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Background: PTEN gene loss occurs frequently in castration-resistant prostate cancer (CRPC) and may drive progression through
activation of the PI3K/AKT pathway. Here, we developed a novel CTC-based assay to determine PTEN status and examined the
correlation between PTEN status in CTCs and matched tumour tissue samples.

Methods: PTEN gene status in CTCs was evaluated on an enrichment-free platform (Epic Sciences) by fluorescence in situ
hybridisation (FISH). PTEN status in archival and fresh tumour tissue was evaluated by FISH and immunohistochemistry.

Results: Peripheral blood was collected from 76 patients. Matched archival and fresh cancer tissue was available for 48 patients.
PTEN gene status detected in CTCs was concordant with PTEN status in matched fresh tissues and archival tissue in 32 of 38
patients (84%) and 24 of 39 patients (62%), respectively. CTC counts were prognostic (continuous, P=0.001). PTEN loss in CTCs
associated with worse survival in univariate analysis (HR 2.05; 95% CI 1.17-3.62; P=0.01) and with high lactate dehydrogenase
(LDH) in metastatic CRPC patients.

Conclusions: Our results illustrate the potential use of CTCs as a non-invasive, real-time liquid biopsy to determine PTEN gene
status. The prognostic and predictive value of PTEN in CTCs warrants investigation in CRPC clinical trials of PI3K/AKT-targeted
therapies.

The PTEN/PI3K/AKT pathway is frequently activated in prostate
cancer and appears to be critical for tumour cell survival and
proliferation (Sarker et al, 2009). One of the most common
molecular events leading to activation of this pathway is loss of the
tumour-suppressor phosphate and tensin homolog (PTEN) (Chow
and Baker, 2006). PTEN loss is common in prostate cancer (up to

50% of cases) and is associated with poor prognosis (McMenamin
et al, 1999; Halvorsen et al, 2003; Verhagen et al, 2006; Yoshimoto
et al, 2006; McCall et al, 2008; Reid et al, 2010; Leinonen et al,
2013). The PTEN/PI3K/AKT pathway also has a key role in the
regulation of androgen receptor (AR) signalling, and in the
development of resistance to hormonal treatment in preclinical
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prostate cancer models (Lin et al, 2004; Carver et al, 2011; Chen
et al, 2013). Strategies that combine novel AR-targeting drugs
(i.e., enzalutamide and abiraterone acetate) with PI3K/AKT
pathway inhibitors may be more effective than single AR-targeting
agents, and could delay or reverse resistance (Carver et al, 2011;
Thomas et al, 2013; Toren et al, 2014). The success of clinical
studies testing these novel strategies may rely on the molecular
characterisation of patients to identify the presence of aberrations
in the PI3K/AKT pathway. However, characterisation of castra-
tion-resistant prostate cancer (CRPC) disease in clinical studies is
challenging, first because of disease heterogeneity; second, because
of the high frequency of metastases that are exclusive to the bone
and difficult to reach, which may hinder the accrual of patients.

Studies have validated the prognostic significance of circulating
tumour cell (CTC) counts in several tumour types, including
breast, colorectal and prostate cancer (Cristofanilli et al, 2004;
Cohen et al, 2008; de Bono et al, 2008). In addition to the
prognostic value, CTCs represent a promising approach to
characterise the molecular profile of metastatic CRPC (Attard
et al, 2009; Miyamoto et al, 2012; Heitzer et al, 2013). Biomarker
characterisation in CTCs could provide insights into the most
current state of the disease and an overall picture of intra-tumour
heterogeneity. As a non-invasive methodology, CTCs can be
evaluated in longitudinal blood draws to monitor in real-time the
effect of antitumour therapies. CTCs can also be potentially used as
pharmacodynamic endpoints for the clinical development of novel
therapies (Yap et al, 2014).

In this study, we report the development and characterisation of
a blood-based PTEN FISH assay that will be evaluated in
combination trials of abiraterone and PI3K/AKT inhibitors for
patients with CRPC (TRIAL GOV NCT01485861). We identified
and characterised CTCs using an enrichment-free platform (Epic
Sciences). We found that PTEN gene status in CTCs correlated
well with PTEN gene status in patient-matched fresh CRPC tissue,
and loss of PTEN in CTCs was associated with poorer clinical
outcome in univariate analysis in metastatic CRPC.

MATERIALS AND METHODS

Patients and samples. Peripheral blood samples were obtained
from 76 patients with metastatic CRPC treated at the Royal
Marsden NHS Foundation Trust (London, UK) between March
2012 and February 2013 (Table 1). All patients had received
androgen-deprivation therapy with either surgical castration or a
luteinising hormone-releasing hormone agonist, and had disease
progression according to Prostate Cancer Working Group 2
consensus criteria (Scher et al, 2008).

Prostate cancer tissue was obtained from prostate needle
biopsies, transurethral resections of the prostate, or prostatec-
tomies and prostate cancer metastases within bone (bone marrow
trephine), lymph node or viscera (needle biopsies). Formalin-fixed
and paraffin-embedded tissue blocks were sectioned and reviewed
by a pathologist for confirmation of the adequacy of the material.
Tumour content was estimated by haematoxylin-eosin staining on
2-pm slices and adjacent slices were used for biomarker analysis.

All patients gave written informed consent and were enrolled on
institutional protocol approved by the Royal Marsden NHS
Foundation Trust (London, UK) Ethics Review Committees
(Reference number: 04/Q0801/60). Demographics and clinical
data were retrospectively collected from the hospital electronic
record system (EPR).

Circulating tumour cell enumeration

Epic CTC platform. Peripheral blood sample was collected in
Cell-free DNA BCT (Streck, Omaha, NE, USA) and shipped
immediately to Epic Sciences (San Diego, CA, USA) at ambient

Table 1. Patients’ characteristics at the time of the first blood
draw

! Total no. of patients N=76 |
Age Median (years) 68.9
IQR 65-75.1
Gleason Score at diagnosis <7 5 (6%)
7 18 (24%)
>8 O (53%)
NA 3 (17%)
Sites of metastases Bone 3 (96%)
Soft tissue 6 (47%)
Visceral 2 (16%)
PSA ugl~’ Median 251
IQR 80-581
ECOG PS 0 2 (16%)
1 7 (75%)
2 7 (9%)
Haemoglobin, gdl’1 Median (IQR) 11.5 (10.5-12.6)
Alkaline phosphatase, IU (I Median (IQR) 132 (76-296)
Lactate dehydrogenase, 1U |1 Median (IQR) 202 (162-288)
Albumin, gl Median (IQR) 4 (32-38)
Previous therapies for CRPC Docetaxel 0 (26%)
Cabazitaxel 4 (18%)
Abiraterone or 3 (57%)
Enzalutamide
Mitoxantrone 4 (5%)
Others 10 (13%)
Epic CTC count per ml Median (IQR) 5(3-21)
CellSearch CTC count per 7.5 ml Median (IQR) 15 (3-123)
Missing 7
Abbreviations: CRPC = castration-resistant prostate cancer; CTC = circulating tumour cell;
ECOG PS = Eastern Cooperative Oncology Group performance status; IQR = interquartile
range; NA =not applicable; PSA = prostate-specific antigen.

temperature. The median blood sample transit time was 32h
(range 29-105h). Upon receipt, red blood cells were lysed and
nucleated cells were dispensed onto glass microscope slides as
previously described (Marrinucci et al, 2007; Marrinucci et al,
2009; Mikolajczyk et al, 2011; Marrinucci et al, 2012; Werner et al,
2015) and stored at — 80 °C until staining. Up to 16 slides were
prepared from each blood sample, with three million nucleated
cells deposited onto each slide. The millilitre equivalent of blood
plated per slide was calculated based upon the sample’s white blood
cell count and the volume of post-RBC lysis cell suspension used.

Circulating tumour cells were identified by immunofluorescence,
as described (Marrinucci et al, 2007; Marrinucci et al, 2009;
Mikolajczyk et al, 2011; Marrinucci et al, 2012; Werner et al, 2015).
Slides were stained for CK (Pan CK 1°Ab (Sigma, St Louis, MO,
USA) and CK-19 1°Ab (Dako, Carpinteria, CA, USA) labelled
with AlexaFluor555-conjugated anti-mouse IgG1 2°Ab (Life Tech-
nologies, Carlsbad, CA, USA)), CD45 (AlexaFluor647-preconjugated
(Serotec, Raleigh, NC, USA)), N-terminal AR (1° Ab (Cell Signaling,
Danvers, MA, USA) labelled with AlexaFluor488-conjugated anti-
rabbit IgG(H+L) 2° Ab (Life Technologies)) and DAPI (Life
Technologies). Stained slides were imaged in four channels on a
high-speed fluorescent imaging system. Circulating tumour cell
candidates were identified by image analysis using an automated
algorithm to characterise each of the three million nucleated cells per
slide by over 90 different parameters, including protein expression
and morphology. Circulating tumour cell candidates were then
reviewed by trained technicians blinded to the clinical data. CK+/
CD45— cells with intact DAPI+ nuclei exhibiting tumour-
associated morphologies were classified as CTCs.

A range of 2-14 slides were tested per patient to evaluate CTC
enumeration and biomarker expression levels (protein and DNA
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markers). Total CTC counts were normalised to CTC per ml by chromosome 10 centromeres (CEP10) was applied across the
computing the total number of CTCs enumerated over all slides entire deposition area of each slide and the slides were then
tested, divided by the total volume of blood tested. For this patient  coverslipped, denatured and hybridised for 18-24 h at 37 °C. Slides
cohort, the blood volumes tested ranged from 0.7 to 7.8ml were then washed in saline sodium citrate/Igepal solutions,
blood, with a median of 2.7 ml and mean of 3.3 ml (Supplementary  counterstained with DAPI, and mounted with an anti-fade
Table S6). To compare with CellSearch, Epic CTC enumeration mounting medium. Circulating tumour cells were relocated
was extrapolated to 7.5 ml by multiplying Epic’s CTC count x 7.5.  through Epic’s software and scored for PTEN FISH. For an
Given the differences between the volumes evaluated on the Epic  internal control, 20 WBCs were evaluated for PTEN on every slide
and CellSearch platforms as part of their methodologies, a tested.
comparison is not possible without extrapolation and therefore Each CTC evaluated by FISH was classified according to the
carries some bias. number of FISH signals as: PTEN =0 (PTEN =0 and CEP10 >1),
PTEN=1 (PTEN=1 and CEP10>1), or PTEN>2 (PTEN>2
CellSearch System. In parallel to blood collection for CTC analysis and CEP10>1). The false positive rates of PTEN loss in WBCs
on the Epic platform, blood samples were collected in CellSave (PTEN =0, PTEN = 1, Figure 1C WBCs) and the total number of
preservative tubes (Jansen Diagnostics, LLC, NJ, USA) for CTC  CTCs were used to establish the criteria to classify the PTEN status
enumeration on the FDA-approved CellSearch System according of patients. A Homozygous (HO) or Hemizygous (HE) PTEN loss
to manufacturer’s instructions. The captured images were Wwas classified if the 95% confidence interval (CI) on the percentage
manually examined by a trained and certified operator. The of PTEN =0 or PTEN =1 in patient samples excluded the 95% CI
number of CellSearch CTCs is presented per 7.5 ml of blood. of PTEN=0 or PTEN=1 in WBCs (Supplementary Table S1).
Following these criteria, for example, PTEN = 0 was never detected
Molecular characterisation of CTCs on the Epic CTC platform  j, ,ver 1000 WBCs evaluated, therefore the observation of any
PTEN FISH analysis on CTCs. Coverslips were removed from number of CTCs exhibiting PTEN =0 and CEP10>1 in a patient
slides, and cells were fixed and dehydrated with formaldehyde and sample (with at least two evaluable CTCs) was considered
ethanol. A Cymogen Dx 2-color probe targeting PTEN and  significant, and the patient was classified as HO PTEN loss. If
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Figure 1. (A, B). Circulating tumour cell capture and FISH analysis in CRPC patients. (A) Flowchart of CTC capture, identification and molecular
analysis on the Epic platform (see Methods). (B) Distribution of CTC counts in CRPC patient. Bars represent number of patients with CTC
enumeration corresponding to the groups (n=76 patients). Percentages within bars represent the percentage of patients with CTC enumeration
corresponding to the groups. Bottom table, % patients that showed successful PTEN evaluation in CTCs. (C, D) Distinct distribution of PTEN and
CEP10 genotypes in CTCs and WBCs. (C) Frequencies of CEP10 and PTEN genotypes in CTCs and WBCs. The frequency of every PTEN and
CEP10 genotype combination was calculated within each patient and averaged across all patients to generate weighted frequency distributions. x,
number of CEP10 signals, y, number of PTEN signals per cell. (D) Representative images of PTEN and CEP10 genotypes in patient CTCs. Upper
panel, CTC identification by immunofluorescence. Blue: DAPI, red: CK, green: CD45. Lower panel, PTEN FISH analysis in the CTCs identified
above. Green: CEP10 signals, red: PTEN signals, blue: DAPI. Red frame: CTCs with PTEN =0; yellow frame: CTCs with PTEN = 1; grey frame:
CTCs with PTEN >2.

www.bjcancer.com | DOI:10.1038/bjc.2015.332 1227


http://www.bjcancer.com

BRITISH JOURNAL OF CANCER

PTEN status in circulating tumour cells

additional analysis was required to achieve statistical significance,
two additional slides were stained for CTC identification and
determination of PTEN status. A second blood sample was
requested for PTEN FISH analysis in patients with insufficient
number of CTCs in the first blood draw (n =12).

ERG FISH analysis on CTCs. Two additional slides were assessed
for CTC identification and ERG FISH. ERG rearrangements (ERG
translocation/split and ERG deletion) were assayed using FISH
probes (Cymogen Dx) targeting 3’ERG and 5ERG. ERG status in
CTCs was determined by relative locations of 3’ERG and 5ERG
signals. Cells were classified as ERG-translocation/split if at least
one pair of 3’ERG and 5’ERG signals were separated by a distance
> 2 signal diameters, and ERG deleted if at least one 5’ERG signal
was deleted. Cells in which all 3’ERG signals had a corresponding
5’ERG signal within 2 signal diameters were considered ERG-
normal. Patient ERG status was classified as ‘ERG rearranged’ if
ERG split and/or ERG deletions were present above the cut-offs
determined by the classification rules that exclude the 95% CI of
ERG rearrangement in WBC (Supplementary Table S2). If
additional analysis was required to achieve statistical significance,
additional slides were tested for CTC identification and FISH. For
internal control, 20 WBCs per slide were evaluated for ERG FISH.

Androgen receptor analysis on CTCs. Androgen receptor was
analysed on a subset of patients following staining with the 4-color
immunofluorescence assay described previously. Androgen recep-
tor was quantified, using custom image analysis algorithms, as
average signal-over-background across the cells of interest.
Subcellular localisation of AR was determined by manual visual
analysis, classifying each AR+ cell as nuclear (N), cytoplasmic (C)
or mixed (NC). Representative images are shown in Supplementary
Figure S6. Healthy donor blood samples spiked with AR+ and
AR — prostate cancer cell lines (VCaP and PC3, respectively) were
analysed in parallel to confirm expected signal intensity and
protein localisation.

Tissue FISH analysis. A PTEN-specific probe was developed
in-house using a bacterial artificial chromosome as described by
Sircar et al (2009), with slight modifications. Labelled DNA
from bacterial artificial chromosome RP11-846G17 (Invitrogen,
Carlsbad, CA, USA) spanning the PTEN loci at cytoband 10q23.31
(89.6-89.8 Mb) was used to evaluate the PTEN copy number in
patient samples. The bacterial artificial chromosome covering the
PTEN locus was same as the one used by Sircar et al. A CEP10
centromere probe (Abbott Molecular, Abbott Park, IL, USA)
was used as a chromosome 10 control probe. FISH analysis was
performed on 4-uM tissue sections, with minor modifications
from previously described studies (O’Brien et al, 2008; Modrek
et al, 2009).

To establish cut-offs for PTEN analysis, five normal prostate
formalin-fixed and paraffin-embedded tissue sections (non-tumour
samples from urology clinics) were scored for PTEN, and the % of
cells exhibiting PTEN loss was computed. On the basis of the
hybridisation in these normal cells, samples were classified as HE
PTEN deletion when >30% (meanz3 s.d.) tumour nuclei
contained only one PTEN signal and >1 CEP10 signals. Similarly,
samples were classified as HO deletion of PTEN if >30% tumour
nuclei exhibited >1 CEP10 signal, but lacked any PTEN signal.
Minimums of 150 non-overlapping nuclei from areas across the
tumour were analysed in each sample.

PTEN immunohistochemistry (IHC). PTEN protein expression
was determined by IHC on 4-uM thick formalin-fixed and
paraffin-embedded sections as previously described (Reid et al,
2012; Sandhu et al, 2013; Ferraldeschi et al, 2014). Nuclear and
cytoplasmic PTEN staining intensity were semi-quantitatively
assessed using the H-score formula: 3 x percentage of strongly

staining cells+2 x percentage of moderately staining cells +
percentage of weakly staining cells, giving a range of 0 to 300
(Ishibashi et al, 2003). An H-score >10 was considered positive
for PTEN protein expression (Ferraldeschi et al, 2014). The IHC
sections were evaluated by a pathologist (DNR), who was blinded
to the FISH status and clinical information.

Statistical analysis. Positive predictive value, specificity and
sensitivity were calculated based on the classification of patients
for PTEN status from CTCs, fresh and archival tissue. Patients
were included in this comparison only if they had conclusive FISH
results in CTCs and tissue. The Kaplan-Meier product-limit
method was used to estimate the duration of overall survival from
time of blood draw. Patients still alive or lost to follow-up were
censored. The survival rates were compared using the log-rank test.
Univariate and multivariate analyses of the independent factors for
overall survival was performed using the Cox proportional hazard
regression model with a 95% CI. Independent sample f-tests and
Fisher’s exact tests were used to compare continuous and
categorical variables, respectively. All tests were two-sided and a
P-value of 0.05 or less was considered statistically significant.
Descriptive statistics and survival analyses were performed using
IBM SPSS Statistics v22 (IBM, Armonk, NY, USA).

RESULTS

Fluorescence in situ hybridisation analysis reveals changes in
ploidy and heterogeneous PTEN and CEP10 genotypes in
CTCs. Peripheral blood samples were collected from 76 CRPC
patients; of these, 20 were chemotherapy-naive and 56 were post-
docetaxel at the time of study entry. All patients had metastatic
disease. Patient characteristics are detailed in Table 1. The PTEN
status of CTCs was evaluated using a FISH assay developed on the
Epic platform (Figure 1A). Circulating tumour cells were detected
in 68 of 76 patients (89%); CTC enumeration was higher than 3
CTCs per ml in 59 of 76 patients (78%, Figure 1B). Assessment of
CTC counts in replicate slides demonstrated that enumeration is
reproducible on the Epic CTC platform, with very tight counts in
duplicate samples with high CTC numbers, and more dispersion in
duplicate samples with low CTC numbers (n =89 blood samples,
Pearson r=0.99; P<0.0001, Supplementary Figure S1). PTEN
FISH was performed on a total of 2631 CTCs and in over 1000
WBCs. Following FISH, 85% of CTCs identified by immunofluor-
escence were retained on the slides; 74% of retained CTCs showed
evaluable FISH signals and were scored for PTEN and the
centromeric marker CEP10. In the WBC population, PTEN and
CEP10 genotypes distributed narrowly around the diploid wild-
type genotype, with 91.7% of WBCs showing two PTEN and two
CEPI10 signals (Figure 1C WBCs). In contrast, CTCs showed a
markedly broader distribution of PTEN and CEP10 genotypes,
with only 61% of tumour cells showing the diploid wild-type of two
PTEN and two CEP10 signals (Figure 1C CTCs). Twenty-five
percent of all CTCs exhibited increased CEP10 copy number
(range 3-14 CEP10 signals) compared with 1.38% in WBCs
(Figure 1C and D, images ii, v-vii), which is suggestive of the
malignant origin of cells defined as CTCs in this assay. PTEN loss
was infrequent in WBCs, with no cases of complete PTEN loss
observed (PTEN=0) and low frequency of cells with only one
copy of PTEN (4.1% WBCs with PTEN = 1, Figure 1C WBCs, sum
of yellow boxes). Conversely, complete PTEN loss occurred at a
frequency of 12% in CTC populations (PTEN = 0, Figure 1C CTCs
sum of red boxes, and Figure 1D images i and ii). On average, 8%
of CTCs exhibited one copy of PTEN (Figure 1C CTCs sum of
yellow boxes and Figure 1D, images iii-v), which was often
accompanied by increased CEP10 signals, a combination never
detected in WBCs (Figure 1C, yellow boxes with CEP10>3).
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Analysis of 400 WBCs from 10 healthy donors revealed PTEN and  patients (41%), with 27% HO PTEN loss (11 of 41 patients) and
CEP10 distributions similar to those captured in WBCs from 15% HE PTEN loss (6 of 41 patients, Figure 2A, top panel).
cancer patients, with no complete PTEN loss detected and only Independent evaluation of a patients’ PTEN status in two replicate
0.75% cells with increased CEP10 signal (CEP10>3), validating blood slides demonstrated high reproducibility in patients’ PTEN
the use of WBCs as internal controls and further supporting classification (n =10 patients, Supplementary Figure S1).

the clear genotypic distinction between CTCs and WBCs Analysis of PTEN FISH in tissue was performed on the 41
(Supplementary Figure S2). patients with matched PTEN data in CTCs. Homozygous or HE
loss was found in 14 of 38 patients with fresh tissue samples (37%),

PTEN FISH status in CTCs correlated strongly with PTEN and in 21 of 39 patients with archival tissue samples (53%,
status in fresh tumour tissue. Next, we compared PTEN Figure 2A, bottom panel). Comparison of PTEN status in CTCs
status in CTCs and patient-matched archival and fresh tumour and tissue revealed concordant PTEN status in 32 of 38 patients
tissue samples. Of the 76 patients with blood draws, 48 had  with matched CTCs and fresh tissue (84%, Figure 2B left), and 24
matched tissue samples (Supplementary Table S3). The median of 39 patients with matched CTCs and archival tissue (62%,
interval between archival tissue collection and blood draw was 5.1  Figure 2B middle). Representative examples of concordant PTEN
years (interquartile range 2.4-8.9 years) and between fresh tissue status in matched CTCs and fresh tumour tissue samples are
collection and CTC blood draw, 0 weeks (interquartile range shown in Supplementary Figure S3. From 14 patients classified as
0-1 week). PTEN Deleted (HO or HE loss) in CTCs, 11 showed PTEN Deleted
For each patient, PTEN was analysed in all CTCs that were in fresh tissue (positive predictive value = 79%, Figure 2B, left), and
retained after FISH. The number of PTEN signals in CTCs of a  from 16 patients who were PTEN Deleted in CTCs, 11 showed
patient sample was sometimes heterogeneous, with a mixture of PTEN loss in archival tissue (positive predictive value =69%,
CTCs containing 0, 1 or >2 PTEN signals (Figure 2A, top panel). Figure 2B middle). Sensitivity and specificity values were also
We defined the PTEN status of a patient using a classification  higher for CTCs vs fresh tissue than for CTCs vs archived tissue
system based on the distinct distributions of PTEN and CEP10  (Figure 2B, left and middle), suggesting that PTEN FISH status in
genotypes in CTCs vs WBCs (Figure 1C). The system takes into ~CTCs more accurately reflects PTEN status in fresh tumour tissue
account the number and percentage of CTCs with PTEN=0, than archival tissue.
PTEN =1 and PTEN>2 to classify the patients’ PTEN status as Comparison of PTEN FISH status in matched archival and fresh
HO loss, HE loss or No-deletion of PTEN (Methods and tissue revealed discordant PTEN status in 12 of the 36 patients
Supplementary Table S1). Using this system, all patients with (33%) (Figure 2A arrows, Figure 2B right). In 10 of these 12 cases,
enumeration higher than 10 CTCs per ml, and 74% of patients PTEN in CTCs was consistent with PTEN in the fresh sample but
with 3-10 CTCs per ml were successfully classified (Figure 1B, not in the archival sample; in the other 2 cases, PTEN status in the
bottom table). Applying the classification system to the matched CTCs correlated to PTEN status in the archival sample (Patients
cohort, 41 of 48 patients were assigned a PTEN status, and 5086 and 5099). These observations illustrate the intra-patient
7 patients had insufficient evaluable CTCs for classification. heterogeneity characteristic of this disease. There were only three
We found that PTEN loss (HO or HE) occurred in 17 of 41 cases where CTC data were in poor agreement with tissue data
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Figure 2. PTEN gene status in CTCs and matched archival and fresh tumour tissue specimens. (A) Distribution of PTEN status in patient samples.
Upper panel, PTEN status in CTCs; middle panel, PTEN status in fresh tissue; bottom panel, PTEN status in archived tissue. Each bar represents an
individual patient, with the proportions of red, yellow and grey colours indicating the percentage of tumour cells with PTEN =0, PTEN =1 and
PTEN >2 genotypes. (B) Parameters of concordance in CTCs vs fresh tissue, CTCs vs archival tissue and fresh vs archival tissue.
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(patients 4002, 4045, 5038). The three discordant patients had
sufficient CTC counts for PTEN evaluation, suggesting that the
discrepancies were not due to a limited number of CTCs sampled.

Assessment of PTEN by ITHC in tissues revealed H-scores <10
in 56% fresh tumour samples (23 of 41), and in 44% archived tissue
samples (17 of 39, Supplementary Figure S4). All patients with HO
or HE loss in CTCs showed loss of PTEN protein expression in
fresh tumour tissue (positive predictive value =100%). Six of the
23 patients (25%) with Non-deleted PTEN in CTCs had loss of
PTEN protein expression in fresh tissue. Heterogeneous PTEN
protein was observed in archived samples from two patients, but
not in fresh samples. PTEN protein status by IHC in fresh tumour
tissue was concordant with PTEN protein status in archival
tumour tissue in 35 of the remaining 39 patients (90%,
Supplementary Table S4). In the discordant four cases, PTEN
IHC shifted from H-score> 10 in archived tissue to H-score <10
in fresh tissue.

Androgen receptor expression in CTCs does not associate with
PTEN or ERG status. Analysis of AR expression in CTCs by
immunofluorescence and ERG gene status by FISH was performed
in 23 patients who had remaining slides after PTEN evaluation.
Patients were classified as ERG rearranged or ERG normal (non-
rearranged) following a classification system similar to the one

used for PTEN, developed based on the frequency and number of
cells that displayed each ERG class in CTCs vs WBCs
(Supplementary Table S2). Significant genomic rearrangements
of ERG (ERG split and ERG deletion) were detected in CTCs from
10 of the 23 patients (43%). Representative FISH images of ERG
rearranged classes (ERG split and ERG deletion) are shown in
Figure 3A.

Consistent with observations that PTEN loss is commonly
associated with ERG rearrangements (Carver et al, 2009; Taylor
et al, 2010), we found 60% PTEN loss in patients classified as ERG
rearranged (6 of 10 patients) compared with 38% PTEN loss in
patients classified as ERG non-rearranged (5 of 13 patients, Figures
3B and C).

Androgen receptor expression was heterogeneous in CTCs,
with intra- and inter-patient variability in AR expression and
localisation, and no correlation between AR expression and PTEN
status (Figures 3B and C). In the 11 patients classified as PTEN
loss, there was no clear segregation of AR expression between
CTCs that had loss of PTEN (PTEN =0 or PTEN =1, yellow or
red dots) and CTCs that were PTEN normal (PTEN >2, grey dots)
(Figures 3B and C). Similarly, AR expression was heterogeneous
with respect to ERG status (Figures 3B and C). Only two patients
exhibited homogeneous low AR expression with AR levels below
the background threshold (patients 4002 and 5089). In these

A
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Figure 3. Multi-biomarker evaluation in CTCs (A) Representative images of prostate cancer cells that are ERG-normal, ERG-rearranged by
insertion/translocation and ERG-rearranged by deletion. (B) Scatter plots of AR expression within each patient’s CTC population. (Each dot
represents one CTC.) Colours represent the tumour-associated or wild-type DNA markers detected in each CTC (Grey = Normal, Orange = Heterozygous
PTEN Loss, Red =Homozygous PTEN Loss, Green = ERG Rearrangement by Translocation, Blue = ERG-Rearrangement by Deletion). (C) Summary
of biomarker status for each patient (Yellow = AR-Positive, N: nuclear AR localization, C: cytosolic AR localisation, NC: mixed AR localisation,
Red =Homozygous PTEN Loss, Orange = Heterozygous PTEN Loss, Teal = ERG-Rearranged (Edel, Esplit, or combination)).

1230

www.bjcancer.com | DOI:10.1038/bjc.2015.332


http://www.bjcancer.com

PTEN status in circulating tumour cells

BRITISH JOURNAL OF CANCER

patients, PTEN and ERG were classified as normal in CTCs;
patient 4002 was one of the three cases described earlier in which
the PTEN status in the CTCs was not concordant with the HO loss
observed in the patient tumour tissue.

Correlation of PTEN loss in CTCs with clinical outcome.
Enumeration on the CellSearch platform has prognostic value in
prostate cancer (de Bono et al, 2008). To evaluate the correlation
between enumeration on Epic and CellSearch, we compared CTC
counts on the two platforms, assessed on 69 replicate blood
samples from 66 of the 76 patients included in this study.
CellSearch counts were determined in 7.5ml blood; Epic counts
were extrapolated to 7.5ml (Supplementary Table S6 and
Supplementary Figure S5a). On Epic, the median count was 38
CTCs per 7.5ml (interquartile range 21-155); on CellSearch, the
median count was 18 CTCs per 7.5ml (interquartile range 4-115).
Circulating tumour cell enumeration on Epic correlated with
CellSearch (Spearman r=0.75; P<0.0001). The most discordant
cases were observed in patients with less than 30 CTC counts per
CellSearch. Four out of nine patients with no CTCs detected by
CellSearch showed >3 CTCs per 7.5ml by Epic (Supplementary
Figure S5a). In the CTCs of some of the discordant patients, we
found ploidy changes and PTEN loss by Epic analysis (patient
5039, with 6 vs 165 CTCs per 7.5 ml, and patient 5059, with 3 vs 57
CTCs per 7.5ml in CellSearch vs Epic). These features are
consistent with malignancy, and demonstrate the tumour origin of
the CTCs (Supplementary Figure S5b).

At a median follow-up of 11.4 months, 64 of the 76 patients had
died. Circulating tumour cell counts on the Epic platform
associated with worse overall survival in univariate (continuous
variable; P=0.001) and multivariate analyses that included lactate

—_ 100 1 Median overall survival (95% Cl)
X —— PTEN loss 7.0 months
peg 80 1 —— PTEN no-deletion 12.1 months
=
2 60 1
=
w
T 40~
[]
>
O 20 4
HR 2.05 (95% Cl 1.17-3.62)
022 T T T T
0 6 12 18 24 30
N at risk Time to death (months)
PTEN no- 38 30 20 12 7 1
deletion
PTEN loss 22 15 7 4 2 1

Figure 4. Kaplan-Meier curves for overall survival according to PTEN
status in CTCs. Kaplan-Meier survival curves from time of blood draw
according to PTEN status in CTCs.

dehydrogenase levels, presence of visceral metastases, performance
status and number of previous systemic lines of therapy (P = 0.007,
data not shown). Circulating tumour cell enumeration on the
CellSearch platform was also significantly associated with survival
(data not shown).

PTEN FISH status in CTCs was available for 60 patients.
Patients’ characteristics according to PTEN status in CTCs are
detailed in Supplementary Table S5. We have previously shown no
difference in outcome between the tumours with HE and those
with HO loss (Reid et al, 2010); therefore, our analyses combined
HE and HO PTEN loss tumours as one group. Patients with loss of
PTEN by FISH in CTCs were younger and had higher lactate
dehydrogenase at the time of the blood draw (P=0.02 and
P<0.01, respectively). Of note, patients in the PTEN loss group
showed a trend to have a higher incidence of visceral metastases
compared with patients with no deletion of PTEN. Loss of PTEN
in CTCs was significantly associated with a shorter survival in
univariate analysis (median survival 7.0 vs 12.1 months; HR 2.05;
95% CI 1.17-3.62; P=10.01) (Figure 4). However, PTEN loss did
not retain significance in a multivariate analysis that included Epic
CTCs counts, lactate dehydrogenase levels, presence of visceral
metastases, performance status and number of previous systemic
lines of therapy, in this small cohort (Table 2).

DISCUSSION

In this study, we evaluated the potential utility of CTCs for
biomarker characterisation in metastatic CRPC patients. Circulating
tumour cell enumeration in the Epic platform correlated well with
CTC enumeration by CellSearch. Epic showed increased detection
power in samples with low CTC counts by CellSearch. This
difference may reflect the distinct CTC identification methodol-
ogies of the two platforms (antigen agnostic on the Epic platform,
and EpCAM-dependent CTC enrichment on CellSearch). It is
possible that the tumour cells detected uniquely on the Epic
platform may fail to express EpCAM or have low EpCAM
expression, and thus escape the antigen-dependent enrichment
method of the CellSearch system (Konigsberg et al, 2011;
Mikolajczyk et al, 2011; Gorges et al, 2012). The Epic three-colour
CTC enumeration assay has been analytically validated (Werner
et al, 2015) and is a CLIA-validated test. The prognostic value of
Epic CTC enumeration is being currently investigated in the AKT
inhibitor NCT01485861 clinical trial.

This study revealed that CTCs and WBCs are characterised by
distinct PTEN and CEP10 genotypes, with increased ploidy and
heterogeneous PTEN status in CTCs, but not WBCs. Using a CTC-
based classification system developed in this study, we demon-
strated a good correlation between the PTEN gene status by FISH

Table 2. Cox-regression analyses for overall survival in patients with PTEN FISH results in CTCs (n=60)

| Univariate l Multivariate ‘
95% Confidence interval 95% Confidence interval
Sig. Hazard ratio Lower Upper Sig. Hazard ratio Lower Upper
PTEN loss (yes vs no) 0.01 2.08 1.17 3.62 0.52 1.24 0.64 2.37
Epic CTCs count (continuous variable) 0.001 1.01 1.01 1.02 0.001 1.01 1.01 1.02
High LDH (yes vs no) 0.004 2.5 1.35 4.65 0.024 2.36 1.12 4.94
Visceral disease (yes vs no) <0.0001 3.44 1.73 6.84 0.004 3.17 1.45 6.92
ECOG PS 2 (yes vs no) 0.09 2.1 0.89 4.97 0.001 5.52 1.99 15.3
>2 previous lines (yes vs no) 0.46 1.24 0.7 2.18 0.03 2 1.06 3.77

Abbreviations: ALP = alkaline phosphatase; CTC = circulating tumour cell; ECOG PS = Eastern Cooperative Oncology Group performance status; FISH = fluorescence in situ hybridisation;
HR = hazard ratio; LDH = lactate dehydrogenase. Hospital high/low values for accepted normal ranges were used for laboratory parameters. P=0.007, data not shown.
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determined in CTCs and in patient-matched fresh tumour tissue
specimens. Our observations suggest that CTCs can provide an
accurate representation of the PTEN gene status in the most
current disease and could potentially be used as a non-invasive and
real-time solution for biomarker characterisation in CRPC. The
perceived intra-patient heterogeneity of PTEN genotypes, with
mixtures of cancer cells with PTEN =0, PTEN =1 and PTEN >2
signals, has been previously observed in CTCs from CRPC patients
(Attard et al, 2009), and is consistent with the findings of multiple
temporal and spatial tumour clones in fresh biopsies and
circulating free DNA in CRPC patients (Carreira et al, 2014).
Together with the changes we observed in PTEN FISH status from
archival to fresh tissue, our results reflect the inherent hetero-
geneity characteristic of the primary disease where multiple PTEN
genotypes might co-exist and selective pressures and additional
hits may result in the expansion and evolution of one of these
clones during the course of the disease.

The status of PTEN determined by FISH in CTCs also
correlated well with the status of PTEN determined by IHC in
matched tumour tissue samples, with complete concordance
between PTEN loss in CTCs and loss of PTEN expression in
fresh tumour tissue. The loss of PTEN expression observed in the
tissue of patients that were PTEN Non-Deleted in CTCs could be
explained by possible mutations in the PTEN gene locus or
epigenetic silencing mechanisms. These results are consistent with
previous observations in larger cohort of patients (Ferraldeschi,
et al, 2014; Verhagen et al, 2006; Han et al, 2009; Lotan et al, 2011;
Reid et al, 2012). The shift in PTEN IHC from archival to fresh
tissue observed in four patients was consistent with the FISH
PTEN data, and may reflect changes in PTEN status with evolution
of the disease.

We have previously shown that PTEN protein loss is associated
with clinical outcome in metastatic CRPC patients who received
abiraterone treatment post-docetaxel (Ferraldeschi et al, 2014). In
this exploratory study, Epic CTC count and PTEN loss in CTCs by
FISH correlated with a worse prognosis. However, PTEN loss did
not retain significance in a multivariate analysis, which could be, at
least in part, due to the small sample size and heterogeneous
patient population. Our findings encourage the evaluation
of PTEN gene status, along with PTEN protein expression in
CRPC patients.

In summary, our study demonstrates feasibility of multiple
biomarker analysis in CTCs using the enrichment-free Epic
platform. The strong concordance between PTEN FISH loss in
CTCs and fresh tumour tissue illustrates the potential for using our
blood-based PTEN FISH assay to determine PTEN gene status in
the patient’s current disease. The shifts in PTEN status between
archival and fresh prostate tumour tissue, and the heterogeneity of
PTEN gene status in CTCs indicate that CTC analyses could
provide important insights on disease heterogeneity, clonal
evolution and clone dynamics. The blood-based PTEN FISH assay
is being used in ongoing trials of abiraterone/enzalutamide in
combination with PI3K/AKT inhibitors for patients suffering from
CRPC.
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