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ABSTRACT
Introduction: There is a critical need of new surrogate markers for improving 

the therapeutic selection and monitoring of metastatic prostate cancer patients. 
Nowadays clinical management of these patients is been driven by biochemical and 
clinical parameters without enough accuracy to allow a real personalized medicine. 
The present study was conducted to go insight the molecular profile of circulating 
tumor cells (CTCs) isolated from advanced metastatic castration-resistant prostate 
cancer (mCRPC) with the aim of identifying prognostic marker with potential utility 
for therapy selection and monitoring.

Materials and Methods: CTCs isolation was carried out in peripheral blood 
samples from 29 mCRPC patients that undergo systemic chemotherapy based on 
taxanes (docetaxel/cabazitaxel) and 19 healthy controls using in parallel CellSearch 
and an alternative EpCAM-based immunoisolation followed by RT-qPCR analysis 
to characterize the CTC population. A panel of 17 genes related with prostate 
biology, hormone regulation, stem properties, tumor aggressiveness and taxanes 
responsiveness was analysed to identify an expression signature characterizing 
the CTCs.

Results: Patients with ≥ 5 CTCs/7.5ml of peripheral blood at baseline and 
during the treatment showed lower progression free survival (PFS) and overall 
survival (OS). Changes of CTCs levels during the treatment were also associated 
with the patient’s outcome. These results confirmed previous data obtained using 
CellSearch in mCRPC. In addition, we found a CTC profile mainly characterized by 
the expression of relevant genes for the hormone dependent regulation of PCa 
such as AR and CYP19 together with genes strongly implicated in PCa progression 
and resistance development such as BIRC5, TUB1A, GDF15, RAB7 and SPINK1. Our 
gene-expression profiling also permitted the identification of valuable prognostic 
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INTRODUCTION

Prostate cancer (PCa) is the most common 
diagnosed male malignancy in the Western world. 
For locally advanced and metastatic cancers androgen 
deprivation therapy is the standard of care. Despite its 
high response rates, most men eventually succumb to 
progressing disease, which has been termed castration-
resistant prostate cancer (CRPC). The treatment landscape 
for patients with CRPC is progressing fast. In this 
context of advanced disease, systemic chemotherapy, 
new hormonal agents, immunotherapy and bone targeted 
therapies have shown an overall survival (OS) benefit [1]. 
Although the new therapeutic alternatives, chemotherapy 
remains an essential option to manage these patients [1].

The options for developing precision oncology in 
mCRPC patients are limited due to the few prognostic 
and predictive markers that are available for treatment 
selection and early evaluation of efficacy. Classically 
the key elements determining the prognosis and the 
decision of when to start or finish treatment in mCRPC 
patients are clinicopathological features, serum PSA 
and radiological evaluation [1]. Although their utility 
to manage the treatment, this approach is not enough to 
have an accurate evaluation of the disease prognosis and 
evolution. Moreover, currently we know that PCa is a 
dynamic disease, with different tumour clones emerging 
over time in response to different lines of therapy [2, 3]. 
Into this context, the clinical application of new surrogate 
markers will provide the opportunity for improving patient 
management and the therapeutic selection and monitoring. 

Circulating tumor cells (CTCs) are tumour cells 
released into the blood from primary tumour or metastasis 
that emerged a decade ago as non-invasive alternative to 
interrogate the molecular profile of late stage tumours 
in comparison to invasive and sometimes inaccessible 
biopsy of metastatic disease. A considerable number of 
technologies have been developed to isolate, quantify 
and characterize CTCs in last years, but only CellSearch 
platform has been cleared by FDA for clinical use in 
metastatic breast, colorectal and prostate cancers [4–12].  
Importantly, several studies have established the 
prognostic value of CTCs count for OS in patients with 
PCa. Thus, the presence of ≥ 5CTCs prior to the initiation 
of chemotherapy regimen was associated with lower 
OS [12]. Importantly, a decrease of CTCs count below 
five cells has been associated with higher OS similar 

to the benefit correlated to a substantial PSA decrease 
or radiographic response [13, 14]. Besides, changes in 
CTCs levels usually precede PSA fluctuation being their 
monitoring of even greater value when changes in PSA or 
bone disease are difficult to evaluate. Taking into account 
its prognostic value, CTCs enumeration by the CellSearch 
system has been investigated as a surrogate end-point for 
OS in different clinical trials [8]. Besides, CTC counts 
have been included in several phase I/II trials to monitor 
the efficacy of new treatments [15, 16].

In addition to the CTCs enumeration, the molecular 
characterization of CTCs will provide important insights 
into disease progression and might allow adaptation of 
therapeutic strategies, mainly in CRPC patients, since the 
optimal use of chemotherapy, enzyme inhibitors or AR 
antagonists require the application of precision molecular 
medicine. In fact, the presence of mutations, amplifications 
or splice variants of AR have been already assessed 
in CTCs with the aim to predict resistance to targeted 
treatments [17, 18]. In this sense, one drawback of the 
CTCs evaluation using the CellSearch technology is the 
lack of versatility to perform molecular characterization 
of isolated cells reducing its clinical impact.

In the present study we quantified and explored 
the molecular profile of CTC in mCRPC patients treated 
with taxane-based chemotherapy in order to identify 
CTCs markers with clinical value for the management of 
these patients. Our strategy combined an EpCAM-based 
inmunoisolation of CTCs and a RT-qPCR analysis of a 
panel of genes implicated in androgen-mediated signaling 
pathway, stem cell features, drug resistance or a more 
aggressive prostate tumor behavior. With this panel we 
evaluated critical steps and characteristics considered 
highly relevant for prostate CTCs biology [19, 20]. 
With this approach, previously validated in colorectal, 
endometrial and lung cancer [21–23], we identified a panel 
of biomarkers with demonstrated prognostic significance 
for progression free survival (PFS) and OS in mCRPC 
under taxane treatment.

RESULTS

Value of CTC enumeration in mCRPC patients 
under taxanes treatment

Enumeration of EpCAM positive CTCs from 
peripheral blood samples was performed using CellSearch 

biomarkers. Thus, high levels of AR, CYP19 and GDF15 were associated with poor 
PFS rates while AR, GDF15 and BIRC5 were also found as reliable predictors of 
OS. Besides, a logistic model using KLK3 and BIRC5 showed a high specificity and 
sensitivity compared to CellSearch to discriminate patients with a more aggressive 
evolution. 

Conclusions: The molecular characterization of CTCs from advanced mCRPC patients 
provided with a panel of specific biomarkers, including genes related to taxanes resistance, 
with a promising applicability as “liquid biopsy” for the management of these patients.
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system, as a well-accepted strategy for prostate carcinomas 
[5, 24]. CTCs were detected at baseline in 93.1% of 
patients, being the levels ≥ 5 CTCs/mL in 19 patients 
(65.5%). At 3rd and 6th treatment cycle the percentage 
of positive CTCs patients decreased to 55.1% and 31%, 
respectively, showing ≥ 5 CTCs/mL 13 (46%) patients at 
3rd cycle and 6 (28.5%) patients at 6th cycle ≥ 5 CTCs/mL. 

In addition we analyzed the correlation between 
clinicopathological features and the presence of 
≥ 5 CTCs/7.5 mL. We found higher number of CTCs in 
patients diagnosed with locally advanced disease, nodal 
invasion, and also in patients that were responsive to 
hormonal therapy for less than 24 months. Interestingly, 
mean levels of serum AP and LDH were significantly 
higher when CTCs levels were ≥ 5 CTCs/7.5 mL 
(Supplementary Table 2).

Regarding the value of CTCs count as a prognostic 
and monitoring clinical tool, Kaplan-Meier analyses 
revealed a significant lower OS in patients with CTCs 
levels ≥ 5 CTCs/7.5 mL at all analysis points (Table 1). 
Importantly, CTCs levels was the unique variable with 

prognosis value, together with the presence of lymph 
none metastasis, to predict OS. Importantly, CTCs levels 
was the unique variable with prognosis value to predict 
OS together with the presence of lymph none metastasis. 
Higher CTCs levels were also associated with lower PFS 
but these differences were only significant at 6th cycle of 
treatment. In addition, CTCs changes within treatment 
also showed significant prognostic value to predict OS 
and PFS (Figure 1).

We also evaluated the number of CTCs present 
before and after chemotherapy in patients that showed 
early progressive disease, in order to determine if an 
early increase in CTCs can anticipate tumor progression. 
We found that the 100% and 75% of patients showing 
respectively biochemical and radiological progression after 
3 months had ≥ 5 CTCs/7.5 mL at 3rd cycle of treatment 
(p = 0.001 and p = 0.055 according to Ʃ2 test, respectively). 
Besides, the 100% and 80% of patients with biochemical 
and radiological progression after 3 months also maintain 
their levels over ≥ 5 CTCs/7.5 mL at 6th cycle (p < 0.001 
and p = 0.004 according to X2 test, respectively).

Figure 1: Kaplan Meier analysis for OS and PFS of CTCs levels changes within the treatment in mCRPC patients. 
5 CTCs/7.5 mL of blood was defined as the cut-off to separate the good and poor prognosis group.
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CTCs molecular characterization in mCRPC

After CTCs immunoisolation using CELLectionTM 
Epithelial Enrich system we analysed the enriched fraction 
by q-RT-PCR. First, we evaluated the expression levels 
of GAPDH as a marker of cellularity, which includes 
both CTCs and unspecific blood cells, normalized to 
the background of CD45 expression as specific marker 
for cells of hematopoietic origin [21]. As shown, 
GAPDH levels were significantly higher in the group 
of patients compared to controls (Figure 2A) indicating 

the presence of an extra population of cells isolated from 
the blood of CRPC patients. In addition, CD45 did not 
present differences between both groups (Figure 2B), 
demonstrating that the unspecific background resulting 
from the process of immunoisolation was similar in the 
group of patients and controls. Importantly, when we 
compared the expression of KLK3, as an specific marker 
for prostate cells, no positive cases were found in the 
group of controls while 93,1% of patients were positive 
for KLK3, reinforcing the high specificity of our strategy 
for CTCs detection and analysis (Figure 2C and 2D). 

Table 1: Kaplan-Meier analysis for clinicopathological parameters and CTCs count
Overall survival (OS) Progression free survival (PFS)

mean (95% CI) p value mean (95% CI) p value
Performance status 

PS0 31.2 (22.7–39.8)
0.12

8.1 (5.6–10.6)
0.92

PS1/PS2 22.9 (16.5–29.2) 7.6 (5.8–9.4)
Gleason Score 

≤ 7 24.4 (17.8–30.6)
0.70

8.7 (6.3–11.1)
0.14

> 7 27.7 (17.8–37.5) 6.7 (4.8–8.7)
Lymph node metastases 

no 30.7 (23.4–38.1)
0.05*

8.7 (6.7–10.7)
0.12

yes 18.9 (11.4–26.5) 6.3 (4.3–8.4)
Nº of prior treatments 
regimens 

≤ 2 22.03 (13.9–30.1)
0.17

6.5 (4.9–8.2)
0.09

> 2 28.4 (22.3–34.6) 9 (6.6–11.4)
Baseline PSA serum levels 

≤ 122 25.7 (18.5–32.9)
0.68

7.6 (5.8–9.4)
0.83

> 122 24.4 (16.7–32.1) 7.9 (5.4–10.36)
Baseline LDH levels 

≤ 320 24.3 (17.3–31.4)
0.67

7 (5.2–8.8)
0.71

> 320 22.9 (13.3–32.6) 6.8 (4.6–8.9)
Baseline PA levels 

≤ 454 28.4 (22.3–34.6)
0.15

8 (6.5–9.5)
0.84

> 454 22.8 (14.4–31.4) 7.7 (5.1–10.9)
Baseline CTCs levels

< 5 33.8 (30.2–37.5) 0.007* 8.5 (6.7–10.2)
0.73

≥ 5 20.5 (13.3–27.3) 7.3 (5.3–9.4)
CTCs levels at 3rd cycle

< 5 36.2 (29.6–42.8)
0.001*

8.9 (7.4–10.4)
0.19

≥ 5 17.3 (11.5–23.1) 6.9 (4.4–9.5)
CTCs levels 6th cycle

< 5 31.9 (26.9–36.9)
0.003*

10.3 (8.5–12.1)
< 0.001*

≥ 5 17.3 (9.8–25) 5.7 (3.9–7.4)

*p ≤ 0.05 according to Log-Rank test; HR: hazard ratio; CI: confidence interval.
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Globally, these results demonstrated the presence of CTCs 
in our cohort of CRPC patients.

Once demonstrated the efficiency of the CTCs 
isolation strategy, we explored the gene-expression 
profile of CTCs in samples from CRPC patients. We 
analyzed the expression levels of 15 genes in the whole 
set of patients and controls, and identified those genes 
with a significant expression in CTC from the group 
of patients compared to the background of unspecific 
isolation from the controls. 

CD133 and MDR1 were expressed in less than 
30% of patients, thus they were discarded for further 
analyses because they were not enough representative of 
the CTCs population. Among the remaining genes, we 
found significant higher expression levels in patient for 
AR, CYP19, BIRC5, TUB1A, GDF15, RAB7 and SPINK1 
(Figure 3). All of them are considered to characterize the 
population of CTCs in our cohort of patients. This concern 
was reinforced after the analysis of Receiver Operating 
Characteristic (ROC) curves, showing all the validated 
genes high areas under the curves or AUROC, ranged 
from 0,70 (BIRC5) to 0,87 (GDF15) (Table 2).

Association between the CTCs profile and 
clinical parameters

We also analysed the possible association between 
standard clinical parameters and the levels of our 
CTC-markers and we found the results summarized in 
Supplementary Table 2. Overall, these results reflect the 
presence of greater levels of some CTC-markers in patients 
with poor clinical status before the treatment onset, in 
terms of PS, Gleason score and biochemical status.

Prognostic value of the CTCs markers

In addition to the diagnostic value of our CTC-panel, 
we studied the prognostic impact of these markers to 
determine their real clinical interest for mCRPC patient’s 
management. For that, we defined two groups of patients, 
those with low or high levels of each marker, using a cutoff 
defined as the 50, 60 or 70% percentile depending of each 
marker (Supplementary Table 4). We first investigated the 
prognostic potential of our CTC markers by Kaplan–Meier 
survival analyses for PFS and OS. 

Figure 2: Validation of the CTCs isolation approach in mCRPC patients. Box plots indicate median values in the group of 
control compared with the group of mCRPC patients for CD45 (A) GAPDH (B) and KLK3 (C) normalized to CD45. CD45, used as a 
marker of unspecific blood cells isolation showed no differences between both groups, while GAPDH and KLK3 demonstrated optimal 
accuracy for CTCs detection (**p < 0.01; ***p < 0.01 according to Mann-Whitney test). (D) ROC-curve showing the high sensitivity and 
specificity of KLK3 to detect the presence of CTCs in our mCRPC cohort. 
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As Table 3 shows, high levels of KLK3, AR, CYP19 
and GDF15 were statistically associated with shorter PFS 
rates. For OS we found that patients with high levels of 
KLK3, AR, GDF15 and BIRC5 presented poorer survival 
rates than those with low levels (Figure 4). Thus, patients 
into the group of bad prognosis according to AR-CTC levels 
presented 16.6 months of OS while the good prognosis 
group reached a mean OS of 31 months (Table 3).

Univariate Cox regression analysis confirmed the 
prognosis value of KLK3, AR, CYP19 and GDF15 to predict 
PFS while only AR, GDF15 and BIRC5 were confirmed as 
good predictors for OS. As Table 4 shows, patients with 

high GDF15 levels presented a 2.5 and 15.7-fold increased 
risk of progression and death compared to patients with 
low GDF15 levels. It is really important to remark that 
only these CTC-markers, among all the other clinical 
factors including in the study, were validated as prognostic 
markers after the univariate analyses. In fact, KLK3 (PSA)-
CTC associated levels were found as a good prognostic 
marker for both PFS and OS while serum PSA levels at 
baseline did not show any value to predict the response to 
the chemotherapy and the patient evolution (Table 4). 

Finally, we generated a logistic model with the panel 
of CTC-biomarkers in order to determine which marker 

Table 2: Diagnostic value to detect disseminated disease in mCRPC patients
Receiver Operating Characteristic (ROC) curves

GENES AUC p-value CI 95%
AR 0.76 0.002 0.62–0.90
CYP19 0.74 0.006 0.59–0.80
TUB1 0.83 < 0.001 0.72–0.95
GDF15 0.87 < 0.001 0.76–0.98
BIRC5 0.70 0.024 0.54–0.86
RAB7 0.81 0.001 0.68–0.94
SPINK1 0.79 0.001 0.66–0.92

Figure 3: Gene expression profiling in CTCs from mCRPC patients. Significant expression levels of genes involved in 
relevant signaling pathways for PCa biology: (A) hormone pathways (B) stem cell features and (C) associated with PCa progression and 
chemotherapy resistance. White boxes represent the gene expression levels in the group of healthy controls, grey boxes corresponding 
patients. (Mann-Whitney test, *p < 0.05; **p < 0.01; ***p < 0.001).
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combination has the highest diagnostic and prognostic value. 
For this, linear regression was realized using the numeric 
values for each biomarker. We found the best performance with 
an AUROC value of 0.74 and 0.9 for PFS and OS respectively 
using the combination of KLK3 and BIRC5 (Figure 5). 
Importantly the AUROC for OS is higher that showed by 
CTCs count after CellSearch analysis at baseline (Figure 5). 

Overall, these results demonstrated the clinical value 
of CTCs count and the marker panel identified in the CTC 
population of our cohort of mCRPC patients, providing an 
easy method to determine the group of patients that will 
show a better response to the chemotherapy treatment after 
the androgen deprivation therapy.

DISCUSSION

Nowadays it is well accepted that CTCs provide 
a uniquely accessible source of tumor-derived material 
for molecular analyses, even more important in tumors 
such as PCa where the inaccessible metastatic lesions not 

allow individualize therapies according to the mechanism 
of drug resistance, which appear during the evolution 
of the disease [25, 26]. Previous studies have shown 
that both baseline CTC count and CTC changes during 
chemotherapy or hormone- based treatments in mCRPC 
patients were more closely associated with patient survival 
than were PSA changes [5]. With these results, CellSearch 
system obtained the FDA approval for CTC counting in 
patients with mPCa. 

The results in our cohort of patients are in accordance 
with those described previously using CellSearch and 
confirm the value of CTC monitoring during the treatment 
with chemotherapy in mCRPC patients [7, 12, 27]. We 
found that the presence of ≥ 5 CTCs/7.5 mL at 3rd and 
6th cycle was associated with a very high risk of being 
in biochemical or radiological progression. This fact, 
together with the higher PFS and OS showed in patients 
who changed from ≥ 5 CTCs/7.5 mL to < 5 CTCs/7.5 mL 
after the 6th of chemotherapy reinforce the value of CTCs 
enumeration to manage mCRPC patients.

Table 3: Kaplan-Meier analysis for CTCs markers
Overall survival (OS) Progression free survival (PFS)

mean (95% CI) p value mean (95% CI) p value
KLK3 

low 29.65 (23.4–35.9) 0.04* 9.4 (7.2–10.6) 0.012*
high 20.4 (12.8–28) 5.9(4.4–7.4)

AR 
low 31 (26.3–35.7) 0.002* 9.3( 7.2–11.5) 0.002*
high 16.6 (8.8–24.4) 6 (4.3–7.7)

CYP19 
low 26.6 (21.3–31.95) 0.12 8.9 (7.2–10.6) 0.015*
high 20.6 (9–32.2) 5.2 (3–7.3)

TUB1 
low 21.5 (16–27) 0.18 8.5 (6.7–10.2) 0.09
high 30 (17.8–31.2) 5.7 (3.2–8.2)

GDF15 
low 31.1 (24.9–37.2) <0.001* 8.6 (6.7–10.3) 0.043*
high 10.6 (6.8–14.5) 5.6 (3.5–7.7)

BIRC5 
low 30.5 (23.7–37.3) 0.013* 7.7 (6.2–9.3) 0.94
high 15.8 (9.4–22.2) 7.7 (4.2–11.2)

RAB7 
low 19.9 (14.2–25.7) 0.11 8.5 (6.1–11) 0.22
high 30 (21.8–38.3) 6.9 (5.3–8.6)

SPINK1 
low 23.1 (17.3–28.9) 0.58 8.5 (6.7–10.3) 0.12
high 28.4 (17.3–39.5) 6 (3.7–8.29)

*p ≤ 0.05 according to Log-Rank test; HR: hazard ratio; CI: confidence interval.
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In addition to the CTC enumeration, the molecular 
characterization of CTCs could provide important insights 
into disease progression and evolution. Our group and 
others previously demonstrated that combination of CTC-
immunoenrichment and the analysis of CTC-transcriptome 
by RT-qPCR provide an alternative and high sensitivity 
method for CTCs detection and characterization [21–
23, 28]. Here we use this approach to characterize the 
CTC population from mCRPC (patients progressing 
despite castrate levels of testosterone and after at least 
one hormonal manipulation) that will start systemic 
chemotherapy based on Docetaxel/Cabazitaxel in order 

to identify CTC-markers with clinical impact for the 
management of these patients.

We found a CTCs transcriptome phenotype mainly 
characterized by the expression of two groups of genes; 
those related with androgen signaling pathway such as AR 
and CYP19 and those implicated in relevant functions for 
PCa progression and resistance to chemotherapy such as 
BIRC5, TUB1A, GDF15, RAB7 and SPINK1. 

The analysis of AR in CTCs was attempted 
previously by various groups with promising results [29]. 
For example recent studies proposed the evaluation of 
AR modifications in CTCs, including detection of AR-V7 

Figure 4: Kaplan Meier analysis for overall survival (OS) of validated CTC markers in mCRPC patients. Low/high 
expression were defined based on the 50% (KLK3 and AR) and 70% (BIRC5 and GDF15) percentile (Supplementary Table 2). 
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and point mutations, as an accessible and valuable tool 
for treatment selection [30–32]. Besides AR alterations, 
the overexpression of enzymes responsible for androgen 
synthesis and metabolism has been also proposed to 
explain the persistence of hormone-mediating signaling 
in prostate tumor cells under hormone deprivation state 
[33]. In this sense we found that CYP19A1 was present 
in the CTC population of our mCRPC patients suggesting 
that patients progressing after androgen deprivation could 
present adaptative mechanisms to maintain the hormone 
stimulation of prostate tumor cells.

On the other hand, we identified BIRC5, TUB1A, 
GDF15, RAB7 and SPINK1 as genes characterizing CTCs 
of mCRPC patiens. They conform a diverse group of genes 
with a common role promoting tumor aggressiveness and 
the development of resistance to taxanes-based treatment 
[34–37]. For example, BIRC5 (survivin) expression in 
PCa tissues has been related with high Gleason score, 
chemoresistance and cancer progression [35]. In addition 
SPINK1 overexpression has also been associated with an 
increased risk of biochemical recurrence in hormonally 
and surgically treated prostate cancer cohorts [36] while 
enhanced level of GDF-15 in prostate tumor cells has 
been also associated with their acquisition of epithelial-
mesenchymal transition phenotype and docetaxel resistance, 
even in PCa stem/progenitor cells [37]. It seems that the 
expression of these genes could provide CTCs with 
mechanisms to resist the therapy pressure.

Importantly, in addition to provide more 
information about the biology of the specific 
subpopulation of CTCs in mCRPC, our gene-expression 
profiling also permitted the identification of valuable 
prognostic biomarkers. Thus, high levels of AR, CYP19 
and GDF15 were associated with poor PFS rates while 
AR, GDF15 and BIRC5 were also found as consistent 
predictors of OS. Importantly, in our cohort of patients 
CTCs-PSA levels at baseline showed more clinical 
relevance than serum PSA levels in terms of both PFS and 
OS. Reinforcing the value of our study, the combination 
of KLK3 and BIRC5 expression showed higher value 
than CellSearch to discriminate patients with a poorer 
outcome. Thus, our molecular CTCs-signature could be 
of great value to personalize the treatment in mCRPC 
providing a potential tool to monitor therapy or predict 
the clinical response because all the genes are implicated 
in critical functions to modulate anti-tumor therapies 
activity. However, further analysis in a large multicenter 
study including therapy monitoring should be done to 
determine the clinical value of these markers.

In conclusion the present study provides with a 
promising and useful alternative method in mCRPC for: a) 
CTCs monitoring during the chemotherapy administration; 
b) anticipating the biochemical and radiological progression; 
c) the dynamic characterization of CTCs focusing on the 
expression of genes associated to taxanes resistance.

Table 4: Univariate Cox regression analysis for clinic-pathological parameters and CTCs markers
Progression free survival (PFS) Overall survival (OS)
HR (95% CI) p value HR (95% CI) p value

Performance status (PS0 vs. PS1/PS2) 1 (0.43–2.4) 0.92 4.3 (0.55–34.2) 0.16
Gleason Score (≤ 7 vs. > 7) 1.8 (0.8–4.3) 0.15 0.78 (0.21–2.8) 0.7
Lymph node metastases (no vs. yes) 1.8 (0.83–3.89) 0.13 3.08 (0.91–10.3) 0.06
Nº of prior treatments regimens (≤ 2 vs > 2) 0.5 (0.2–1.15) 0.10 0.44 (0.13–1.5) 0.18
Baseline PSA serum levels (≤ 122 vs > 122) 0.92 (0.42–1.9) 0.83 1.26 (0.4–4) 0.68
Baseline LDH levels (≤ 320 vs > 320) 0.85 (0.37–1.9) 0.7 1.3 (0.39–4.2) 0.67
Baseline FA levels (≤ 454 vs > 454) 0.92 (0.42–2) 0.84 2.4 (0.69–8.6) 0.16
KLK3 (low vs high) 2.7 (1.2–6.1) 0.016* 3.52 (0.94–13) 0.06
AR (low vs high) 2.5 (1.1–5.58) 0.027* 6.7 (1.7–25.6) 0.005*
CYP19 (low vs high) 2.7 (1.16–6.24) 0.020* 2.42 (0.75–7.76) 0.13
TUB1 (low vs high) 2 (0.87–4.8) 0.09 0.36 (0.08–1.7) 0.2
GDF15 (low vs high) 2.4 (1–5.8) 0.05* 15.7 (3.1–79.7) 0.001*
BIRC5 (low vs high) 1(0.44–2.35) 0.94 3.96 (1.2–12.7) 0.02*
RAB7 (low vs high) 1.62(0.73–3.6) 0.22 0.39 (0.11–1.3) 0.12
SPINK1 (low vs high) 1.9 (0.8–4.3) 0.13 0.69 (0.18–2.56) 0.58

*p ≤ 0.05 according to Cox test; HR: hazard ratio; CI: confidence interval.
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MATERIALS AND METHODS

Patients

A total of 29 mCRPC patients and 19 healthy 
individuals were prospectively enrolled at Complexo 
Hospitalario Universitario de Santiago, Santiago de 
Compostela (Spain), from 2011 to early 2014. Participants 
were informed and signed consent was given before 
their inclusion in the study according to the Galician 
Ethical Committee. All individuals in the PCa group had 
histological confirmed diagnostic of adenocarcinoma, 
evidence of progression despite castrate levels of 
testosterone and at least one hormonal manipulation 
failed, being eligible for systemic chemotherapy based 
on Docetaxel/Cabazitaxel. Other inclusion criteria 
were an Eastern Cooperative Oncology Group (ECOG) 
performance status not greater than 2 and an estimated 

OS higher than 3 months. Detailed information about 
patients included in the analysis is available in Table 5.  
Control group included 19 healthy volunteers with similar 
ages range and no previous cancer episodes. 

CTC isolation and molecular characterization

Two parallel methods were used to isolate and 
analyze CTC population. For CTCs enumeration 7,5 mL 
of peripheral blood (CellSave, Veridex LLC) were 
obtained and maintained at room temperature (within 96 h 
of collection) until their analysis using CellSearch System 
(Janssen Diagnostics). Cells expressing EpCAM were 
immunomagnetically enriched from 7.5 mL of blood and 
fluorescently labelled with DAPI, CD45-APC, and CK-
PE. Then the images of stained cells were acquired by a 
semiautomatic fluorescence microscopy system. Finally, 
two experimented reviewers selected CTCs following 

Figure 5: Prognosis value for a logistic model combining KLK3 and BIRC5 compared with CellSearch system. ROC-
curve showing the sensitivity and specificity of CellSearch and the combination of KLK3 and BIRC5 to detect the presence of CTC in our 
mCRPC cohort. 
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CellSearch guideline from the gallery of objects proposed 
by the system [4]. Thus, we selected as CTCs those cells 
with nearly round or oval morphology, total cell size of at 
least 4 μm, cytokeratin (8, 18, and/or 19 ) positive staining 
while CD45 negative staining and nucleated (DAPI 
positive staining). 

For CTC molecular analysis we combined an 
EpCAM-based CTC inmunoisolation and a RT-qPCR 
analysis for a panel of genes [21]. In brief, CTC isolation 
was made according to manufacturer´s instructions with 
CELLectionTM Epithelial Enrich system (Invitrogen, 
Dynal, Oslo, Norway) that contains beads coated 
with EpCAM antibodies. Total RNA from CTC was 
extracted with the QIAmp viral RNA mini kit (Qiagen, 
Valencia, CA, USA), designed for very low cellularity 
samples. cDNA was synthesized by using Superscript 
III reverse transcriptase (Invitrogen) and subjected to a 
preamplification for 14 cycles with TaqMan® PreAmp 
Master Mix kit (Applied Biosystem, Foster City, CA, 
USA) prior to RT-qPCR (TaqMan Gene Expression 
Assays; Applied Biosystems), to maximize detection rates. 

The assay included the following 15 relevant genes 
for PCa progression: AR, CYP19 and CYP17 because they 
are genes implicated in androgen-pathway regulation that 
plays a critical role in prostate cells biology [38, 39]; 
CD133, CD44, ALDH1A, ABCG2 and CD49f as genes 
related to stem cell phenotype associated to intrinsic 

therapeutic resistance against androgen-blockage and 
chemotherapy [40, 41] and previously described as 
relevant for CTCs molecular features [42]; and BIRC5, 
CLU, GDF15, RAB7A, SPINK1, TUB1A, MDR1 that 
are genes implicated in PCa aggressiveness and/or 
resistance to taxanes [34–37, 43–45] and, therefore, 
highly interesting markers to be analyzed in the CTCs 
population from mCRPC patients. The house-keeping 
gene GAPDH as total cellular load marker was analyzed 
to detect the presence of an additional cell population in 
the blood of patients as described previously [23, 46] and 
demonstrated in the present study by spiking experiments 
using PC3 cells (see Supplementary Figure 1). Probe 
characteristics are detailed in Supplementary Table 
1. Data were analyzed using StepOne Software v.2.1. 
(Applied Biosystems). Mean threshold cycle (depicted as 
40-Ct) for every candidate gene was normalized to CD45 
that allows the quantification of non-specific isolation 
and that have been previously used to discriminate the 
population of CTCs from the total of nucleated cells 
isolated after the immunoenrichment step [23, 46, 47]. 
Samples were run in duplicate and all plates included 
negative controls. The protocol was also applied to 
healthy volunteer’s blood for subtracting the unspecific 
background. 

We analyzed the expression levels of these genes in 
the whole set of patients and controls and identified those 

Table 5: Demographics of patients included in the study
n (%)

ECOG
  0 7 (24,1)
  1–2 22 (75,9)
Gleason score at diagnosis
  ≤ 7 15 (51,7)
  > 7 11 (37,9)
  unknown 3 (10,4)
Lymph nodes metastasis
  no 17 (58,6)
  yes 12 (41,4)
Metastasis site
Bone 29 (100)
Visceral 4 (13,8)
Number of prior treatments regimens
  1–2 15 (51,7)
  > 2 14 (48,3)
PSA at baseline (ng/dl) 121 (12–3238)*
Lactate Deshydrogenase baseline (U/l) 454 (121–1136)*
Alkaline phosphatase baseline (U/l) 320 (77–3115)*

*median (min-max).
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genes with a significant expression in CTC from the group 
of patients compared to the background of unspecific 
isolation from the controls. 

Statistical analysis

Data were analysed using SPSS (Chicago, version 
15.00 for Windows) and GraphPad Prism 4.00 software 
(GraphPad Softwares Inc, San Diego, CA, USA). 
Differences of gene expression between patients and 
controls were analyzed Using Mann-Whitney test. PFS 
and OS were analyzed using Kaplan-Meier analysis and 
differences were examined by log-rank test. Univariate 
and multivariate analyses were performed using Cox 
regression statistics. Bivariate correlation analysis was 
routinely carried out according Pearson statistic while 
Ʃ2 test was used for correlations between categorical 
variables. p values < 0.05 were considered statistically 
significant.

Abbreviations

ABCB1 (MDR1): ATP binding cassette subfamily 
B member 1; ABCG2: ATP binding cassette subfamily 
G member 2; ALDH1A1: aldehyde daehydrogenase 
1 family member A1; AR: androgen receptor; BIRC5: 
baculoviral IAP repeat containing 5; CD133: CD133 
antigen or prominin1; CD44: CD44 antigen; CD49F: 
CD49 antigen-like family member F; CLU: clusterin; 
CTCs: circulating tumour cells; CYP17A1: cytochrome 
P450 family 17 subfamily A member 1; CYP19A1: 
cytochrome P450 family 19 subfamily A member 1; 
ECOG: Eastern Cooperative Oncology Group ; GDF15: 
growth differentiation factor 15; KLK3/PSA: kallikrein 
related peptidase 3/prostate specific antigen; LDH: 
lactate dehydrogenase; mCRPC: metastasic castration 
resistant prostate cancer; OS: overall survival; PA: 
phosphatase alkaline; PCa: prostate cancer; PFS: 
progression free survival; PSA: prostate specific antigen; 
RAB7A: ras-related protein Rab-7a; SPINK1: serine 
peptidase Inhibitor, Kazal Type 1; TUB1A1: tubulin 
alpha 1a.

Authors’ contributions

LLM was responsable for the study design, the 
interpretation of the results and the manuscript writing. 
HC carried out part of the immunoisolation, processing 
and PCR analysis of samples together with the scientific 
interpretation of results. AA collected samples and carried 
out part of the immunoisolation and processing of samples. 
MA performed the spiking experiments. MV, UA, RL and 
MAP participated in the study design and the manuscript 
preparation. AGM made part of the statistical analyses. 
LM was responsible for study design, data processing and 
interpretation and manuscript preparation.

ACKNOWLEDGMENTS

We thank the patients for their willingness to 
participate in the study and the nurses for the blood sample 
collection and the Roche-Chus Joint Unit and Astellas 
Pharma S.A. for its support.

CONFLICTS OF INTEREST 

The authors declare that they have no competing 
interests.

FUNDING

This work was developed using funds of Oncomet 
group.

REFERENCES

1. Climent MÁ, León-Mateos L, González Del Alba A, Pérez-
Valderrama B, Méndez-Vidal MJ, Mellado B, Arranz JÁ, 
Sánchez-Hernández A, Cassinello J, Olmos D, Carles J. 
Updated recommendations from the Spanish Oncology 
Genitourinary Group for the treatment of patients with 
metastatic castration-resistant prostate cancer. Crit Rev 
Oncol Hematol. 2015; 96:308–18.

2. Carreira S, Romanel A, Goodall J, Grist E, Ferraldeschi R, 
Miranda S, Prandi D, Lorente D, Frenel JS, Pezaro C, 
Omlin A, Rodrigues DN, Flohr P, et al. Tumor clone 
dynamics in lethal prostate cancer. Sci Transl Med. 2014; 
6:254ra125.

3. Nakazawa M, Lu C, Chen Y, Paller CJ, Carducci MA, 
Eisenberger MA, Luo J, Antonarakis ES. Serial blood-based 
analysis of AR-V7 in men with advanced prostate cancer. 
Ann Oncol. 2015; 26:1859–65.

4. Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Matera J, 
Miller MC, Reuben JM, Doyle GV, Allard WJ, Terstappen 
LW, Hayes DF. Circulating tumor cells, disease progression, 
and survival in metastatic breast cancer. N Engl J Med. 
2004; 351:781–91.

5. de Bono JS, Scher HI, Montgomery RB, Parker C, Miller 
MC, Tissing H, Doyle GV, Terstappen LW, Pienta KJ, 
Raghavan D. Circulating tumor cells predict survival benefit 
from treatment in metastatic castration-resistant prostate 
cancer. Clin Cancer Res. 2008; 14:6302–09.

6. Cohen SJ, Punt CJ, Iannotti N, Saidman BH, Sabbath KD, 
Gabrail NY, Picus J, Morse M, Mitchell E, Miller MC, 
Doyle GV, Tissing H, Terstappen LW, Meropol NJ. 
Relationship of circulating tumor cells to tumor response, 
progression-free survival, and overall survival in patients with 
metastatic colorectal cancer. J Clin Oncol. 2008; 26:3213–21.

7. Scher HI, Jia X, de Bono JS, Fleisher M, Pienta KJ, 
Raghavan D, Heller G. Circulating tumour cells as 
prognostic markers in progressive, castration-resistant 
prostate cancer: a reanalysis of IMMC38 trial data. Lancet 
Oncol. 2009; 10:233–39.

8. Scher HI, Heller G, Molina A, Attard G, Danila DC, Jia X, 
Peng W, Sandhu SK, Olmos D, Riisnaes R, McCormack R, 



Oncotarget54720www.impactjournals.com/oncotarget

Burzykowski T, Kheoh T, et al. Circulating tumor cell 
biomarker panel as an individual-level surrogate for 
survival in metastatic castration-resistant prostate cancer. J 
Clin Oncol. 2015; 33:1348–55.

 9. de Bono JS, Kristeleit R, Tolcher A, Fong P, Pacey S, 
Karavasilis V, Mita M, Shaw H, Workman P, Kaye S, 
Rowinsky EK, Aherne W, Atadja P, et al. Phase I 
pharmacokinetic and pharmacodynamic study of LAQ824, 
a hydroxamate histone deacetylase inhibitor with a heat 
shock protein-90 inhibitory profile, in patients with 
advanced solid tumors. Clin Cancer Res. 2008; 14:6663–73.

10. Armstrong AJ, Garrett-Mayer E, Ou Yang YC, 
Carducci MA, Tannock I, de Wit R, Eisenberger M. 
Prostate-specific antigen and pain surrogacy analysis in 
metastatic hormone-refractory prostate cancer. J Clin Oncol. 
2007; 25:3965–70.

11. Sonpavde G, Pond GR, Berry WR, de Wit R, 
Eisenberger MA, Tannock IF, Armstrong AJ. The association 
between radiographic response and overall survival in men 
with metastatic castration-resistant prostate cancer receiving 
chemotherapy. Cancer. 2011; 117:3963–71.

12. Goldkorn A, Ely B, Quinn DI, Tangen CM, Fink LM, Xu T, 
Twardowski P, Van Veldhuizen PJ, Agarwal N, Carducci 
MA, Monk JP 3rd, Datar RH, Garzotto M, et al. Circulating 
tumor cell counts are prognostic of overall survival in 
SWOG S0421: a phase III trial of docetaxel with or without 
atrasentan for metastatic castration-resistant prostate cancer. 
J Clin Oncol. 2014; 32:1136–42.

13. Armstrong AJ, Eisenberger MA, Halabi S, Oudard S, 
Nanus DM, Petrylak DP, Sartor AO, Scher HI. Biomarkers 
in the management and treatment of men with metastatic 
castration-resistant prostate cancer. Eur Urol. 2012; 61:549–59.

14. Scher HI, Morris MJ, Larson S, Heller G. Validation and 
clinical utility of prostate cancer biomarkers. Nat Rev Clin 
Oncol. 2013; 10:225–34.

15. Morris MJ, Eisenberger MA, Pili R, Denmeade SR, 
Rathkopf D, Slovin SF, Farrelly J, Chudow JJ, Vincent M, 
Scher HI, Carducci MA. A phase I/IIA study of AGS-PSCA 
for castration-resistant prostate cancer. Ann Oncol. 2012; 
23:2714–19.

16. Armstrong AJ, Häggman M, Stadler WM, Gingrich JR, 
Assikis V, Polikoff J, Damber JE, Belkoff L, Nordle Ö, 
Forsberg G, Carducci MA, Pili R. Long-term survival 
and biomarker correlates of tasquinimod efficacy in a 
multicenter randomized study of men with minimally 
symptomatic metastatic castration-resistant prostate cancer. 
Clin Cancer Res. 2013; 19:6891–901.

17. Onstenk W, Sieuwerts AM, Kraan J, Van M, Nieuweboer AJ, 
Mathijssen RH, Hamberg P, Meulenbeld HJ, De Laere B, 
Dirix LY, van Soest RJ, Lolkema MP, Martens JW, et al. 
Efficacy of Cabazitaxel in Castration-resistant Prostate 
Cancer Is Independent of the Presence of AR-V7 in 
Circulating Tumor Cells. Eur Urol. 2015; 68:939–45.

18. Antonarakis ES, Lu C, Luber B, Wang H, Chen Y, Zhu Y, 
Silberstein JL, Taylor MN, Maughan BL, Denmeade SR, 
Pienta KJ, Paller CJ, Carducci MA, 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. 2017; 35:2149–56.

19. Pantel K, Speicher MR. The biology of circulating tumor 
cells. Oncogene. 2016; 35:1216–24.

20. Lohiya V, Aragon-Ching JB, Sonpavde G. Role of 
Chemotherapy and Mechanisms of Resistance to 
Chemotherapy in Metastatic Castration-Resistant Prostate 
Cancer. Clin Med Insights Oncol. 2016; 10:57–66.

21. Barbazán J, Vieito M, Abalo A, Alonso-Alconada L, 
Muinelo-Romay L, Alonso-Nocelo M, León L, Candamio S, 
Gallardo E, Anido U, Doll A, de los Ángeles Casares M, 
Gómez-Tato A, et al. A logistic model for the detection of 
circulating tumour cells in human metastatic colorectal 
cancer. J Cell Mol Med. 2012; 16:2342–49.

22. Alonso-Alconada L, Muinelo-Romay L, Madissoo K, Diaz-
Lopez A, Krakstad C, Trovik J, Wik E, Hapangama D, 
Coenegrachts L, Cano A, Gil-Moreno A, Chiva L, Cueva J, 
et al. Molecular profiling of circulating tumor cells links 
plasticity to the metastatic process in endometrial cancer. 
Mol Cancer. 2014; 13:223.

23. Mariscal J, Alonso-Nocelo M, Muinelo-Romay L, 
Barbazan J, Vieito M, Abalo A, Gomez-Tato A, Maria 
de Los Angeles CC, Garcia-Caballero T, Rodriguez C, 
Brozos E, Baron F, Lopez-Lopez R, Abal M. Molecular 
Profiling of Circulating Tumour Cells Identifies Notch1 as 
a Principal Regulator in Advanced Non-Small Cell Lung 
Cancer. Sci Rep. 2016; 6:37820.

24. Went P, Vasei M, Bubendorf L, Terracciano L, Tornillo L, 
Riede U, Kononen J, Simon R, Sauter G, Baeuerle PA. 
Frequent high-level expression of the immunotherapeutic 
target Ep-CAM in colon, stomach, prostate and lung 
cancers. Br J Cancer. 2006; 94:128–35.

25. Li J, Gregory SG, Garcia-Blanco MA, Armstrong AJ. Using 
circulating tumor cells to inform on prostate cancer biology 
and clinical utility. Crit Rev Clin Lab Sci. 2015; 52:191–210.

26. Galletti G, Portella L, Tagawa ST, Kirby BJ, Giannakakou P, 
Nanus DM. Circulating tumor cells in prostate cancer 
diagnosis and monitoring: an appraisal of clinical potential. 
Mol Diagn Ther. 2014; 18:389–402.

27. Petrylak DP, Vogelzang NJ, Budnik N, Wiechno PJ, 
Sternberg CN, Doner K, Bellmunt J, Burke JM, de 
Olza MO, Choudhury A, Gschwend JE, Kopyltsov E, 
Flechon A, et al. Docetaxel and prednisone with or 
without lenalidomide in chemotherapy-naive patients with 
metastatic castration-resistant prostate cancer (MAINSAIL): 
a randomised, double-blind, placebo-controlled phase 3 
trial. Lancet Oncol. 2015; 16:417–25.

28. Attard G, Swennenhuis JF, Olmos D, Reid AH, Vickers E, 
A’Hern R, Levink R, Coumans F, Moreira J, Riisnaes R, 
Oommen NB, Hawche G, Jameson C, et al. Characterization 
of ERG, AR and PTEN gene status in circulating tumor 
cells from patients with castration-resistant prostate cancer. 
Cancer Res. 2009; 69:2912–18.

29. Sun Y, Wang BE, Leong KG, Yue P, Li L, Jhunjhunwala S, 
Chen D, Seo K, Modrusan Z, Gao WQ, Settleman J, Johnson 
L. Androgen deprivation causes epithelial-mesenchymal 
transition in the prostate: implications for androgen-
deprivation therapy. Cancer Res. 2012; 72:527–36.

30. Antonarakis ES, Lu C, Wang H, Luber B, Nakazawa M, 
Roeser JC, Chen Y, Mohammad TA, Chen Y, Fedor HL, 
Lotan TL, Zheng Q, De Marzo AM, et al. AR-V7 and 
resistance to enzalutamide and abiraterone in prostate 
cancer. N Engl J Med. 2014; 371:1028–38.



Oncotarget54721www.impactjournals.com/oncotarget

31. Antonarakis ES, Lu C, Luber B, Wang H, Chen Y, 
Nakazawa M, Nadal R, Paller CJ, Denmeade SR, 
Carducci MA, Eisenberger MA, Luo J. Androgen Receptor 
Splice Variant 7 and Efficacy of Taxane Chemotherapy 
in Patients With Metastatic Castration-Resistant Prostate 
Cancer. JAMA Oncol. 2015; 1:582–91.

32. Scher HI, Lu D, Schreiber NA, Louw J, Graf RP, 
Vargas HA, Johnson A, Jendrisak A, Bambury R, Danila D, 
McLaughlin B, Wahl J, Greene SB, 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. 2016; 2:1441–49.

33. Carruba G. Estrogen and prostate cancer: an eclipsed truth 
in an androgen-dominated scenario. J Cell Biochem. 2007; 
102:899–911.

34. Altieri DC, Languino LR, Lian JB, Stein JL, Leav I, van 
Wijnen AJ, Jiang Z, Stein GS. Prostate cancer regulatory 
networks. J Cell Biochem. 2009; 107:845–52.

35. Adisetiyo H, Liang M, Liao CP, Aycock-Williams A, 
Cohen MB, Xu S, Neamati N, Conway EM, Cheng CY, 
Nikitin AY, Roy-Burman P. Loss of survivin in the prostate 
epithelium impedes carcinogenesis in a mouse model of 
prostate adenocarcinoma. PLoS One. 2013; 8:e69484.

36. Leinonen KA, Tolonen TT, Bracken H, Stenman UH, 
Tammela TL, Saramäki OR, Visakorpi T. Association 
of SPINK1 expression and TMPRSS2:ERG fusion with 
prognosis in endocrine-treated prostate cancer. Clin Cancer 
Res. 2010; 16:2845–51.

37. Mimeault M, Johansson SL, Batra SK. Marked 
improvement of cytotoxic effects induced by docetaxel on 
highly metastatic and androgen-independent prostate cancer 
cells by downregulating macrophage inhibitory cytokine-1. 
Br J Cancer. 2013; 108:1079–91.

38. Knudsen KE, Penning TM. Partners in crime: deregulation 
of AR activity and androgen synthesis in prostate cancer. 
Trends Endocrinol Metab. 2010; 21:315–24.

39. Fujimoto N. Role of the Androgen-Androgen Receptor Axis 
in the Treatment Resistance of Advanced Prostate Cancer: 

From Androgen-Dependent to Castration Resistant and 
Further. J UOEH. 2016; 38:129–38.

40. Domingo-Domenech J, Vidal SJ, Rodriguez-Bravo V, 
Castillo-Martin M, Quinn SA, Rodriguez-Barrueco R, 
Bonal DM, Charytonowicz E, Gladoun N, de la Iglesia-
Vicente J, Petrylak DP, Benson MC, Silva JM, Cordon-
Cardo C. Suppression of acquired docetaxel resistance in 
prostate cancer through depletion of notch- and hedgehog-
dependent tumor-initiating cells. Cancer Cell. 2012; 
22:373–88.

41. Zong Y, Goldstein AS. Adaptation or selection—
mechanisms of castration-resistant prostate cancer. Nat Rev 
Urol. 2013; 10:90–98.

42. Gkountela S, Aceto N. Stem-like features of cancer cells on 
their way to metastasis. Biol Direct. 2016; 11:33.

43. Muhammad LA, Saad F. The role of clusterin in prostate 
cancer: treatment resistance and potential as a therapeutic 
target. Expert Rev Anticancer Ther. 2015; 15:1049–61.

44. Zhang M, Chen L, Wang S, Wang T. Rab7: roles in 
membrane trafficking and disease. Biosci Rep. 2009; 
29:193–209.

45. Zhang W, Meng Y, Liu N, Wen XF, Yang T. Insights into 
Chemoresistance of Prostate Cancer. Int J Biol Sci. 2015; 
11:1160–70.

46. Barbazán J, Muinelo-Romay L, Vieito M, Candamio S, 
Díaz-López A, Cano A, Gómez-Tato A, Casares de 
Cal ML, Abal M, López-López R. A multimarker panel for 
circulating tumor cells detection predicts patient outcome 
and therapy response in metastatic colorectal cancer. Int J 
Cancer. 2014; 135:2633–43.

47. Crespo M, van Dalum G, Ferraldeschi R, Zafeiriou Z, 
Sideris S, Lorente D, Bianchini D, Rodrigues DN, 
Riisnaes R, Miranda S, Figueiredo I, Flohr P, 
Nowakowska K, et al. Androgen receptor expression in 
circulating tumour cells from castration-resistant prostate 
cancer patients treated with novel endocrine agents. Br J 
Cancer. 2015; 112:1166–74.


