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Abstract

BACKGROUND—It is becoming increasingly evident that microRNAs (miRNA) are associated
with the development and progression of prostate cancer (PCa).

METHODS—We examined the hypothesis that plasma miRNA levels can differentiate patients
by aggressiveness in 82 PCa patients. Tagman based quantitative RT-PCR assays were performed
to measure copy number of target miRNAs.

RESULTS—miR-20a was signficantly overexpressed in plasma from patients with stage 3
tumors compared to stage 2 or below (p=0.03). The expression levels for miR-20a and miR-21
were significantly increased in patients with high risk CAPRA scores (16,623 and 1,595 copies,
respectively). Significantly increased miR-21 and miR-145 expression were observed for patients
with intermediate or high risk D’Amico scores compared to patients with low risk scores (p=0.047
and 0.011, respectively). The relapse rates for CAPRA scores ranged from 1.9% for low risk to
9.5% for intermediate risk and to 22.2% for high risk patients (p=0.023). For D’ Amico scores, the
relapse rates ranged from 0.0% for low risk to 7.4% for intermediate risk and 17.6% for high risk
patients (p=0.039). Expression of miR-21 and miR-221 significantly differentiated patients with
intermediate risk from those with low risk CAPRA scores (AUC=0.801, p=0.002). Four miRNAs
(miR-20a, miR-21, miR-145 and miR-221) could also distinguish high vs. low risk in PCa patients
by D’ Amico score with an AUC of 0.824.

CONCLUSIONS—These preliminary data suggest that altered plasma miRNAs may be useful
predictors to distinguish PCa patients with varied aggressiveness. Further larger studies to validate
this promising finding are warranted.
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INTRODUCTION

Clinically aggressive prostate cancer (PCa) has significant biological characteristics
distinguishing it from indolent disease. Aggressive tumors are more likely to have increased
invasive, migratory, colonization and angiogenic abilities. Accelerated cell cycle, resistance
to apoptosis and androgen independent growth are also frequently observed in advanced
tumors [1,2]. Using traditional clinical tools such as PSA level, TNM stage and Gleason
score, the clinician is unable to withhold treatment for PCa patients who may not benefit
from it because these parameters lack sufficient sensitivity and specificity to discriminate
indolent from potentially lethal cancers. Approximately 14 out of 15 patients who currently
receive therapy for PCa do not experience an alteration in their survival by undergoing
therapy [3]. Therefore, exploration of novel biomarkers to early identify invasive PCa cases
is needed.

microRNAs (miRNAS) are involved in crucial biological processes in the development of
cancer, including cell differentiation, apoptosis and proliferation [4], through imperfect
pairing with target messenger RNAs (MRNASs) of protein-coding genes and the
transcriptional or post-transcriptional regulation of expression [5]. Each miRNA may bind to
as many as 200 gene targets, and each gene may contain multiple binding sites for different
miRNAs [6]. Therefore, altered miRNA expression may contribute to the development and
progression of cancer, and provide additional diagnostic information for aggressive cases.

Stable miRNAs have been detected in biological fluids, including serum and plasma, and
may be associated with cancer diagnosis and prognosis [7-11], but only a few studies have
been conducted on PCa. Serum miR-141 was found to distinguish advanced PCa patients
from healthy controls [10]. A large-scale study investigating 667 different miRNAs in PCa
patients showed that miRNA-375 and miRNA-141 were associated with advanced PCa [12].
Serum miR-21 expression was elevated in metastatic hormone refractory PCa patients [13]
indicating its potential role in prognosis. Deregulated miR-20a [14] and miR-221 [15]
expression in tumor tissues has been associated with Gleason score and clinical recurrence
of PCa. The expression of miR-100, miR-145, miR-191 and miR-let7c in tumor tissues were
also correlated with the biochemical recurrence rates of PCa [16]. These encouraging results
suggested that plasma miRNA may be a valuable resource to explore noninvasive
biomarkers for aggressive PCa. In the current study, we selected miR-20a, miR-21,
miR-141, miR-145 and miR-221 for analysis because of this prior data and their
involvement in multiple cancer metastatic pathways. We tested the hypothesis that
deregulation of circulating miRNAs are promising biomarkers to distinguish high risk
aggressive PCa patients from localized cases.

MATERIALS AND METHODS

Patients and Sample Collection

This study was approved by the Institutional Review Board of Columbia University Medical
Center (CUMC). Eligible PCa patients were ascertained from men attending urology clinics
at CUMC during the period of December 2008 to July 2010. The recruitment criteria were
men diagnosed with primary, incident, and histologically confirmed PCa who underwent
radical prostatectomy at CUMC. Cases were excluded from the current study if they had a
prior history of cancer, previous prostate surgery, a recent severe weight loss, severe
diseases (uncontrolled cardiovascular diseases, hepatic or renal dysfunction), on hormonal
treatment or taking finasteride. A total of 82 PCa patients who provided blood samples prior
to any treatment were available for the current study. Plasma samples were stored in the
Herbert Irving Comprehensive Cancer Center (HICCC) Biomarkers Core. All cases had
tumors with clinical stage Il or 111, no clinical evidence of lymph node or distant metastases,
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and with complete clinical and serum PSA data. Patients were routinely followed up every
three months to measure serum PSA and obtain biochemical relapse data.

The aggressiveness of PCa cases were categorized by the Cancer of the Prostate Risk
Assessment (CAPRA) score [17] and D’ Amico’s criteria [18,19]. CAPRA score is based on
the patient’s age, PSA level, tumor stage, Gleason score, and percentage of biopsy cores
positive for cancer at diagnosis. Risk of aggressiveness was categorized as high,
intermediate or low when CAPRA scores were 6-10, 3-5 and 0-2, respectively [17].
D’Amico score defines low risk as clinical stage T1c or T2a, a PSA level of 10ng/ml or less,
and a Gleason sum of < 6; intermediate risk as either clinical stage T2b, a PSA level >10ng/
ml but <20ng/ml, or a Gleason sum of 7; and high risk as clinical stage T2c or greater, PSA
level >20ng/ml, or a Gleason sum of >8 [18,19].

Epidemiological and Clinicopathological Data Collection

A standardized questionnaire was used to collect information on demographic and
socioeconomic factors, self-reported personal medical history, environmental exposures
(smoking, unusual work, radiation, heavy metals, and infectious exposures), lifestyle factors
(alcohol consumption, dietary type, vitamin and nutritional supplements intake), physical
activity, and family history of prostate and other cancers. Clinicopathological data for
patients were obtained from the CAISIS, IRB approved clinical outcomes research data base
in Dept. of Urology.

RNA Extraction and MiRNAs Quantification

Total RNA, including miRNAs were isolated from 2501 of plasma using the miRNeasy
Mini kit (Qiagen, Frederick, MA) according to the manufacturer’s protocol. Tagman based
quantitative RT-PCR assays were performed according to manufacturer’s recommended
protocol (ABI, Foster City, CA) with minor modifications. Chemically synthesized RNA
oligonucleotides (Invitrogen, Carlsbad, CA) corresponding to the target miRNAs were used
to generate standard curves (serially diluted and expressed as copy numbers per jl). The
standard curves ranged from 3 to 3x10% copies or from 30 to 3x10* copies. A standard curve
for miR-145 is shown in Supplemental Fig. 1. After reverse transcription (10ng RNA per
reaction), the real-time PCR was performed by adding TagMan miRNA-specific primers
and fluorescence-labeled probe. The PCR mixtures contained 1.33 | RT products and
Universal PCR Master Mix in a total volume of 20p.1; reaction was carried out on an
Applied BioSystems 7500 Sequence Detection System. Cycling variables were 95°C for 10
min followed by 40 cycles at 95°C for 15s and annealing/extension at 60°C for 1 min. All
reactions were performed in triplicate. Data were analyzed by SDS Software (ABI, Foster
City, CA) with the automatic Ct setting for assigning baseline and threshold for Ct
determination. The reproducibility of duplicate assays was excellent for all four assays
(Supplemental Fig. 2) with an overall R2=0.96 (p<0.01). The averages of inter- and intra-
assay CVs were 1.45% and 0.97%, respectively. Supplemental Fig. 3 presents inter- and
intra-assay CVs which range from 0.01% to 7.2%, indicating the high accuracy and
reliability of the assay.

Statistical Analysis

miRNA expression data were assessed for the distribution of normality using Kolmogrov-
Smirov test [20]. Since miRNA levels were skewed, log-transformation was used to more
closely approximate normality in the final analysis. miRNAs levels were reported as the
mean + standard deviation (SD). A two-sample t test assuming equal variance was carried
out to compare miRNA levels by covariates of demographic and clinic-pathological
characteristics, including age at diagnosis (<60 vs. >60yrs), follow-up time (<19.8 vs. >19.8
months), family history of PCa (no vs. yes), prostate volume (<50 vs. =50ml), presurgery
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PSA level (<6 vs. >6 ng/ml), tumor stage (T2a-T2c vs. 2T3) and relapse status (no vs. yes).
One-way ANOVA was used to compare miRNAs levels by CAPRA or D’ Amico scores
(high vs. intermediate vs. low risk), covariates of ethnicity (Caucasian vs. African-American
vs. others) and Gleason sum score (6 vs. 7 vs. 8-9).

Logistic regression was used to construct receiver operating characteristic (ROC) curves
using expression level of miRNA adjusted for age and ethnicity [21]. The maximum
sensitivity and specificity and the area under the curve (AUC) were identified by numerical
integration of each ROC curve. A prediction model was built by fitting all four miRNAS into
the logistic regression model, and the stepwise backward model selection was performed to
determine the best combinations of miRNAsS to significantly discriminate PCa patients with
varied risk of aggressiveness. A likelihood ratio test p value <0.05 was considered
statistically significant. All statistical analyses were completed using Statistical Analysis
System 9.0 (SAS Institute, Cary, NC).

The demographic and clinicopatholgic characteristics of the 82 PCa patients are shown in
Table I. The mean age of patients was 61 years and over 56% were Caucasian. The average
PSA level and mean prostate volume were 6.3ng/ml (SD=6.0) and 53.0 ml (SD=15.8),
respectively. Most cases had tumors at stage 2 or below (76.8%), lymph node status of Ny or
N (98.8%) and Gleason score 6 or 7 (76.8%). All patients were at M status because those
with metastasis did not undergo surgery. Due to short follow-up time (mean=20.2 months),
only 5 relapse cases were observed.

Overall plasma miRNAs expression levels (absolute copy numbers/u.l) were higher for
miR-20a (mean=4,833, range from 194 to 128,583), miR-21 (mean=670, range from 33 to
8,253) and miR-221 (mean=770, range from 66 to 4,325) compared with miR-145
(mean=112, range from 13 to 644). Because plasma miR-141 expression was undetectable
for all patients, no further analysis was conducted. When comparing miRNA copy numbers
by clinicopatholgic characteristics (Table I1), increased trends of miRNAs levels were
almost always observed for PCa patients with prostate volumes of 50 ml or higher, PSA
level 6 ng/ml or higher, tumor stage 3 or above, and Gleason score 7 or higher but were not
statistically significant. miR-20a was statistically signficantly overexpressed in tumor stage
3 with a mean of 11,215 copies/pl compared to stage 2 or below (mean=2,908 copies/pl,
p=0.03). However, given the number of comparisons this may be due to chance. No
significant difference for miRNAs expression was observed between relapse-free and
relapsed patients, probably due to the small sample size of relapsed cases.

We compared plasma expression of the four candidate miRNAs using CAPRA and
D’Amico scores to categorize PCa patients as high, intermediate or low risk of
aggressiveness (Table 111). Overall, expression levels of miR-20a and miR-21 were
significantly increased for patients with high risk CAPRA score (16,623 and 1,595 copies,
respectively) compared to patients with intermediate (4,723 and 818 copies) or low risk
scores (2,836 and 450 copies). No significant associations were obtained for miR-145 and
miR-221 expression and CAPRA score. The relapse rates consistently increased with
CARPA scores from 1.9% for low risk to 9.5% for intermediate risk and 22.2% for high risk
patients (p=0.023). A similar trend of high D’Amico score and increased relapse rate was
observed from 0.0% for low risk to 7.4% for intermediate risk and 17.6% for high risk
patients (p=0.039). But these results are based on only 5 relapsed cases. Significantly
increased miR-21 and miR-145 expression were observed for patients with intermediate or
high risk D’ Amico scores compared to patients with low risk score (p=0.047 and 0.011,
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respectively). No significant associations were obtained for miR-20a and miR-221
expression and D’ Amico scores.

The predictive accuracies of miRNAs’ copy number for PCa aggressiveness were evaluated
by logistic regression to separately construct ROC curves for CARPA and D’ Amico scores.
The sensitivity, specificity and AUC for significant models are presented in Fig. 1. Plasma
expression of miR-21 and miR-221 significantly differentiated patients with intermediate
risk from those with low risk CAPRA scores (Fig. 1A). The AUC was 0.801 with a
sensitivity of 38.1% and a specificity of 94.2% (p=0.002). However, no significant miRNA
was observed to predict PCa aggressiveness by comparing patients with high vs. low risk
CAPRA scores. We also found that the combination of miR-20a, miR-21 and miR-145 was
a significant predictor for intermediate vs. low risk D’ Amico scores (Fig. 1B). The AUC is
0.763 with a sensitivity of 44.4% and a specificity of 86.8% (=0.044). The combination of
four miRNAs (miR-20a, miR-21, miR-145 and miR-221) significantly distinguished patients
with high vs. low risk D’Amico scores (Fig. 1C). The AUC is 0.824 with a sensitivity of
29.4% and a specificity of 97.4% (p=0.02). Overall, the observed specificities for both
CAPRA and D’ Amico scores were much better than the sensitivities, indicating the specific
role of miRNAs in prediction of PCa aggressiveness (Fig. 1). No signficant difference was
obtained for comparing high and intermediate risk for either CARPA or D’ Amico scores
(data not shown).

DISCUSSION

There is an urgent need to identify novel plasma miRNAs as non-invasive markers for
prediction of aggressive PCa, but most previous stuides have shown inconsistent results. No
reproducible miRNA markers related to PCa prognosis have been identified to date. A
recent study evaluated miRNA profiles in 36 untreated PCa patients with different risks of
progression according to CAPRA scores. Although miR-19a and miR-451 were significantly
different between high-risk cases and healthy controls, no significant difference was
observed for patients with low- and high-risk CAPRA scores [22]. In the current study, we
provide the first evidence to suggest that plasma miRNAs may be valuable predictors to
differentiate PCa patients with varied risks of aggressiveness. miR-20a and miR-21 were
significantly upregulated in patients with intermediate and high CAPRA scores compared to
those with low score. The expression levels of miR-21 and miR-145 were significantly
higher in patients with intermediate and high D’ Amico scores than those with low scores
(Table I11). The combination of miR-20a, miR-21, miR-145 and miR-221 expression
significantly distinguished intermediate or high risk patients from those with low risk scores
for aggressiveness (Fig. 1). The AUCs were ranged from 0.76 to 0.82.

Expression of miR-20a and miR-21 has been associated with clinicopathological variables
of PCa. miR-20a was significantly higher in patients with a Gleason score of 7-10 compared
with 0-6 (p=0.0082) [14]. Higher levels of serum miR-21 were detected in both androgen-
dependent PCa (ADPC) and hormone-refractory PCa (HRPC) patients with PSA levels
>4ng/ml [13]. A consistent finding was observed for miR-21 expression in patients
diagnosed with metastatic PCa [23]. Our data using CAPRA and D’ Amico scores to
categorize PCa aggressiveness further confirmed the role of miR-20a and miR-21 in
prediction of PCa prognosis. Two mechanisms may explain the observed correlations
between miR-20a and miR-21 expression and PCa aggressiveness. E2F1, a transcriptional
activator for DNA replication, is a target of miR-20a [24,25]. When miR-20a is activated, it
may inhibit apoptosis in PCa cell lines [24,25]. Over-expressed miR-21 may induce tumor
angiogenesis through targeting PTEN, and activate AKT and ERK1/2 signaling pathways,
and thereby enhance HIF-1a and VEGF expression. HIF-1a is a key downstream target of
miR-21 in regulating tumor angiogenesis [26]. A wider spectrum of genes involved in
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suppressing cell migration and invasion may also be altered by miR-21 over-expression in
different cancer cells [27].

As a known tumor suppressive miRNA, miR-145 was previously found to be down-
regulated in many solid tumors compared with adjacent non-tumor tissue, including PCa
[28-30]. miR145 might function through direct repression of the - MYC [31] oncogene or
mucin-1 [32] and inhibition of multiple tumor survival effectors in proliferation, migration
and invasion pathways [33,34]. However, few studies had explored the role of miR-145
deregulation in prediction of PCa prognosis. By examining 273 detectable miRNAs, Wang
et al. identified a significant association between miR-145 down regulation and PCa grade
using lymphoblastoid cell lines derived from prostate cancer patients with tumors of
different aggressiveness [33], while another study measuring tumor tissues found no
significant association for PCa clinicopathological features, such as tumor stage and Gleason
score [28]. There are no data to date suggesting miR-145 up-regulation is associated with
aggressive prostate cancer. Only one previous study of epithelial ovarian cancer found that
miR-145 was significantly upregulated in tumor tissues of relapsers compared with non-
relapsers [35]. Although miR-145 levels in prostate cancer tissues were generally low
compared with that in non-tumor tissues, the variations of miR-145 expression were large
with a 10-30 fold range in tumor tissues [29,36]. This phenomenon suggests that expression
of miR-145 within prostate tumor tissues may display a heterogeneous pattern that can be
used as a biomarker to differentiate PCa patients with tumors of diverse aggressiveness.

Up-regulation of miR-221 has been reported in several human cancers, including PCa [37-
39]. Significantly higher levels of miR-221 were also found in tumors of metastatic PCa
patients compared with localized cases [23]. However, conflicting results were found in
other studies. A significant down-regulation of miR-221 was associated with aggressive PCa
[15] or its biochemical recurrence [40]. miR-221 expression exhibited the most dramatic
difference between androgen-dependent and androgen-independent PCa cell lines, but with
inconsistent patterns [39,41]. One study found significantly increased miR-221 expression in
castration-resistant PCa cells [41], but another found up-regulation in androgen-dependent
patients [39]. We did not find an independent role for miR-221 on prediction of PCa
aggressiveness by either CAPRA or D’ Amico score. But the combination pattern of
miR-20a, miR-21, miR-145 and miR-221 may significantly distinguish high vs. low risks of
PCa patients by D’ Amico score with an AUC of 0.824 (Fig. 1). These contradictory results
suggested that different mechanisms or pathways may contribute to PCa progression due to
miR-221 acting on multiple targets involved in fundamental cellular processes. For example,
miR-221 expression is known to negatively regulate the cell cycle inhibitor p27Kip1 [37]
and up-regulate DVL2involved in migration [39]. miR-221 might directly inhibit ARH/, a
tumor suppressor gene and stimulate cell proliferation and invasion [42]; its expression was
also associated with androgen-independent growth [38].

By ROC analyses, a recent study found miR-145 was able to correctly classify 71% of PCa
tumor tissues from non-tumor tissues [28]. Another independent study obtained an AUC of
0.74 for the ability of miR-145 expression to discriminate PCa tumor and non-tumor tissues
[40]. miR-221 alone also displayed a similar AUC of 0.75 for its ability to significantly
differentiate PCa tumor and non-tumor tissues [40]. A combination of deregulated miRNAs
showed improved ability to correctly discriminate tumor and non-tumor tissues. Wach et al.
observed an AUC of 0.78 for the combination of miR-143, miR-145 and miR-375 for
correctly categorizing PCa tissue from non-tumor tissue [28]. A pattern of six miRNAs
(miR-96, miR-149, miR-181b, miR-182, miR-205 and miR-375) had a significant AUC of
0.88 to discriminate normal and tumor tissue [40]. Our study, although having a different
aim, indicates that miR-21 and miR-221 over-expression can significantly differentiate PCa
patients with intermediate risk from those with low risk CAPRA scores (AUC=0.801,
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£~=0.002). The combination of four miRNAs (miR-20a, miR-21, miR-145 and miR-221)
significantly distinguished PCa patients with high risk of aggressiveness by D’ Amico score
with an AUC of 0.824. The observed predictive specificity in the current study was
consistently much higher than the sensitivity, suggesting that the plasma miRNAs may be a
specific biomarker in prediction PCa aggressiveness, but the sensitivity needs further
improvement.

One strength of the current study is the inclusion of PCa patients at different risk of
aggressive disease as determined by CAPRA or D’ Amico score. Both risk scores were able
to accurately predict PCa metastases and mortality in large retrospective cohort studies [17—
19], although CAPRA score may be better than D’ Amico in predicting prognostic outcome
of PCa [43]. Another strength is the quantitative RT-PCR approach. This method measures
absolute copy numbers for each miRNA using a standard curve eliminating potential bias
due to the use of different miRNAs as endogenous controls to normalize data and minimizes
the variations of input RNAs on quantitative data. Several limitations need to be recognized
when interpreting the observed results. The main weakness is the cross sectional study
design that lacks of prospectively collected samples. Due to the relative short follow-up time
(mean=20.2 months), disease outcome data have not been obtained to directly indicate
aggressiveness of PCa. However, the ongoing follow-up already showed that the relapse
rates are increased for PCa patients with high-risk CAPRA or D’Amico scores (22.2%,
17.6% respectively) compared with intermedian-risk (9.5%, 7.4%) and low-risk patients
(1.9%, 0.0%). The single time-point measurement of plasma miRNAs restricts our ability to
determine causality related to altered miRNAs and PCa aggressiveness. Plasma samples
were all derived from patients prior to or at the time of treatment when the tumor is present.
It would be useful to confirm that the over-expressed miRNAs disappear after removing the
target tumor tissues. Therefore, measuring post-surgery plasma samples may help to confirm
the current findings. Another limitation is only five candidate miRNAs were evaluated based
on previous data. Further genome-wide miRNAS screening may provide an opportunity to
discover novel deregulated miRNAs that correlate with invasive PCa.

In conclusion, our results further highlight the great potential of circulating miRNAs as
prognostic biomarkers to identify patients with aggressive PCa, especially to support the
predictive role of circulating miR-20a, miR-21 and miR-145 in differentiating aggressive
PCa patients. A large prospective study to comprehensively screen miRNAs profilings is
warranted to identify novel circulating miRNAs and improve clinical prediction of PCa
prognosis and enhance the quality of life of patients.
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AUC=0.824
p=0.020

T

T T T

T

0.0 0.2 0.4 0.6 0.8 1.0

1 - Specificity

Receiver-operator characteristic (ROC) curves plot of sensitive vs. 1 — specificity for plasma
miRNAs expression (copy number/pl) and risk scores adjusted by age and ethnicity. A:
ROC curve of miR-21 and miR-221 for intermediate vs. low risk of CAPRA score. An area
under the curve (AUC) is 0.801 for the probability cut-point of 0.50 with a sensitivity of
38.1% (8/21) and a specificity of 94.2% (49/52). B: ROC curve of miR-20a, miR-21 and
miR-145 for intermediate vs. low risk of D’Amico score. The AUC is 0.763 for the
probability cut-point of 0.50 with a sensitivity of 44.4% (12/27) and a specificity of 86.8%
(33/38). C: ROC curve of miR-20a, miR-21, miR-145 and miR-221 for high vs. low risk
D’Amico score. The AUC is 0.824 for the probability cut-point of 0.50 with a sensitivity of

29.4% (5/17) and a specificity of 97.4% (37/38).
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TABLE |

Demographic and clinic-pathological characteristics of 82 prostate cancer patients in the current study

Variables No of patients (%)

Age at diagnosis

Mean + SD (yr) 61.2+6.3

< median (60) 35 (42.7)

= median (60) 47 (57.3)
Ethnicity

Caucasian 46 (56.1)

African-American 10 (12.2)

Others 26 (31.7)
Family history of prostate cancer

No 59 (72.0)

Yes 20 (24.4)

Missing 3(3.6)
Prostate volume (ml)

Mean + SD 53.0 (15.8)

< median (50) 35 (42.7)

= median (50) 36 (43.9)

Missing 11 (13.4)
PSA levels (ng/ml)

Mean + SD 6.3 (6.0)

<6 51 (62.2)

>6 24 (29.3)

Missing 7(8.5)
Tumor stage

T2a 5(6.1)

T2b or T2¢ 58 (70.7)

>T3 19 (23.2)
Lymph node status

Ny 3(3.7)

No 78 (95.1)

N, 1(1.2)
Metastasis status

MO 82 (100.0)
Gleason sum score

6 24 (29.3)

7 39 (47.5)

8-9 19 (23.2)
Follow-up time

Mean + SD (months) 18.3+10.2

< median (19.8) 38 (46.3)
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Variables No of patients (%)
2 median (19.8) 38 (46.3)
Missing 6(7.4)

Relapse status
No 71 (86.6)
Yes 5(6.1)
Missing 6(7.3)
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