients. Anticancer. Res. 32,
3507-3513 (2012).

Nature Reviews Urology


http://www.nature.com/nrurol

Review article

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Sperger, J. M. et al. Prospective evaluation of clinical outcomes using a multiplex

liquid biopsy targeting diverse resistance mechanisms in metastatic prostate cancer.

J. Clin. Oncol. 39, 2926-2937 (2021).

Thiounn, N. et al. Positive prostate-specific antigen circulating cells detected by reverse
transcriptase-polymerase chain reaction does not imply the presence of prostatic
micrometastases. Urology 50, 245-250 (1997).

Bos, M. K., Kraan, J., Sleijfer, S., Martens, J. W. M. & Beije, N. Prognostic value of circulating
tumor cell characteristics may be biased by their quantity. J. Clin. Oncol. 40, 519-520
(2022).

Xu, C., He, X.-Y., Ren, X.-H., Han, D. & Cheng, S.-X. Detection of mRNAs of ribosomal
protein L15 and E-cadherin in living circulating tumor cells at single cell resolution to
study tumor heterogeneity. Anal. Chem. 94, 10610-10616 (2022).

Kuske, A. et al. Improved detection of circulating tumor cells in non-metastatic high-risk
prostate cancer patients. Sci. Rep. 6, 1-9 (2016).

Chen, S. et al. In vivo detection of circulating tumor cells in high-risk non-metastatic
prostate cancer patients undergoing radiotherapy. Cancers 11, 933 (2019).

Budna-Tukan, J. et al. Analysis of circulating tumor cells in patients with non-metastatic
high-risk prostate cancer before and after radiotherapy using three different enumeration
assays. Cancers 11, 802 (2019).

Gao, Y. et al. Single-cell sequencing deciphers a convergent evolution of copy number
alterations from primary to circulating tumor cells. Genome Res. 27, 1312-1322 (2017).
Dago, A. E. et al. Rapid phenotypic and genomic change in response to therapeutic
pressure in prostate cancer inferred by high content analysis of single circulating

tumor cells. PLoS ONE 9, 101777 (2014).

Stankiewicz, E. et al. Identification of FBXL4 as a metastasis associated gene in prostate
cancer. Sci. Rep. 7, 5124 (2017).

Lohr, J. G. et al. Whole-exome sequencing of circulating tumor cells provides a window
into metastatic prostate cancer. Nat. Biotechnol. 32, 479-484 (2014).

Gorges, T. M. et al. Accession of tumor heterogeneity by multiplex transcriptome
profiling of single circulating tumor cells. Clin. Chem. 62, 1504-1515 (2016).

Nagaya, N. et al. Prostate-specific membrane antigen in circulating tumor cells is a new
poor prognostic marker for castration-resistant prostate cancer. PLoS ONE 15, e0226219
(2020).

Groen, L. et al. Transcriptome profiling of circulating tumor cells to predict clinical
outcomes in metastatic castration-resistant prostate cancer. Int. J. Mol. Sci. 24, 9002
(2023).

Heck, M. M. et al. A 2-gene panel derived from prostate cancer-enhanced transcripts

in whole blood is prognostic for survival and predicts treatment benefit in metastatic
castration-resistant prostate cancer. Prostate 76, 1160-1168 (2016).

Chen, C. et al. Single-cell analysis of circulating tumor cells identifies cumulative
expression patterns of EMT-related genes in metastatic prostate cancer. Prostate 73,
813-826 (2013).

McKay, R. R. et al. Phase Il multicenter study of enzalutamide in metastatic castration-
resistant prostate cancer to identify mechanisms driving resistance. Clin. Cancer Res. 27,
3610-3619 (2021).

Cho, H. et al. Multigene model for predicting metastatic prostate cancer using circulating
tumor cells by microfluidic magnetophoresis. Cancer Sci. 112, 859-870 (2021).
Miyamoto, D. T. et al. RNA-Seq of single prostate CTCs implicates noncanonical Wnt
signaling in antiandrogen resistance. Science 349, 1351-1356 (2015).

Pal, S. K. et al. Identification of mechanisms of resistance to treatment with abiraterone
acetate or enzalutamide in patients with castration-resistant prostate cancer (CRPC).
Cancer 124, 1216-1224 (2018).

Singhal, U. et al. Multigene profiling of CTCs in mCRPC identifies a clinically relevant
prognostic signature. Mol. Cancer Res. 16, 643-654 (2018).

Beltran, H. et al. The role of lineage plasticity in prostate cancer therapy resistance.

Clin. Cancer Res. 25, 6916-6924 (2019).

Armstrong, A. J. et al. Prospective multicenter validation of androgen receptor splice
variant 7 and hormone therapy resistance in high-risk castration-resistant prostate
cancer: the PROPHECY study. J. Clin. Oncol. 37,1120-1129 (2019).

Antonarakis, E. S. et al. AR-V7 and resistance to enzalutamide and abiraterone in prostate
cancer. N. Engl. J. Med. 371,1028-1038 (2014).

Zhao, S. G. et al. A clinical-grade liquid biomarker detects neuroendocrine differentiation
in prostate cancer. J. Clin. Invest. 132, €161858 (2022).

Castellani, G. et al. BRAF mutations in melanoma: biological aspects, therapeutic
implications, and circulating biomarkers. Cancers 15, 4026 (2023).

Morrison, G. et al. Non-invasive profiling of advanced prostate cancer via
multi-parametric liquid biopsy and radiomic analysis. Int. J. Mol. Sci. 23, 2571 (2022).
Hodara, E. et al. Multiparametric liquid biopsy analysis in metastatic prostate cancer.

JCl Insight 4, 125529 (2019).

Malihi, P. D. et al. Single-cell circulating tumor cell analysis reveals genomic instability as a
distinctive feature of aggressive prostate cancer. Clin. Cancer Res. 26, 4143-4153 (2020).
Stover, E. H. et al. Implementation of a prostate cancer-specific targeted sequencing
panel for credentialing of patient-derived cell lines and genomic characterization of
patient samples. Prostate 82, 584-597 (2022).

Cho, K. S.,0h, H. Y., Lee, E. J. & Hong, S. J. Identification of enhancer of Zeste Homolog 2
expression in peripheral circulating tumor cells in metastatic prostate cancer patients:

a preliminary study. Yonsei Med. J. 48,1009 (2007).

Gjyrezi, A. et al. Androgen receptor variant shows heterogeneous expression in prostate
cancer according to differentiation stage. Commun. Biol. 4, 785 (2021).

162.

163.

164.

165.

166.

167.

168.

169.

170.

7.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Reyes, E. E. et al. Molecular analysis of CD133-positive circulating tumor cells from
patients with metastatic castration-resistant prostate cancer. J. Transl. Sci. 1, 4 (2015).
Gorges, T. M. et al. Heterogeneous PSMA expression on circulating tumor cells — a
potential basis for stratification and monitoring of PSMA-directed therapies in prostate
cancer. Oncotarget 7, 34930-34941 (2016).

Chen, J. et al. Metabolic reprogramming-based characterization of circulating

tumor cells in prostate cancer. J. Exp. Clin. Cancer Res. 37,127 (2018).

Gao, D. et al. Organoid cultures derived from patients with advanced prostate cancer.
Cell 159, 176-187 (2014).

Mout, L. et al. Generating human prostate cancer organoids from leukapheresis enriched
circulating tumour cells. Eur. J. Cancer 150, 179-189 (2021).

Koinis, F. et al. Prognostic role of circulating tumor cells in patients with metastatic
castration-resistant prostate cancer receiving cabazitaxel: a prospective biomarker study.
Cancers 15, 4511 (2023).

Thalgott, M. et al. Circulating tumor cells versus objective response assessment
predicting survival in metastatic castration-resistant prostate cancer patients treated
with docetaxel chemotherapy. J. Cancer Res. Clin. Oncol. 141, 1457-1464 (2015).

Gu, T, Li, J., Chen, T, Zhu, Q. & Ding, J. Circulating tumor cell quantification

during abiraterone plus prednisone therapy may estimate survival in metastatic
castration-resistant prostate cancer patients. Int. Urol. Nephrol. 55, 883-892 (2023).

de Jong, A. C. et al. Liquid biopsies for early response evaluation of radium-223 in
metastatic prostate cancer. JCO Precis. Oncol. 7, 2300156 (2023).

Di Lorenzo, G. et al. Assessment of total, PTEN-, and AR-V7+ circulating tumor cell

count by flow cytometry in patients with metastatic castration-resistant prostate cancer
receiving enzalutamide. Clin. Genitourin. Cancer 19, e286-e298 (2021).

Miyamoto, D. T. et al. An RNA-based digital circulating tumor cell signature is predictive

of drug response and early dissemination in prostate cancer. Cancer Discov. 8, 288-303 (2018).
Carles, J. et al. Circulating tumor cells as a biomarker of survival and response

to radium-223 therapy: experience in a cohort of patients with metastatic
castration-resistant prostate cancer. Clin. Genitourin. Cancer 16, e1133-e1139 (2018).
Hirano, H. et al. Bone scan index (BSI) scoring by using bone scintigraphy and circulating
tumor cells (CTCs): predictive factors for enzalutamide effectiveness in patients with
castration-resistant prostate cancer and bone metastases. Sci. Rep. 13, 8704 (2023).
Goodman, O. B. et al. Circulating tumor cells as a predictive biomarker in patients with
hormone-sensitive prostate cancer. Clin. Genitourin. Cancer 9, 31-38 (2011).

Goldkorn, A. et al. Baseline circulating tumor cell count as a prognostic marker of PSA
response and disease progression in metastatic castrate-sensitive prostate cancer
(SWOG $1216). Clin. Cancer Res. 27, 1967-1973 (2021).

Yang, G. et al. Clinical significance of mesenchymal circulating tumor cells in patients
with oligometastatic hormone-sensitive prostate cancer who underwent cytoreductive
radical prostatectomy. Front. Oncol. 11, 812549 (2021).

Ried, K., Eng, P. & Sali, A. Screening for circulating tumour cells allows early detection

of cancer and monitoring of treatment effectiveness: an observational study.

Asian Pac. J. Cancer Prev. 18, 2275 (2017).

Murray, N. P. et al. Prediction model for early biochemical recurrence after radical
prostatectomy based on the Cancer of the Prostate Risk Assessment score and the
presence of secondary circulating prostate cells. BJU Int. 118, 556-562 (2016).

Meyer, C. P. et al. Limited prognostic value of preoperative circulating tumor cells for
early biochemical recurrence in patients with localized prostate cancer. Urol. Oncol. 34,
235.e11-235.e16 (2016).

Murray, N. P. et al. Head-to-head comparison of the Montreal nomogram with the
detection of primary malignant circulating prostate cells to predict prostate cancer

at initial biopsy in Chilean men with suspicion of prostate cancer. Urol. Oncol. 33,
203.e19-203.e25 (2015).

Lilja, H. & Scher, H. |. Detection of androgen receptor mutations in circulating

tumor cells: highlights of the long road to clinical qualification. Clin. Chem. 56,
1375-1377 (2010).

Kanayama, M., Lu, C., Luo, J. & Antonarakis, E. S. AR splicing variants and resistance to
AR targeting agents. Cancers 13, 2563 (2021).

Jiang, Y., Palma, J. F., Agus, D. B., Wang, Y. & Gross, M. E. Detection of androgen receptor
mutations in circulating tumor cells in castration-resistant prostate cancer. Clin. Chem.
56, 1492-1495 (2010).

Ma, Y. et al. Droplet digital PCR based androgen receptor variant 7 (AR-V7) detection from
prostate cancer patient blood biopsies. Int. J. Mol. Sci. 2016 17,1264 (2016).

Lu, D. et al. Development of an immunofluorescent AR-V7 circulating tumor cell assay — a
blood-based test for men with metastatic prostate cancer. J. Circ. Biomark. 9, 13-19 (2020).
Stuopelyte, K. et al. Analysis of AR-FL and AR-V1in whole blood of patients with
castration resistant prostate cancer as a tool for predicting response to abiraterone
acetate. J. Urol. 204, 71-78 (2020).

Scher, H. I. et al. Assessment of the validity of nuclear-localized androgen receptor splice
variant 7 in circulating tumor cells as a predictive biomarker for castration-resistant
prostate cancer. JAMA Oncol. 4,1179 (2018).

Antonarakis, E. S. et al. Androgen receptor splice variant 7 and efficacy of taxane
chemotherapy in patients with metastatic castration-resistant prostate cancer.

JAMA Oncol. 1, 582 (2015).

Antonarakis, E. S. et al. Clinical significance of androgen receptor splice variant-7 mRNA
detection in circulating tumor cells of men with metastatic castration-resistant prostate
cancer treated with first- and second-line abiraterone and enzalutamide. J. Clin. Oncol.
35, 2149-2156 (2017).

Nature Reviews Urology


http://www.nature.com/nrurol

Review article

191

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

200.

210.

1.

212

Erb, H. H. H. et al. AR-V7 protein expression in circulating tumour cells is not predictive
of treatment response in mCRPC. Urol. Int. 104, 253-262 (2020).

Okegawa, T. et al. AR-V7 in circulating tumor cells cluster as a predictive biomarker of
abiraterone acetate and enzalutamide treatment in castration-resistant prostate cancer
patients. Prostate 78, 576-582 (2018).

Hille, C. et al. Detection of androgen receptor variant 7 (ARV7) mRNA levels in
EpCAM-enriched CTC fractions for monitoring response to androgen targeting therapies
in prostate cancer. Cells 8, 1067 (2019).

Steinestel, J. et al. Detecting predictive androgen receptor modifications in circulating
prostate cancer cells. Oncotarget 10, 4213-4223 (2019).

Hench, I. B. et al. Analysis of AR/ARV7 expression in isolated circulating tumor cells of
patients with metastatic castration-resistant prostate cancer (SAKK 08/14 IMPROVE trial).
Cancers 11,1099 (2019).

Sieuwerts, A. M. et al. An in-depth evaluation of the validity and logistics surrounding the
testing of AR-V7 mRNA expression in circulating tumor cells. J. Mol. Diagn. 20, 316-325
(2018).

Taplin, M.-E. et al. Androgen receptor modulation optimized for response — splice variant:
a phase 3, randomized trial of galeterone versus enzalutamide in androgen receptor
splice variant-7-expressing metastatic castration-resistant prostate cancer. Eur. Urol. 76,
843-851(2019).

Bernemann, C. et al. Expression of AR-V7 in circulating tumour cells does not preclude
response to next generation androgen deprivation therapy in patients with castration
resistant prostate cancer. Eur. Urol. 71,1-3 (2017).

To, S. Q. et al. Expression of androgen receptor splice variant 7 or 9 in whole blood does
not predict response to androgen-axis-targeting agents in metastatic castration-resistant
prostate cancer. Eur. Urol. 73, 818-821(2018).

Scher, H. I. et al. Association of AR-V7 on circulating tumor cells as a treatment-specific
biomarker with outcomes and survival in castration-resistant prostate cancer. JAMA Oncol.
2,1441-1449 (2016).

Wang, S. et al. The association of AR-V7 with resistance to abiraterone in metastatic
castration-resistant prostate cancer. J. Mens. Health 18, 061(2022).

Sepe, P. et al. Could circulating tumor cells and ARV7 detection improve clinical decisions
in metastatic castration-resistant prostate cancer? The Istituto Nazionale dei Tumori (INT)
Experience. Cancers 11, 980 (2019).

Qu, F. et al. Association of AR-V7 and prostate-specific antigen RNA levels in blood with
efficacy of abiraterone acetate and enzalutamide treatment in men with prostate cancer.
Clin. Cancer Res. 23, 726-734 (2017).

Carles, J. et al. Radium-223 for patients with metastatic castration-resistant prostate
cancer with asymptomatic bone metastases progressing on first-line abiraterone acetate
or enzalutamide: a single-arm phase |l trial. Eur. J. Cancer 173, 317-326 (2022).

Scher, H. . et al. Nuclear-specific AR-V7 protein localization is necessary to guide treatment
selection in metastatic castration-resistant prostate cancer. Eur. Urol. 71, 874-882 (2017).
Graf, R. P. et al. Clinical utility of the nuclear-localized AR-V7 biomarker in circulating
tumor cells in improving physician treatment choice in castration-resistant prostate
cancer. Eur. Urol. 77,170-177 (2020).

Montgomery, R. B. & Plymate, S. R. AR-V7 protein in circulating tumor cells — the decider
for therapy? JAMA Oncol. 2, 1450 (2016).

Lu, C., Brown, L. C., Antonaraksis, E. S., Armstrong, A. J. & Luo, J. Androgen receptor
variant-driven prostate cancer Il: advances in laboratory investigations. Prostate Cancer
Prostatic Dis. 23, 381-397 (2020).

Sprenger, C., Uo, T. & Plymate, S. Androgen receptor splice variant V7 (AR-V7) in circulating
tumor cells: a coming of age for AR splice variants? Ann. Oncol. 26, 1805-1807 (2015).
Bazyar, S. et al. Prospective characterization of circulating tumor cells in hormone
sensitive oligometastatic prostate cancer patients on a metastasis-directed therapy trial.
Int. J. Radliat. Oncol. Biol. Phys. 117, e367-e368 (2023).

Josefsson, A., Damber, J. E. & Welén, K. AR-V7 expression in circulating tumor cells

as a potential prognostic marker in metastatic hormone-sensitive prostate cancer.

Acta Oncol. 58, 1660-1664 (2019).

Kwan, E. M. et al. Prognostic utility of a whole-blood androgen receptor-based gene
signature in metastatic castration-resistant prostate cancer. Eur. Urol. Focus. 7, 63-70 (2021).

213. Miyamoto, D. T. et al. Androgen receptor signaling in circulating tumor cells as a marker
of hormonally responsive prostate cancer. Cancer Discov. 2, 995-1003 (2012).

Tagawa, S. T. et al. Expression of AR-V7 and ARV 567Es in circulating tumor cells
correlates with outcomes to taxane therapy in men with metastatic prostate cancer
treated in TAXYNERGY. Clin. Cancer Res. 25, 1880-1888 (2019).

Maillet, D. et al. Improved androgen receptor splice variant 7 detection using a highly
sensitive assay to predict resistance to abiraterone or enzalutamide in metastatic
prostate cancer patients. Eur. Urol. Oncol. 4, 609-617 (2021).

Sharp, A. et al. Clinical utility of circulating tumour cell androgen receptor splice variant-7
status in metastatic castration-resistant prostate cancer. Eur. Urol. 76, 676-685 (2019).
Daniel, M. et al. AR gene rearrangement analysis in liquid biopsies reveals heterogeneity
in lethal prostate cancer. Endocr. Relat. Cancer 28, 645-655 (2021).

214.

215.

216.

217.

Acknowledgements

S.M.A. would like to thank the Clarendon Fund in partnership with the St Edmund Hall Kerr-Muir
Scholarship, specifically Mr. James Kerr-Muir, for their generous support. T.A. is funded by Cancer
Research UK (RCCPDB-Nov23/100013) and supported by the National Institute for Health and
Care Research (NIHR). .G.M., C.M.E. and A.D.L. would like to acknowledge the John Black
Charitable Foundation for support. C.M.E. would like to acknowledge support from Rosetrees.
A.D.L. is funded by Cancer Research UK (C57899/A25812). Y.J.L. has received funding from
Prostate Cancer UK (MA-CT20-011) to investigate the potential of using circulating tumour cells
to predict prostate cancer surgical outcome. A.D.L. and R.J.B. are co-Cls of the TRANSLATE
prostate biopsy trial funded by HTA (NIHR131233) and are module leads of the QUANTUM
Biobank part funded by the John Black Charitable Foundation.

Author contributions

S.M.A,, T.A.,, DTC.,N.M.S.R., S.B., C.S., A.D.L. researched data for the article. All authors
contributed substantially to discussion of the content. S.M.A., TA., DT.C., N.M.S.R., R.B., S.F.,
WY., J.D.,S.S., FC.H., RJ.B., YJL., .M., C.M.E,. TM.M., A.D.L. wrote the article. All authors
reviewed and/or edited the manuscript before submission.

Competing interests

S.M.A., C.M.E. and A.D.L. have received support from BioRad through the Celselect grant.
T.M.M. is on the advisory boards for Merck, Foundation Medicine, Johnson & Johnson

and Pfizer. A.D.L. has received educational support from GlaxoSmithKline, Astellas, Lilly,
AstraZeneca and Ipsen. A.D.L. and F.C.H. have paid roles as BJUI Editors. Y.J.L. has received
support from ANGLE PLC for his circulating tumour cell study. A.D.L. has received honoraria
for reviewing for European Urology and Lancet Oncology. A.D.L. has received consulting fees
from AlphaSights. A.D.L. undertakes medicolegal expert witness work related to prostate
cancer management in the UK. The funders had no role in the study design, data collection
and analysis, decision to publish or preparation of the manuscript. The other authors declare
no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41585-025-01121-8.

Peer review information Nature Reviews Urology thanks the anonymous reviewers for their
contribution to the peer review of this work.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this
article under a publishing agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2026

Nature Reviews Urology


http://www.nature.com/nrurol
https://doi.org/10.1038/s41585-025-01121-8

	Circulating tumour cells as a window into lethality in prostate cancer

	Introduction

	Isolation and enrichment of prostate cancer circulating tumour cells

	Enumeration and detection of prostate cancer circulating tumour cells

	Molecular analyses of circulating tumour cells

	Transcriptome analysis of circulating tumour cells in metastatic prostate cancer

	Genomic analyses of circulating tumour cells in metastatic prostate cancer

	Current limitations of molecular analyses of circulating tumour cells


	Functional analyses and culture of circulating tumour cells

	Circulating tumour cells and clinical prognosis in prostate cancer

	Detection of the AR and AR variants in prostate cancer circulating tumour cells

	Conclusions

	Acknowledgements

	Fig. 1 Isolation, detection and profiling workflow of circulating tumour cells.
	Fig. 2 Current clinical utility for circulating tumour cell detection in localized and metastatic prostate cancer.
	Table 1 Cell-surface and intracellular markers to target prostate cancer circulating tumour cells for isolation and detection.
	Table 2 Molecular analyses on circulating tumour cells from patients with localized and metastatic prostate cancer.




