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Abstract: We analyzed the levels of selected micro-RNAs in normal prostate tissue to
assess their potential to indicate tumor foci elsewhere in the prostate. Histologically normal
prostate tissue samples from 31 prostate cancer patients and two cancer negative control
groups with either unsuspicious or elevated prostate specific antigen (PSA) levels (14 and
17 individuals, respectively) were analyzed. Based on the expression analysis of
157 microRNAs in a pool of prostate tissue samples and information from data
bases/literature, we selected eight microRNAs for quantification by real-time polymerase
chain reactions (RT-PCRs). Selected miRNAs were analyzed in histologically tumor-free
biopsy samples from patients and healthy controls. We identified seven microRNAs
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(miR-124a, miR-146a & b, miR-185, miR-16 and let-7a & b), which displayed significant
differential expression in normal prostate tissue from men with prostate cancer compared
to both cancer negative control groups. Four microRNAs (miR-185, miR-16 and let-7a and
let-7b) remained to significantly discriminate normal tissues from prostate cancer patients
from those of the cancer negative control group with elevated PSA levels. The transcript
levels of these microRNAs were highly indicative for the presence of cancer in the
prostates, independently of the PSA level. Our results suggest a microRNA-pattern in
histologically normal prostate tissue, indicating prostate cancer elsewhere in the organ.
Keywords: prostate carcinoma; tumor neighboring normal tissue; microRNA; molecular
marker; early neoplastic transformation; field cancerization

1. Introduction
Understanding the biology of early tumors is of eminent strategic importance, due to its potential
impact on the diagnosis, treatment and prognosis of prostate carcinoma. To date, knowledge about
early prostate cancer development, however, is still limited. Nevertheless, it is clear that
morphologically detectable malignant changes are preceded by aberrations at the molecular-biological
level. The volume of such molecularly altered areas should be substantially larger than the
histologically manifest cancer or even the prostatic intraepithelial neoplasia (PIN) area therein [1].
These genetic alterations in histologically normal epithelia near tumors, as well as stromal cells in
epithelial tumors, have been discussed as “field cancerization” [2].
The identification of such molecular alterations in unsuspicious prostate tissue could lead to an
interesting application in clinical routine: the assessment of prostate cancer risks by evaluation of
apparently tumor-free biopsy specimens. To date, the definitive diagnosis of prostate cancer is
exclusively dependent on prostate biopsies, which are taken from patients with elevated PSA levels
(therefore, cancer-suspicious) and examined histopathologically. The absence of malignant cells
precludes the diagnosis of cancer. Now, small tumors are often missed by prostate biopsies. In such
apparently negative cases, histologically normal biopsy specimens possessing molecular signatures,
which suggest the presence of adjacent cancer or imminent progression towards malignancy [2], could
represent a diagnostic tool to identify patients at risk of having prostate cancer (on the other side, the
determination of an unsuspicious molecular environment could prevent over-diagnostics by repeated
biopsy series). Indeed, in an earlier study [3], we identified a transcription signature of five genes in
histologically normal prostate tissues, which indicated the presence of neighboring prostate
cancer foci.
Only one decade ago, microRNAs—small RNA molecules of 20–22 nucleotides length—have been
identified to be important regulators of the human transcriptome associated with several disorders—
especially cancer [4,5]. Each microRNA binds to several target transcripts, leading to direct transcript
degradation or hindering the translation initiation. A limited number of microRNAs is thus capable of
controlling a large number of transcripts [6]. In consequence, miRNA expression signatures could play
a significant role in prostate cancer initiation, indicating (pre-)malignant processes within the prostate.
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Here, we conducted a pilot study on the expression of well defined microRNAs in normal prostate
tissue to test their potential to indicate occult prostate cancer.
2. Results and Discussion
2.1. A Number of microRNAs Discriminate Tumor-Positive from Tumor-Negative Groups
As for transcripts in our previous study [3], this study was designed to scrutinize the concept of
tumor indicative microRNAs in histologically normal tissue from prostate cancer patients. After an
initial experimental and logic selection process on the 157 microRNAs with the earliest reports in
literature [for details, see experimental section, subheading 3.1 (below)], we decided to test the levels
of miR-124a, miR-146a, miR-146b, miR-185, miR-16, let-7a and let-7b in histologically normal
prostate biopsies from the tumor-positive group (TP group) compared to both tumor-negative control
collectives [tumor-negative/high PSA group (TN-hPSA) group and tumor negative/normal PSA
(TN-nPSA) group; see Table 1 for the description of the groups]. The results are shown in Figure 1.
Figure 1. Boxplots (25% and 75% quantiles) for microRNA expression (x-fold
transcription compared to the healthy control group, based on relative quantification (RQ)
values) in histologically normal tissues in the tumor negative tumor negative/normal PSA
(TN-nPSA) (green) and TN-hPSA (olive) groups and the tumor positive tumor-positive
(TP) group (red), as determined by the main experiment. p-values for microRNA level
differences between the three groups are shown in the upper right part of the graphs. p-values
for microRNA level differences between the diagnostically relevant tumor-negative/high
PSA group (TN-hPSA) group and the TP group are given in italic letters.

Indeed, we found a downregulation of these microRNAs in the tumor positive group. As
demonstrated by explorative univariate statistics on three groups (Kruskal-Wallis tests), the differences
between these collectives were significant (see upper p-values in the graphs in Figure 1). miR-187
(a microRNA designed as the control, as it was expressed in our prostate tissue pool, but not fitting to
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the selection criteria described above) was not found to be differentially expressed. The
dCt values of the internal standards RNU-44 and -48 were similar between all groups, indicating even
source RNA quantities in the investigated biopsies (supplemental figure, upper part).
Table 1. Overview on the analyzed tissue collectives.
Prostate biopsies with normal, tumor free tissue (30% to 50% epithelia)
from
Healthy men (tumor negative)

Healthy men (with initial
suspicion for prostate
cancer (PCa), but found to be
tumor negative)

PCa patients (with proven
malignant prostate tumor)

Number of
individuals

n = 17

n = 14

n = 31

Years of age
(10%- &
90%-quantiles)

51 to 64

54 to 75

54 to 66

negative palpation, negative
diagnostic biopsy series

negative or unclear palpation,
multiple negative diagnostic
biopsy series

unclear or positive palpation,
≥one tumor positive diagnostic
biopsy

low prostate specific antigen (PSA)
level

elevated PSA level

elevated PSA level

(mean 0.78 ng/mL [±0.26 SD])

(mean 6.44 ng/mL [±4.82 SD])

(mean 7.97 ng/mL [±5.21 SD])

Groups

Diagnostics

Designations
Note

Tumor-negative/normal PSA group Tumor-negative/high PSA group
(TN-nPSA group)
(TN-hPSA group)

Tumor-positive group
(TP group)

groups representing men with elevated PSA levels submitted to
diagnostic biopsy-taking in clinical routine

Interestingly, the selected microRNAs were all found to be downregulated in cancer-free biopsies
from patients with prostate cancer (TP group) compared to both age-matched cancer negative groups
(TN-nPSA group and TN-hPSA group). This could indicate that the shutdown of these microRNAs is
involved in early malignant transformation (see below). If this is true, it would fit with observations of
an extensive micro-transcriptome repression in “mature” cancer tissues [7,8], indicating a role of most
microRNAs in tissue differentiation or tumor suppression. Alternatively, it may be speculated that the
microRNA signature found here could represent a physiological or enforced reaction of normal cells
and tissues to neighboring tumor foci. In any case, reduced transcription patterns of miR-124a,
miR-146a and b, miR-185, miR-16 and let-7a and b could be considered as indicators of occult tumors
in the vicinity.
An attempt to find a robust marker set indicating occult prostate cancer, however, should regard the
clinical everyday situation. There, usually only individuals with high PSA values are submitted to
intensive diagnostic procedures, such as biopsy-taking. Therefore, we tested whether the observed
differential microRNA transcription pattern discriminates the TP group from the TN-hPSA group
alone (both groups with elevated PSA levels; see Table 1). In this comparison, levels of four
microRNAs—let-7a, let-7b, miR-16 and miR-185—remained to be significantly different, as shown by
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explorative univariate statistics on two groups (Mann-Whitney U tests; see lower p-values in the
graphs in Figure 1).
The quantification of gene markers for epithelial (ARG, GUSB) and stromal (COL1A1) tissue
resulted in comparable gene expression rates in the TP group and the TN-hPSA group (supplemental
figure, lower part), suggesting that the proportions of different tissue types in the biopsies were similar.
2.2. The miRNA Expression Signature Discriminates the Tumor-Positive from Tumor-Negative Groups
Better than Single microRNA Levels
An unsupervised cluster analysis on 58 samples with full quantification results on miR-185, miR-16
and let-7a and b grouped almost all patients of the TP group (27 of 29) in one principal cluster,
dividing it from a second principal cluster composed of individuals from both TN groups (Figure 2a).
Figure 2. Results of the multivariate analyses on the main experiment. (a) Unsupervised
cluster analysis generated on the expression levels of let-7a, let-7b, miR-16 and miR-185.
Single cases are labeled as green, olive or red depending on their group affiliation
(TN-nPSA group, TN-hPSA group and TP group respectively); (b) Classification results of
the discriminant function generated on the expression level signature of let-7a, let-7b,
miR-16 and miR-185; (c) receiver operating characteristic (ROC) curve for the estimation
of sensitivity and specificity of the discriminators let-7a, let-7b, miR-16 and miR-185 and
the discriminant function. Note that the area under the curve (AUC) of the signature
(represented by the discriminant function) is larger than the AUCs of the single microRNAs.
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A discriminant function assigned almost 90% of the TP group individuals correctly to suffer from
PCa, while 70% of the TN-hPSA group was correctly “diagnosed” to be tumor free. Notably, 100% of
the TN-nPSA group (which originally was not considered for the creation of the discriminant function
and, therefore, fulfils the criteria of a test collective), was correctly assigned to be tumor-free. Overall,
83.3% of all individuals were correctly classified (Figure 2b).
The putative sensitivity and specificity of the microRNA signature for the identification of the
diagnostically relevant groups (TP group vs. TN-hPSA group) was examined by a ROC curve
(Figure 2c) and reached 91.8% of area under the ROC curve, exceeding the most informative
univariate predictor, namely miR-185 (85.9%; although this particular observation was not tested
for significance).
2.3. The Components of the Tumor-Indicative microRNA Signature Have Tumor-Suppressive
Properties in Other Tumors
let-7a, let-7b, miR-16 and miR-185 are known to regulate tumorigenic processes in general or in
prostate cancer. Let-7a has been shown to downregulate the transcript of the MYC oncogene in
Burkitt lymphoma cells [9] and in laryngeal cancer [10]. Elevated expression of MYC is a central event
in the early development of human malignancies. Low level overexpression of MYC in mouse models
leads to the development of PIN-like epithelial cell abnormalities [11] and results in the development
of prostate cancer [12]. Previously, we could demonstrate MYC to be upregulated within the same
collective (TP group [3])—a causal relationship of these findings with the let-7a repression
demonstrated here might be supposed [indeed, we found a weak correlation between MYC
upregulation and let7a repression in dCt value cross-comparisons—however, it did not reach our
significance criteria (not shown)]. It also has been shown that let-7a downregulates the oncogenes,
E2F2 and cyclin D2 [13]. Let-7b is targeting important cell cycle molecules in malignant melanoma
cells and interferes with anchorage-independent growth [14]. miR-16 has been found to be
downregulated in prostate cancer [15]. Also, miR-16 controls prostate cancer [16] and non-small cell
lung cancer [17], together with miR-15a, by targeting and downregulating multiple oncogenic
activities. It also has been shown that both microRNAs induce apoptosis by targeting Bcl2 [18].
Finally, miR-185 was shown to induce cell cycle arrest in human non-small cell lung cancer cell
lines [19]. These studies demonstrate evidently the tumor suppressive functions of these four
microRNAs. Their downregulation supports models suggesting a stepwise accumulation of early,
oncogenic molecular changes in premalignant cells during carcinogenesis [2,20–23].
3. Experimental Section
3.1. Pre-Selection of microRNAs
To test principal miRNAs expression in prostate tissue, we prepared an RNA pool of tumor
negative prostate biopsies from 17 healthy donors (Table 1, supplementary Table 1) to assess the
expression of 157 microRNAs by quantitative RT-PCRs. Ninety four of 154 microRNAs were found
to be expressed in prostate tissue (showing regular, sigmoid shaped PCR curves of both technical
replicates at a dCt value dissimilarity ≤1; see supplementary Table 2).
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On these expressed microRNAs, we applied the following selection tree on the miRó microRNA
database and PubMed inquiries to define PCa marker candidates:
1.
2.

3.

Are the microRNAs associated with prostate cancer (according to MiRó data)? If
yes, then:
Are (prostate-) cancer-related target transcripts of the microRNAs experimentally
validated or else consistently predicted by three independent prediction algorithms
(TargetScan, miRanda and PicTar)? If yes, then:
Are there reports on a role in human early cancer formation, malignant transformation or
field cancerization in scientific literature (PubMed search results up to the year 2008)?

The following microRNAs fitted best to these requirements and were chosen for further analyses in
the main experiment: miR-124a, miR-146a, miR-146b, miR-185, miR-16, let-7a and let-7b.
miR-187—a microRNA expressed in our prostate tissue pool, but not fitting to the selection criteria
described above—was also included to the main experiment analysis for control purposes (see below).
3.2. Collectives Analyzed in the Main Experiment
For the main experiment, we defined three collectives of tumor-free prostate biopsies taken by
diagnostic ultrasound-guided transrectal biopsy probing (Table 1; detailed data in supplementary Table 1):
1.
2.

3.

the tumor-positive group (TP group) composed of patients with proven PCa,
the tumor negative/high PSA group (TN-hPSA group), composed of patients with an
elevated PSA level, but a high likelihood of being cancer-free (as confirmed by
multiple repeated negative biopsies [24]),
the tumor negative/normal PSA group (TN-nPSA group), comprising healthy men
with normal serum PSA (<1 ng/mL).

3.3. Tissue Sample Acquisition and RNA Isolation
The approval for the study was obtained from the local ethical committee. All patients gave written
permission to additional tissue sampling for scientific purposes.
Tissue specimens from all individuals were collected as previously described [3]. Shortly, all tissue
samples were obtained from the peripheral zone of the prostate by transrectal prostate biopsies and
immediately fixed in RNAlater (Qiagen, Hilden, Germany). HE staining of representative longitudinal
cryo-sections was done to ensure the absence of cancer or PIN. Only tissues that contained between
30% and 50% epithelia were enrolled into further analysis. RNA was isolated from the remaining
cryo-samples using RNeasy columns (Qiagen), following an adapted protocol for separate isolation of
RNA and microRNA (the flow-throughs from the first washing step along with microRNA and small
RNA fragments therein were preserved, mixed with 3 × vol 100% EthOH and administrated on new
RNeasy columns; the following usual washing steps were done as described by Qiagen). MicroRNA
quantity and quality was assessed using PicoRNA kits and an Agilent 2100 bioanalyzer (Agilent
Technologies, Waldbronn, Germany; measuring the integral of the peak at 20 to 50 nucleotides) and
the NanoDrop technology (NanoDrop products; Wilmington, DE, USA).
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3.4. Quantitative RT-PCR
20 ng of microRNA fractions were reversely transcribed to cDNA in volumes of 20 µL using the
cDNA archive kit, according to the manufacturer’s protocol (Applied-Biosystems, Darmstadt,
Germany), using specific loop-RT-primers for all investigated mature microRNAs (see below).
RT-PCRs were performed on the Gene-analyzer 7900 (Applied Biosystems) using microRNA assays
on demand (Applied Biosystems; pre-designed primer-pair and Taq-man probe combinations) to amplify
up to 157 microRNAs (supplementary Table 2) in duplicates, according to the manufacturer’s guidelines.
For initial screens in the healthy prostate tissue pool, RT-PCR runs were examined for principal
microRNA expression by assessment of dCt values and regular sigmoid shaped curves. For the main
experiment, relative expression differences of selected microRNAs between the analyzed collectives
were calculated using the ∆∆Ct method [25]. Small nuclear RNAs, RNU44 and RNU48, were applied
as internal standards. Mean target microRNA ∆Ct values of the healthy control collective
(TN-nPSA group) were defined as calibrators; resulting RQ values (relative quantification) on all
microRNAs have to be understood as x-fold expressions compared to mean expressions in the
TN-nPSA group.
Levels of tissue type-specific transcripts for epithelial (ARG, GUSB) and stromal (COL1A1) cells
were analyzed on all groups by RT-PCRs, as previously published [3], to test the biopsies for similar
distributions of tissue types.
3.5. Statistical Evaluation
Due to non-Gaussian distribution patterns of the results, non-parametric tests (Mann-Whitney U and
Kruskal-Wallis tests) were applied to test for significant microRNA level differences of the compared
groups. Transcript level differences were considered to be significant when means of the
RNU44/48-double-normalized RQ sets displayed a p-value <0.05. Additional analyses implied a
non-supervised cluster analysis (Ward method on squared Euclidic distances) and an analysis for the
creation of a discriminant function on the TP group and the TN-hPSA group, implying all individuals
with complete quantification results of the included microRNAs. Sensitivities and specificities were
compared by ROC curves. Statistic evaluation was performed using Microsoft Excel and SPSS.
4. Conclusions
In our previous study, we found indications for the existence of a gene transcription phenotype in
histologically normal prostate tissue, indicating neighboring tumors [3]. Here, the identification of a
microRNA signature with similar properties expands these possibilities, as tests on microRNAs have
some methodological advantages compared to mRNAs (microRNAs are less sensitive to tissue
degradation [26] and fixation and are degraded less rapidly—microRNA tests, thus, could be more
successful, even after formalin fixation and/or after prolonged storage of prostate tissues).
Additionally, due to their diminutive length, microRNAs diffuse easily through cellular and tissue
barriers, leading to organ-wide extracellular microRNA levels, which could reflect particular
microRNA signatures in dispersed tumor foci. In this way, the local measurement of cancer-typical
microRNA patterns in unsuspicious tissue compartments could indicate tumors in the vicinity.
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However, our study has some limitations. First, the selection procedure explained in the
experimental section missed some miRNAs with a high consensus in newer prostate cancer research,
as miR-96, miR-221/222 or miR-205 (miRNAs described as deregulated in mature PCa compared to
normal tissues in most profiling studies [27–30]). Hence, comprehensive array screenings are required
to obtain inclusive information about the micro-transcriptome in premalignant prostate tissues. Second,
our analysis has not been validated on independent collectives so far. It consequently has to be viewed
as a pilot study. Finally, studies are lacking that could elucidate the functional role of the studied
microRNAs in prostate carcinogenesis.
The clear, significant microRNA level differences found between the compared groups nevertheless
give reason to further test our microRNA signature on larger and independent collectives for their
applicability as diagnostic surrogate markers in biopsies from patients with elevated PSA serum levels.
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