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Background: Biomarkers of therapeutic response and prognosis are needed to assist in the sequencing of treatments for
metastatic castration-resistant prostate cancer (CRPC). Previously in a Phase 1 discovery study, we identified 14 circulating
microRNAs that were associated with response to docetaxel chemotherapy or overall survival. We performed a Phase 2 validation
study to verify these findings.

Methods: Using real-time PCR, the levels of the 14 microRNAs were measured in plasma collected before and after the first cycle
of docetaxel from a Phase 2 cohort of 89 patients.

Results: The microRNAs were not associated with docetaxel response in the Phase 2 cohort. Higher baseline levels of six
microRNAs, predominantly of the miR-200 family, were confirmed to be associated with shorter overall survival. A microRNA
signature comprising these six microRNAs predicted high-risk patients in the Phase 2 cohort with a hazard ratio of 4.12 (95% CI
2.20–7.70, P¼ 0.000001). The signature was an independent predictor in multivariable analysis with clinicopathological factors.

Conclusions: The association of circulating microRNAs with overall survival suggests their involvement in CRPC progression.

Prostate cancer is the second most common cancer in men, and the
fifth leading cause of cancer death worldwide (Torre et al, 2015).
Metastatic prostate cancer is initially sensitive to hormonal
manipulation. Resistance to androgen deprivation therapy

ultimately occurs with the development of castration-resistant
prostate cancer (CRPC). For more than a decade, docetaxel
chemotherapy has been the main cytotoxic treatment for CRPC,
given its survival and palliative benefits (Petrylak et al, 2004;
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Tannock et al, 2004). However, the response rate is only 50%
(Petrylak et al, 2004; Tannock et al, 2004). In recent years, new
therapies for CRPC have emerged, such as cabazitaxel, abiraterone,
and enzalutamide (Bishr and Saad, 2013; Wong et al, 2014).
Similar to docetaxel, response to these new therapies are variable,
and responders eventually develop resistance (Petrylak et al, 2004;
Tannock et al, 2004; Ferraldeschi et al, 2015). Therefore, there is an
urgent need for novel biomarkers to predict therapeutic response
earlier without subjecting non-responders to unnecessary toxicity,
and to assist in the sequencing of treatments.

MicroRNAs are short non-coding RNAs (18–25 nucleotides)
that negatively regulate gene expression by binding to messenger
RNAs (mRNAs) to prevent their translation into protein
(Lujambio and Lowe, 2012). Binding occurs at a complementary
‘seed’ sequence on the 30 untranslated region of the target
mRNA, and a RNA-induced silencing complex is formed with
Argonaute proteins, resulting in mRNA cleavage or inhibition of
translation. A single microRNA can target hundreds of mRNAs
due to imperfect base pairing, and over a thousand microRNAs
have been identified in humans (Kozomara and Griffiths-Jones,
2011), thus indicating their importance in regulating cell biology.
Indeed, various microRNAs have been implicated in tumour
progression and drug resistance (Lujambio and Lowe, 2012).
MicroRNAs can be detected in blood as they are secreted by cells,
presumably as a means to influence other cells (Turchinovich et al,
2013). Cancer patients have abnormal circulating microRNA
profiles, thus raising the possibility of microRNAs as prognostic or
therapeutic response biomarkers (Sita-Lumsden et al, 2013; Fabris
et al, 2016).

The association of microRNAs with prostate cancer has been
extensively reviewed elsewhere (Thieu et al, 2014; Fabris et al,
2016; Fendler et al, 2016). Studies of tumours or biofluids of
patients have resulted in the identification of several microRNAs as
potential biomarkers of prostate cancer. However, only a few
microRNAs such as miR-21, miR-221/222, and miR-375, show
consistent associations among these studies. The levels of these
three microRNAs were elevated in tumours and/or biofluids of
prostate cancer patients vs healthy controls. These microRNAs
were also elevated in tumours and/or biofluids of patients with
metastatic compared to those with localised prostate cancer, where
high levels of miR-375 was associated with poor survival in CRPC
(Thieu et al, 2014; Fabris et al, 2016; Fendler et al, 2016). Only a
few studies have investigated the potential of circulating micro-
RNAs as therapeutic response biomarkers in CRPC (Gonzales et al,
2011; Zhang et al, 2011; Cheng et al, 2013). These studies reported
that circulating levels of miR-141, miR-210 or miR-21 in CRPC
patients were associated with response to treatment such as
docetaxel and mitoxantrone. However, these studies were limited
by cohort size and lack of validation.

Previously, our group identified circulating microRNAs asso-
ciated with docetaxel response or overall survival in CRPC in a
Phase 1 biomarker discovery study (Lin et al, 2014; Figure 1). The
baseline levels or post-docetaxel change in the levels of six
microRNAs (miR-20a, miR-145a, miR-200b, miR-200c, miR-222,
and miR-301b) were different between responders and non-
responders (Lin et al, 2014). The baseline levels or post-docetaxel
change in the levels of 12 microRNAs (miR-20a, miR-20b, miR-21,
miR-25, miR-132, miR-200a, miR-200b, miR-200c, miR-222, miR-
375, miR-429, and miR-590-5p) were associated with overall
survival (Lin et al, 2014). There was an overlap of four microRNAs
(miR-20a, miR-200b, miR-200c, and miR-222) among these
associations with docetaxel response and overall survival.

While our previous study was hypothesis-generating, the
cornerstone of biomarker development is independent validation.
Therefore, we performed a Phase 2 validation study on an
independent cohort of CRPC patients treated with docetaxel to
verify the association of these microRNAs with docetaxel response

and overall survival. Here we report the findings of our study,
which may have implications on CRPC therapy.

PATIENTS AND METHODS

Patients. The aim of this Phase 2 study was to validate the
association of 14 circulating microRNAs with docetaxel response
and overall survival in CRPC patients. The study was approved by
relevant human research ethics committees (Approval number
X14-0406), and was registered with the Australian New Zealand
Clinical Trials Registry (ACTRN12607000077460). All participants
provided written informed consent.

Patients with CRPC and commencing docetaxel chemotherapy
were recruited from Calvary Mater Hospital, Royal Prince Alfred
Hospital, Concord Repatriation General Hospital, Coffs Harbour
Hospital, Westmead Hospital, Sydney Adventist Hospital and St
George Hospital, from 2007 to 2015. CRPC was defined as
prostate specific antigen (PSA) or clinical progression after
maximal androgen blockade, with a minimum of 4 weeks between
cessation of anti-androgens and commencement of docetaxel
treatment.

PSA response after three cycles of docetaxel was used to classify
chemoresponse, defined as follows: partial response, at least 50%
decrease in PSA from baseline levels; progressive disease, increase
of at least 25% from baseline levels; stable disease, decrease of
o50% or an increase of o25% from baseline levels (Scher et al,
2008). Patients with partial response were considered as respon-
ders, whereas those with stable or progressive disease were
considered as non-responders.

Overall survival was defined as the time from initiation of the
first cycle of docetaxel to the time of death or last follow-up. The
survival status of the Phase 1 cohort was updated at the same time
as the Phase 2 cohort for statistical analyses.

Blood collection. Blood samples were obtained from each patient
at baseline before commencing docetaxel chemotherapy
(75 mg m� 2), and prior to the second cycle of treatment which
is 3 weeks after the first dose (post-docetaxel). Blood samples were
collected in BD Vacutainer tubes containing K2EDTA, and
centrifuged at 3000 g for 5 min at room temperature to separate
the plasma. The plasma was aliquoted into cryovials and stored at
� 80 1C.

Quantitation of circulating microRNAs. Total RNA was
extracted from 200ml of plasma using the miRNeasy Micro Kit
(Qiagen, Germany) and eluted in 14ml of RNAse-free water as
described previously except that ath-miR-159a was not added as a
spike-in control (Lin et al, 2014). Total RNA of 4ml was used for
reverse transcription into 15ml of cDNA, of which 8.75ml was pre-
amplified into 25ml according to the protocol for Custom Taqman
Array microRNA cards (Applied Biosystems, Foster City, CA, USA)
as described previously, except that custom RT and pre-amplifica-
tion primer pools of 17 microRNAs were used in the reactions
(Applied Biosystems User Bulletin 4465407; Lin et al, 2014). The 17
microRNAs were the 14 potential biomarkers (miR-20a, miR20b,
miR-21, miR-25, miR-132, miR-145a, miR-200a, miR-200b, miR-
200c, miR-222, miR-301b, miR-375, miR-429, and miR-590-5p) and
3 normalisers (miR-152, miR-30c, and miR-24). The pre-amplified
cDNA (25ml) was diluted 1 : 4 with 0.1�TE buffer. Real-time PCR
(RT-PCR) was performed on the diluted cDNA using individual
Taqman microRNA assays (Applied Biosystems) with 2ml cDNA
per 10ml reaction volume according to the assay instructions, in
duplicate, on the Applied Biosystems 7900HT system.

Data normalisation. The threshold for CT values (number of cycles
required for fluorescent signal to cross the set threshold) was set at
0.2 for all microRNAs. CT values 435 were considered as non-
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specific or undetected and were removed. These missing values were
replaced with the lowest value of the microRNA subtracted by 2 after
normalisation. Previously in the Phase 1 study, we showed that
normalisation with the global mean was better than with ath-miR-
159a spike-in or endogenous small nuclear RNA U6 (Lin et al,
2014). In the Phase 1 study, the circulating levels of miR-24, miR-
30c, and miR-152 was found to be highly correlated with the global
mean of microRNAs used for normalisation, and thus the average of
these three microRNAs was used as a surrogate of the global mean
for normalising in this Phase 2 study (Supplementary Figure S1).
These three microRNAs were not associated with chemoresponse or
overall survival in the Phase 1 study. Normalisation was performed,
by subtracting the average CT of miR-24, miR-30c, and miR-152
from the CT of every microRNA of each sample. The result (delta
CT) was multiplied by � 1, where the normalised value can be
interpreted as logarithm-twofold difference of the microRNA level
relative to the average of the normalisers.

Statistical analyses. The difference in baseline microRNA levels or
the post-docetaxel change in their levels, between responders and
non-responders were compared by Mann–Whitney U analysis
using the R package ‘multtest’ (version 2.24.0). Survival analysis,
Cox regression and crosstabulation analyses were performed using
IBM SPSS Statistics (version 23.0.0.0).

Latent class analysis (LCA) was performed using the R package
‘poLCA’ (version 1.4.1) on R software version 3.2.1 (Linzer
and Lewis, 2011) to identify risk groups. The analysis was
performed on the median-centered normalised baseline levels of
miR-132, miR-200a, miR-200b, miR-200c, and miR-375 of the
Phase 1 cohort. These levels were categorised into quartiles for
the analysis. The minimum Bayesian Information criterion was
used to determine the most parsimonious number of latent
classes.

Heatmap of microRNA levels was constructed using HeatMap-
Viewer in GenePattern (version 3.2.3). T-test analysis was
performed using the R package ‘multtest’ (version 2.24.0).

RESULTS

Characteristics of patients. For the Phase 2 study, plasma samples
were obtained from an independent cohort of 87 patients with
CRPC who commenced docetaxel chemotherapy from 2007 to
2015 (Table 1, Figure 1). Baseline plasma samples were obtained
from all patients, whereas post-docetaxel samples were only
available from 72 patients.

The Phase 2 cohort is a more contemporary cohort than Phase 1
as majority of Phase 2 patients (85%) commenced docetaxel

46 microRNAs measured

Phase 1: discovery

Phase 1 cohort
97 patients

Baseline & post-docetaxel
plasma/serum from 97 patients 

RT-PCR

6 microRNAs* 
associated with 

docetaxel response

12 microRNAs* 
associated with 

survival

14 microRNAs from Phase 1 measured

Phase 2: Validation
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87 patients
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from 87 patients 
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Figure 1. Phase 1 and Phase 2 study profiles.
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chemotherapy from 2012 onwards, whereas the Phase 1 cohort
commenced docetaxel chemotherapy prior to 2012. A higher
proportion of Phase 2 patients received abiraterone and enzalu-
tamide treatments subsequent to docetaxel than Phase 1 patients
(Table 1). Subsequent treatments were unknown for 30% of the
Phase 1 cohort, but they were unlikely to receive abiraterone,
enzalutamide or cabazitaxel, as they began docetaxel treatment
from 2005 to 2007, prior to the clinical availability of these
therapeutics in Australia.

The Phase 2 cohort had a lower proportion of responders to
docetaxel, and a lower median for PSA levels compared to the
Phase 1 cohort (Table 1). The number of deaths was higher for the
Phase 1 cohort (84%) after the survival status for 26 patients was
updated since the last report of the study (Lin et al, 2014),
compared to the Phase 2 cohort (61%).

Detection of microRNAs. In the Phase 1 study, six microRNAs
were associated with docetaxel response and 12 microRNAs were
associated with overall survival. There was an overlap of four
microRNAs among these associations, hence a total of 14
microRNAs was investigated in the Phase 2 study (Figure 1).
These microRNAs and the three normalisers (miR-24, miR-30c,

and miR-152) were detected in at least 95% of the plasma samples
(151/159), except for miR-429 which was only detected in 79% of
the plasma samples (125/159). The median number of RT-PCR
cycles required to cross the set fluorescence threshold (CT) ranged
from 16.9 to 27 for all microRNAs except for miR-429, which was
29.4 (Figure 2), indicating that the microRNAs could be detected
and quantitated reliably, and that the levels of miR-429 were
generally low. The levels of each microRNA was normalised to the
average of the three normalisers (further details in method) for
statistical analyses.

Circulating microRNAs and chemoresponse of Phase 2 cohort.
Previously in the Phase 1 study, we had identified that the baseline
levels of miR-146a, miR-200b, and miR-200c; and the post-
docetaxel change in the levels of miR-20a, miR-222, and miR-301b,
were significantly different between responders and non-respon-
ders (Lin et al, 2014). In the Phase 2 cohort, the differences in these
microRNAs were not significant between responders and non-
responders (PX0.39) except for the post-docetaxel change in miR-
301b (P¼ 0.04, Figure 3A). However, the difference in miR-301b
was the reverse of that observed for the Phase 1 cohort (Figure 3A)
and thus was not considered to be associated with chemoresponse.

Table 1. Characteristics of Phase 1 and 2 cohorts

Phase 1 cohort Phase 2 cohort

Number of patients (%) Median (range) Number of patients (%) Median (range)
Age (years) 97 (100) 65 (46–87) 87 (100) 72 (40–89)

Follow-up (months) 97 (100) 14 (3–63) 15 (0.7–45)

Status
Alive 16 (16) 34 (39)
Dead 81 (84) 53 (61)

PSA response
Partial response 61 (63) 38 (44)
Stable disease 25 (26) 22 (25)
Progressive disease 11 (11) 19 (22)
Unknown — 8 (9)

Survival (months)
All patients 17 (3–63) 20 (1–45)
Partial response 24 (3–63) 23 (2–45)
Stable disease 12 (5–28) 18 (1–30)
Progressive disease 9 (3–29) 13 (2–32)

Gleason at diagnosis
o7 7 (7) 6 (7)
7 24 (25) 18 (21)
47 50 (52) 39 (45)
Unknown 16 (16) 24 (27)

Serum PSA, baseline (mg l� 1) 96 (99) 145 (0.6–3882) 84 (97) 96 (1.1–10054)

Haemoglobin, baseline (g l�1) 97 (100) 124 (67–162) 84 (97) 125 (79–168)

Alkaline Phosphatase, baseline
(U l�1)

90 (93) 141 (15–2962) 82 (85) 132 (16–2199)

Metastasis
None 5(5) 1 (1)
Bone only 53 (55) 54 (62)
Soft tissuea 39 (40) 29 (34)
Unknown — 3 (3)

Subsequent treatments
Cabazitaxel 22 (23) 29 (33)
Abiraterone 30 (31) 50 (57)
Enzalutamide 2 (2) 21 (24)
Mitoxantrone 12 (12) 10 (11)
Otherb 1 (1) 9 (10)
Unknown 32 (33) 6 (7)

Abbreviation: PSA = prostate specific antigen.
aVisceral metastases could not be distinguished from nodal metastases for the Phase 2 cohort.
bCabozantinib, carboplatin, strontium, c-met inhibitor, paclitaxel, and cyclophosphamide.
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Circulating microRNAs and overall survival of Phase 2 cohort.
In the Phase 1 study, we had also identified that the baseline levels
of miR-20a, miR-21, miR-132, miR-200a, miR-200b, miR-200c,
miR-375, miR-429, and miR-590-5p; and the post-docetaxel
change in the levels of miR-20a, miR-20b, miR-25, miR-132, and
miR-222, were associated with overall survival (Lin et al, 2014).
Both the baseline levels and post-docetaxel change in levels for two
of these microRNAs (miR-20a and miR-132) were associated with
overall survival in that study.

In the Phase 2 cohort, only the baseline levels of six microRNAs
were associated with overall survival according to both log-rank
test of patients dichotomised by median levels, and cox regression
analysis of microRNAs as continuous variables. These six
microRNAs were miR-132, miR-200a, miR-200b, miR-200c,
miR-375, and miR-429 (log-rank P range from 6� 10� 6 to
2� 10� 2, Figure 3B). Higher baseline levels of these microRNAs
were associated with shorter overall survival.

Prognostic microRNA signature. Validation of the association of
the microRNAs with overall survival instead of chemoresponse
indicates that the circulating microRNAs are predominantly
prognostic. To identify patient risk groups based on the
combination of the six prognostic microRNAs (miR-132, miR-
200a, miR-200b, miR-200c, miR-375, and miR-429), LCA was
performed on the baseline levels of these microRNAs for the Phase 1
cohort. MiR-429 was excluded from LCA as its levels were
undetected in majority of the samples and could not be categorised
for the analysis.

LCA, which is an unsupervised approach, grouped the patients
into two subgroups, referred to as Class 1 and Class 2. The
overall survival of Class 1 patients was significantly shorter than
Class 2 patients (median 12 vs 23.9 months, log-rank
P¼ 0.0000001; HR 3.45, 95% CI 2.12–5.62, P¼ 0.000001;
Figure 4A). The baseline levels of all six microRNAs were
significantly different between Class 1 and Class 2 patients
(adjusted Pr0.0007; Figure 4B).

An optimal cutpoint for the sum of the baseline levels of all six
microRNAs that could distinguish between high- and low-risk
patients were determined from the LCA groupings (Figure 4C).
Patients were considered to be high risk if the sum of the baseline
levels of all six microRNAs, expressed as median-centered log2
values, was greater than zero. With this cutpoint, 35 out of the 97
patients of the Phase 1 cohort have this high-risk signature, where
their overall survival was significantly shorter (11 vs 23.7 months,
P¼ 0.000001; HR 3.43, 95% CI 2.10–5.57, P¼ 0.000001;
Figure 4D). In the Phase 2 cohort, 40 out of the 87 patients have
the high-risk signature and their overall survival was significantly
shorter (median 12.9 vs 30.5 months, log-rank P¼ 0.000001; HR
4.12, 95% CI 2.20–7.70, P¼ 0.00001; Figure 4E).

Comparison of microRNA signature with clinicopathological
parameters. High alkaline phosphatase and PSA levels, low
haemoglobin levels, and the presence of visceral metastases are
clinicopathological factors known to be associated with poorer
prognosis in CRPC patients (Halabi et al, 2014). Information on
these factors is available for both of our cohorts, except for visceral
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metastases, which could not be distinguished from nodal
metastases in the Phase 2 cohort database.

A significantly higher proportion of patients with the high-risk
microRNA signature have elevated levels of alkaline phosphatase
and serum PSA, and low levels of haemoglobin, for both Phase 1
and 2 cohorts (Supplementary Table S1, Pp0.02). However,
multivariable cox regression of the microRNA signature with these
clinicopathological factors in relation to overall survival revealed
that only the microRNA signature was an independent factor in
both cohorts (Table 2). Haemoglobin level was an independent
factor in the Phase 1 cohort only (Table 2).

DISCUSSION

In this Phase 2 study of circulating microRNAs in CRPC, we
confirmed that six microRNAs were associated with overall

survival – miR-132, miR-200a, miR-200b, miR-200c, miR-375,
and miR-429. Higher levels of these microRNAs were associated
with poorer survival outcome. We derived a prognostic microRNA
signature consisting of the sum of the levels of these six
microRNAs, which was also validated in the Phase 2 cohort.

The association of these six microRNAs with overall survival of
CRPC indicates that these microRNAs may be involved in the
pathogenesis and/or progression of metastatic prostate cancer.
However, the mechanism of action of these microRNAs is difficult
to elucidate as the cellular source of the microRNAs is currently
unknown. The microRNAs could be produced by cancer cells or
non-malignant cells, and released into circulation encapsulated in
extracellular vesicles (microvesicles, endosomes, and apoptotic
bodies) or bound to Argonaute proteins (Turchinovich et al, 2013;
Fujita et al, 2016).

Many studies have indicated that circulating microRNAs are a
form of cell–cell communication, as they can be taken up by

0.0

0.5

1.0

1.5

2.0

2.5

3.0
Baseline levels

*

*

*

0.0

0.5

1.0

1.5

2.0
Post-docetaxel change

*

*

**

Months
50403020100

100

80

60

40

20

0

Months
50403020100

100

80

60

40

20

0

Months
50403020100

100

80

60

40

20

0

Months
50403020100

Months
50403020100

Months
50403020100

Phase 2 cohort

Fold difference
(non-responders/ 

responders)

Phase 1 cohort Phase 2 cohort *P < 0.05 

miR-200c miR-200b miR-146a miR-222 miR-301b miR-20a

A

C
um

ul
at

iv
e 

su
rv

iv
al

 (
%

)

miR-200b miR-429 miR-375

miR-200c miR-200a miR-132

C
um

ul
at

iv
e 

su
rv

iv
al

 (
%

)

High levels (>median)Low levels (≤median)

HR 3.8 (95% CI 2.0–6.9)

Log-rank P 0.000006

HR 3.3 (95% CI 1.8–6.0)

Log-rank P 0.00005

HR 3.2 (95% CI 1.8–5.9)

Log-rank P 0.00005

HR 2.2 (95% CI 1.3–3.8)

Log-rank P 0.005

HR 2.1 (95% CI 1.2–3.6)

Log-rank P 0.009

HR 1.9 (95% CI 1.1–3.4)

Log-rank P 0.02

B

Fold difference = 1 (no difference)

100

80

60

40

20

0

100

80

60

40

20

0

100

80

60

40

20

0

Figure 3. Validation of circulating microRNAs in Phase 2 cohort. (A) Comparison of circulating microRNA levels between docetaxel responders
and non-responders in Phase 1 and 2 cohorts (Mann–Whitney U-test analysis); (B) Survival curves of Phase 2 cohort, dichotomised according to the
median baseline microRNA level. Abbreviations: CI, confidence interval; HR, hazard ratio for dichotomised groups.

MicroRNA biomarkers of metastatic prostate cancer BRITISH JOURNAL OF CANCER

www.bjcancer.com | DOI:10.1038/bjc.2017.50 1007

http://www.bjcancer.com


recipient cells and exert functional effects on the recipient cells
such as proliferation, invasion, and angiogenesis (Turchinovich
et al, 2013; Fujita et al, 2016). Exosomal-containing microRNAs
from cancer cells were shown to promote pre-metastatic niches in
other organs by modulating the stromal cells of the metastatic site
(Rana et al, 2013). It is believed that secretion of microRNAs in
extracellular vesicles is a selective process, as the profiles of secreted
microRNAs do not match intracellular profiles (Collino et al, 2010;
Mittelbrunn et al, 2011). On the other hand, some circulating

microRNAs may be by-products of dead cells in the form of
apoptotic bodies (Turchinovich et al, 2011), or simply non-
selectively released by cells as AGO-bound complexes
(Turchinovich et al, 2013), and thus may be a reflection of tumour
burden.

Interestingly four of the six microRNAs associated with overall
survival – miR-200a, miR-200b, miR-200c, and miR-429, are
members of the miR-200 family. These microRNAs are well-
known for the regulation of epithelial-to-mesenchymal transition
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(EMT) where low levels of these microRNAs induced EMT
through the upregulation of their target, ZEB1, an EMT
transcription factor (Gregory et al, 2008). Recent studies showed
that high levels of miR-200 microRNAs can promote metastasis of
breast cancer, as transfer of exosomes containing miR-200
microRNAs from metastatic to non-metastatic breast cancer cells
promoted metastatic colonisation of the latter in mouse models,
presumably through the reverse of EMT, mesenchymal-to-
epithelial transition (MET; Le et al, 2014). Another proposed
mechanism of metastasis is the regulation of the tumour secretome
by SEC23A, another target of miR-200 microRNAs (Korpal et al,
2011). High levels of circulating miR-200 microRNAs were
associated with poor prognosis in breast cancer (Korpal et al,
2011), similar to our observation for CRPC, thus similar
mechanisms could be involved. Higher levels of miR-200b have
been found in prostate carcinoma compared to matched normal
tissue (Hart et al, 2013), suggesting that miR-200 microRNAs
could be produced by the prostate cancer cells to enhance their
metastatic colonisation.

The levels of the other prognostic microRNA, miR-375, were
also higher in prostate carcinoma compared to matched normal
tissue (Hart et al, 2013). Circulating levels of miR-375 were higher
in prostate cancer patients with metastases than those without
(Bryant et al, 2012; Nguyen et al, 2012). Plasma exosomal miR-375
showed prognostic value in a screening cohort of 23 CRPC patients
(Huang et al, 2014). The function of miR-375 in CRPC
pathogenesis may be similar to that of the miR-200 family as
SEC23A is also a target of miR-375, and ectopic expression of miR-
375 promoted MET in prostate cancer cells (Szczyrba et al, 2011;
Selth et al, 2016). Unlike the miR-200 family, MET regulation by
miR-375 is presumably through its target, YAP1, a transcription
factor (Selth et al, 2016). ZEB1 was shown to repress the expression
of miR-375 (Selth et al, 2016), thus downregulation of ZEB1
expression by miR-200 family members may contribute to
upregulation of miR-375.

The other microRNA associated with CRPC prognosis in our
study is miR-132. Several studies indicate that it has a tumour
suppressive role depending on the cancer type, where over-
expression of miR-132 in prostate, breast, ovarian, lung or
colorectal cancer cell lines inhibited growth, migration or invasion
(Luo et al, 2014; Zhang et al, 2014; Li et al, 2015; Fu et al, 2016; Qu
et al, 2016; Tian et al, 2016). Its expression was also downregulated
in prostate, breast or ovarian tumours compared to benign tissue
(Damavandi et al, 2016; Fu et al, 2016; Qu et al, 2016; Tian et al,
2016). Therefore, the upregulated levels of circulating miR-132 in
CRPC patients with poorer outcome in our study are unlikely to be
derived from prostate cancer cells. Instead, miR-132 may be

produced by immune cells as it is involved in the regulation of
innate immunity, where expression of miR-132 in monocytes and
macrophages is induced by bacterial/viral ligands (Taganov et al,
2006; Lagos et al, 2010; Wanet et al, 2012). Peripheral blood
mononuclear cells of patients with rheumatoid arthritis have a
higher expression of miR-132 than healthy individuals (Pauley
et al, 2008). Therefore miR-132 may be indirectly enhancing
cancer cell growth through the promotion of inflammation. In
addition, miR-132 may also be enhancing angiogenesis in tumours
as it was shown to be highly expressed in the endothelium of
tumours and its ectopic expression in endothelial cells increased
their proliferation and tube-forming capacity through the suppres-
sion of its target p120RasGAP (Anand and Cheresh, 2011).

A better understanding on the function of the circulating
microRNAs may lead to new therapeutic strategies to improve
patient outcome. If these microRNAs are influencing tumour
growth, suppression of their function using microRNA-based
therapeutics such as synthetic anti-miR oligonucleotides may
improve patient outcome (van Rooij and Kauppinen, 2014). In
mice models, exosome-containing miR-200 microRNAs from
metastatic breast cancer cells could not confer metastatic ability
to non-metastatic breast cancer cells treated with anti-miR-200
oligonucleotides, demonstrating suppression of miR-200 function
by the anti-miRs (Le et al, 2014). Development of microRNA-
based therapeutics is ongoing with recent advances highlighted by
Miravirsen (inhibitor of miR-34) reaching Phase 2 clinical trials
for treating hepatitis C (Janssen et al, 2013; van Rooij and
Kauppinen, 2014). A few other microRNA inhibitors are in Phase
1 clinical trials for liver cancer or hepatitis C, while others are in
preclinical stages (van Rooij and Kauppinen, 2014). However the
risk of suppressing the miR-200 microRNAs or miR-375 is the
promotion of EMT resulting in further metastases, as down-
regulation of these microRNAs promote EMT as described above.
Therefore, further research is required on the feasibility of
targeting these microRNA family, such as focusing on their gene
targets instead. MiR-132 may be a better option for microRNA-
based therapeutics, as its effects are likely to be on immune or
endothelial cells which indirectly influence tumour growth as
discussed above.

A limitation of our study is that lactase dehydrogenase and
ECOG performance status data were not available for our cohorts.
These data are required for estimating CRPC prognosis with the
Halabi nomogram (Halabi et al, 2013), and thus the prognostic
performance of our microRNAs could not be compared to the
Halabi nomogram. Another limitation is the unknown source of
the plasma microRNAs, as it is unclear whether circulating
microRNAs originate from the cancer or the host as a reaction to

Table 2. Cox regression analyses of microRNA signature and clinicopathological factors in relation to overall survival

Univariable Cox regression Multivariable Cox regression

Variablesa Cases Events HR (95% CI) P-value HR (95% CI) P-value

Phase 1
MicroRNA signature (high vs low risk) 97 81 3.43 (2.10–5.58) 0.000001 3.27 (1.81–5.91) 0.00009
Haemoglobin 97 81 0.98 (0.97–0.99) 0.00007 0.98 (0.97–0.99) 0.001
Alkaline phosphatase 90 76 1.00 (1.00–1.00) 0.03 1.00 (1.00–1.00) 0.43
Serum PSA 96 80 1.00 (1.00–1.00) 0.14 1.00 (1.00–1.00) 0.18

Phase 2
MicroRNA signature (high vs low risk) 85 53 4.12 (2.20–7.70) 0.0001 3.30 (1.64–6.63) 0.001
Haemoglobin 82 52 0.97 (0.95–0.99) 0.001 0.98 (0.96–1.00) 0.06
Alkaline phosphatase 80 52 1.00 (1.00–1.00) 0.05 1.00 (1.00–1.00) 0.85
Serum PSA 82 52 1.00 (1.00–1.00) 0.45 1.00 (1.00–1.00) 0.6

Abbreviations: CI¼ confidence interval; HR¼ hazard ratio; PSA¼prostate specific antigen.
aAnalysed as continuous except for microRNA signature.
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the cancer. The source of the microRNAs may provide insight into
their biology and mechanism of action.

Overall, the findings from this Phase 2 study highlight the
importance of validating potential biomarkers as not all findings
were reproducible. The value of circulating microRNAs as
prognostic biomarkers has been confirmed. Further research is
required to understand the role of these microRNAs and to
validate the prognostic microRNA signature in a Phase 3 study.
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