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Abstract 

MicroRNAs (miRNAs) play a pivotal role in cancerogenesis and cancer progression, but their 
specific role in the metastasis of clear cell renal cell carcinomas (ccRCC) is still limited. Based 
on microRNA microarray analyses from normal and cancerous samples of ccRCC specimens 
and from bone metastases of ccRCC patients, we identified a set of 57 differentially expressed 
microRNAs between these three sample groups of ccRCC. A selected panel of 33 miRNAs 
was subsequently validated by RT-qPCR on total 57 samples. Then, 30 of the 33 examined 
miRNAs were confirmed to be deregulated. A stepwise down-regulation of miRNA expres-
sion from normal, over primary tumor to metastatic tissue samples, was found to be typical. A 
total of 23 miRNAs (miR-10b/-19a/-19b/-20a/-29a/-29b/-29c/-100/-101/-126/-127/-130/-141/ 
-143/-145/-148a/-192/-194/-200c/-210/-215/-370/-514) were down-regulated in metastatic 
tissue samples compared with normal tissue. This down-regulated expression in metastatic 
tissue in comparison with primary tumor tissue was also present in 21 miRNAs. In cell culture 
experiments with 5-aza-2'-deoxycytidine and trichostatin A, epigenetic modifications were 
shown as one reason of this down-regulation. The altered miRNA profiles, comprising newly 
identified metastasis-associated miRNAs, termed metastamir and the predicted miR-
NA-target interactions together with the significant correlations of miRNAs that were either 
lost or newly appeared in the studied sample groups, afford a solid basis for further functional 
analyses of individual miRNAs in RCC metastatic progression. 
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Introduction 
Renal cell carcinoma (RCC) is one of the ten most 

frequent tumors, representing approximately 3-5% of 
all adult malignancies [1]. In 2012, 64,770 new cancer 

cases and 13,570 deaths are expected in the USA [1]. 
Approximately 80-90% of this cancer comprises the 
histological clear cell subtype of RCC (ccRCC). At the 
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time of initial diagnosis, approximately 60% of the 
patients have a localized carcinoma, and nearly 20% 
are identified with regional or distant metastases [2]. 
As approximately 30% of RCC cases develop meta-
static disease following surgery with curative intent, 
there is a need to better detection of high risk RCC to 
potentially improve the curative treatment for RCC 
disease. Metastatic spread of RCC, primarily occur-
ring in the lungs, bones, liver or brain, account for the 
high morbidity and poor prognosis. The average sur-
vival time from the diagnosis of distant metastasis 
ranges around 24 months, and less than 20% of the 
patients survive more than 5 years [2]. Thus, essential 
research efforts are needed to establish novel molec-
ular-based strategies to more successfully combat this 
aggressive metastatic disease. 

 Cancer progression is a complex multi-step 
process for which the path from a primary tumor to a 
metastatic lesion is still largely unknown. It is sug-
gested that the organ-specific sequence of these step-
wise events is induced by epigenetic and genetic 
changes [3]. Therefore, a better understanding of these 
molecular processes could allow the development of 
early diagnostic markers and could lead to effective, 
targeted approaches to preventing and treating RCC 
metastasis. Recent reports have shown the emerging 
role of microRNAs (miRNAs) in cancerogenesis. The 
identified miRNAs associated to cancer have been 
termed oncomirs [4], and the specific miRNAs with 
pro- and anti-metastatic effects are so-called 
metastamirs [5,6]. These non-protein coding RNAs of 
approximately 20-22 nucleotides are involved in the 
regulation of approximately 30% of all of the genes at 
the post-transcriptional level [7]. As of July 2012, a 
total of 1921 mature human miRNAs have been an-
notated in the miRBase release 18.0 
(http://www.mirbase.org). Meanwhile, numerous 
studies have proven the differential miRNA expres-
sion for different cancer types [8-11]. For urological 
malignancies, we recently summarized the expression 
data of miRNAs as well as the potential role of 
miRNAs as regulators in the signal transduction 
pathways and as metastamirs [6,12,13]. In the case of 
renal cell carcinoma, several studies have reported on 
differential miRNA expression patterns [14-18]. 
However, the information on specific miRNAs in re-
lation to the RCC metastasis is limited. In the litera-
ture, only a few reports on miRNA profiles or single 
miRNAs that are related to RCC metastasis are pub-
lished with a minimal overlap of miRNAs between 
those studies [19-23]. 

 Therefore, in the present study, we aimed (a) to 
specify a typical metastamir pattern of ccRCC by 
examining our own miRNA microarray data from 

non-malignant and malignant samples of ccRCC 
specimens as well as from bone metastatic ccRCC 
samples, (b) to validate the most prominent 
metastamirs in reverse transcription quantitative 
RT-PCR (RT-qPCR) assays, (c) to examine epigenetic 
modifications as potential reason for altered miRNA 
expression, (d) to correlate the expression of validated 
miRNAs with each other and with clini-
co-pathological variables, and (e) to use an enrich-
ment strategy comprising miRNA and predicted gene 
targets thereof prominent in the renal cell carcinoma 
pathway in the Kyoto Encyclopedia of Genes and 
Genomes (KEGG). These microRNA metastatic sig-
natures could be helpful for providing a better un-
derstanding of the biology of ccRCC and for predict-
ing clinical outcomes and metastatic recurrences. 

Materials and Methods 
Patients and Tissue Samples 

A total 22 non-malignant tissue samples from 22 
non-metastatic ccRCC patients (21 male, one female; 
median age 62, range 41-78 years) and 22 malignant 
samples from another 22 ccRCC patients (21 male, one 
female; median age 67, range 39-87 years) undergoing 
radical nephrectomy as well as metastatic tissue sam-
ples from 13 patients (12 male, one female, median 
age 67, range 40-89 years) undergoing surgical resec-
tion of ccRCC bone metastases were collected be-
tween 2003 and 2010 at the University Hospital Char-
ité, as previously reported [24]. Tissue samples were 
snap frozen in liquid nitrogen directly after surgery 
and were stored at -80°C until RNA isolation. Fifteen 
tumor samples were classified as pT1, one as pT2, and 
six as pT3, according to the 2002 TNM classification, 
while the histological grading according to the 2004 
WHO criteria resulted in four G1, 17 G2, and one G3 
(Table 1). All of the tumor types were ccRCC. The 
study was approved by the Ethics Committee of the 
University Hospital Charité in accordance with the 
principles of Declaration of Helsinki; the patients 
provided informed consent. All of these samples were 
used for the validation of the microarray-based selec-
tion of differentially expressed miRNAs with 
RT-qPCR. Tissue samples used for microarray profil-
ing were previously described [24]. 
Cell Culture Experiments with Epigenetic 
Modifications 

 The ccRCC cell lines ACHN and A498 were 
maintained in Eagle's Minimum Essential Medium 
(Biochrom, Berlin, Germany), Caki-1 in McCoy's 5a 
Medium (Invitrogen, Darmstadt, Germany), and 
786-O in RPMI 1640 (Invitrogen) under standard 
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conditions (37°C, 5% CO2) recommended by the 
American Type Culture Collection (Manassas, VA, 
USA). All media were supplemented with 10% fetal 
calf serum (PAA, Pasching, Austria) and 100 U/ml 
penicillin and 100 mg/ml streptomycin (both PAA). 
For the demethylation and histone deacetylase inhi-
bition experiments, the cells were plated in 6-well 
plates and 24 h later, they were treated with 1 µM 
5-Aza-2'-deoxycytidine (Aza) (Sigma, Munich, Ger-
many) for 72 h or with 1 µM Aza for 72 h followed by 
100nM trichostatin A (TSA) (Sigma) for 24h. The me-
dia with Aza was renewed after 48 h.  

 

Table 1. Clinical and histopathological characteristics of 
investigated patients. 
Characteristic ccRCC patients un-

dergoing nephrec-
tomy (n=22) 

Bone metastatic ccRCC 
patients (n=13) 

Age, years   
Median 67 69 
Range 37-78 40-89 
Sex   
Male 21 12 
Female 1 1 
pT stage  Not applicable 
pT1 15  
pT2 1  
pT3 6  
pT4 -  
N stage  Not applicable 
pN0 6  
pN1 -  
pNx 16  
M stage   
M0 22  
M1 -  
Mx -  
Surgical margin  Not applicable 
R0 19  
R1 1  
R2 1  
Rx 1  
ccRCC: clear cell renal cell carcinoma.  

 
 

RNA Extraction, Microarray-based MiRNA 
Profiling and Quantitative RT-PCR of MiRNAs 

Analyses were performed as previously de-
scribed [11,17,24]. Details are given in Doc S1 of Sup-
plementary Material. 

Prediction of MicroRNA Targets 
Target prediction was performed using 

miRecords (http://mirecords.umn.edu/miRecords) 
which integrates several miRNA target prediction 
programs [25]. We assumed a useful prediction only if 
the putative target was concordantly identified by 
three of the most common algorithms (miRanda, 
PicTar, and TargetScan). Some miRNAs were not 
listed neither in the PicTar tools used in the 
miRecords search machine and were also not listed in 
the actualized PicTar program [26]. In this case, addi-
tional positive predictions by two other algorithms 
(PITA, RNAhybrid) in miRecords were used as a cri-
terion for a putative target. The web-based software 
DIANA-mirPath (http://diana.cslab.ece.ntua.gr) was 
applied to identify genes that are affected by differ-
entially expressed miRNAs in the renal cell carcinoma 
pathway provided by the KEGG database [27]. 

Statistical Analysis 
Statistical analyses were performed with Graph 

Pad Prism version 6.0 (GraphPad Software Inc., La 
Jolla, CA, USA), IBM SPSS Statistics version 19 (IBM 
Corp., Somers, NY, USA), and MedCalc version 12.2.1 
(MedCalc Software, Mariakerke, Belgium). Differ-
ences between the miRNA expressions of the three 
sample groups were analyzed by non-parametric tests 
(Kruskal-Wallis-test with Dunn's test; Mann-Whitney 
U test), as indicated in the corresponding passages in 
the text. Significances in the cell experiments were 
calculated by the Student's t-test. Correlations were 
assessed by Spearman's rank correlation coefficients. 
P-values of <0.05 (two-tailed) were considered to be 
statistically significant. Data of the cell Sample size 
determinations were performed using Graph-Pad 
StatMate, version 2.0, based on an alpha error of 5% 
and a power of 80% (Doc S2 of Supplementary Mate-
rial). 

Results 
Characteristics of the Isolated Total RNA 

The median RNA yield from one mg wet weight 
of normal, malignant, and metastatic tissue samples 
amounted to 937 ng (95% CI, 734-1247 ng), 499 ng 
(466-636 ng), and 809 ng (331-1165 ng), respectively. 
The yield from the malignant RCC samples was sig-
nificantly lower compared with the quantities that 
were isolated from the two other tissue samples 
(Kruskal-Wallis test, P<0.001). The median ratios of 
the absorbances at 260 nm to 280 nm (2.04, 2.01, and 
2.00) and the median RIN values (7.45, 7.8, and 7.2) of 
the RNA samples from the three sample groups did 
not differ (Kruskal-Wallis test, P>0.05). 
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Microarray-based Selection of Metastamirs 
The normalized data and the quality flags (pre-

sent and absent calls) generated from GeneSpring 
software were used to identify differentially ex-
pressed miRNA genes between sample groups. Here, 
148 miRNAs of the 470 human miRNA species located 
on the Agilent microarray chip were flagged as “val-
id” in a minimum of 80% of the samples from each 
group. A total of 57 of these miRNAs with a minimum 
1.5-fold difference between the mean expression in 
the malignant RCC samples and bone-metastatic 
samples were classified as dysregulated miRNAs 
(Mann-Whitney U test, corrected P<0.05; Supple-
mentary Material: Table S1). These miRNAs were 
re-evaluated concerning chip raw-signal intensity to 
detect the selected candidates in RT-qPCR. Our pre-
viously published work showed that the raw signal 
strength in microarray experiments and the ability to 
detect a miRNA by RT-qPCR was strongly correlated 
[11]. Therefore, a threshold of a mean raw signal >850 
was used to condense the number of potentially de-
regulated miRNAs to a final list of 28 targets resulting 
from this microarray analysis (Table 2 and Supple-
mentary Material: Table S1). 

RT-qPCR Validation of Metastamirs 
To confirm the results of the microarray data 

sets, 24 out of these 28 miRNAs with the highest dif-
ferential fold changes and the immediate availability 
of test kits build the selection criteria for the valida-
tion using RT-qPCR (Table 2). Furthermore, six dif-
ferentially expressed miRNAs based on our previous 
ccRCC profiling study [17] and eight additional 
miRNAs from literature [14,15,18-20,28-31] were in-
cluded in this first validation approach (Table 2). 

 The initial validation of all these 38 miRNAs was 
checked regarding their measurability (Cqs <35) in 
three RNA pools that were prepared with equal 
amounts of RNAs from eight RNA samples isolated 
from normal, malignant, and metastatic samples. Five 
miRNAs with Cqs >35 in the pools were excluded 
from further analysis. The remaining 33 miRNAs 
were measured in 57 individual clinical samples in the 
final RT-qPCR validation normalized against the pre-
viously validated reference gene combination of 
miR-28, miR-103, and miR-106a (Table 2) [24]. Only a 
few of the 33 miRNAs are affiliated with the same 
miRNA gene family or miRNA cluster (Supplemen-
tary Material: Table S2). A very good agreement be-
tween the microarray data and the RT-qPCR results 
was evident (Table 2). 

 The results of the RT-qPCR measurements in the 
three sample groups are presented in Figure 1 and in 
detail in Supplementary Material: Table S3. The fol-
lowing features are striking: (a) 30 of the 33 total ex-
amined miRNAs, except for miR-195, miR-451, and 
miR-494, showed a differentially expressed pattern in 
the three sample groups. (b) The general 
down-regulation of miRNAs in bone metastatic sam-
ples found in the microarray analysis was confirmed; 
21 of the 30 deregulated miRNAs were significantly 
down-regulated (P<0.005) in metastatic samples when 
compared with those in primary tumors (Table 2). In 
addition, these 21 miRNAs, as well as miR-127 and 
miR-370, were less expressed in metastatic than in 
normal tissue samples. (c) Eight miRNAs (miR-19b, 
miR-20a, miR-29b, miR-101, miR-130a, miR-143, 
miR-145, and miR-148) did not differ in their expres-
sion between normal and tumor RCC samples but 
decreased in metastatic samples. This decreased ex-
pression in metastatic samples was also observed for 
miR-19a and miR-126, which were more highly ex-
pressed in tumor RCC samples compared with sam-
ples from normal tissue. (d) Only six miRNAs 
(miR-21, miR-155, miR-210, miR-223, miR-224, and 
miR-296) were up-regulated in metastatic samples in 
comparison to normal tissue samples, while only one 
of these miRNAs (miR-296) and the additional 
miR-638 were higher expressed compared with pri-
mary tumor samples. (e) A gradually reduced ex-
pression in non-malignant tissue samples as com-
pared to primary tumor and metastatic samples was 
observed for 11 miRNAs (miR-10b, miR-26a, miR-29a, 
miR-29c, miR-100, miR-141, miR-192, miR-194, 
miR-200c, miR-215, and miR-514). 

Down-regulation of miRNAs by Epigenetic 
Modifications 

We hypothesized that the high proportion of 
down-regulated miRNAs could possibly be caused by 
epigenetic modifications. Therefore, we exemplarily 
selected miR-29a, miR-101, miR-127, miR-141, 
miR-145, miR-200c, miR-215, and miR-514 to study 
their expression in RCC cell lines after treatment with 
the demethylating agent 5-aza-2'-deoxycytidine alone 
or in combination with the histone deacetylase inhib-
itor trichostatin A. As shown in Figure 2, the expres-
sion of miR-127, miR-141, miR-145, and miR-514 
could be restored, whereby the re-expression effect 
was generally enhanced when both agents were used 
in combination. The other four miRNA (data not 
shown) did not change their expression behavior un-
der the above-mentioned treatment. 
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Table 2. miRNAs included in the RT-qPCR analysis regarding their metastatic association.† 

Selected miRNAs by microarray analysis  
  Microarray‡ RT-qPCR‡ 

No.  miRNA Fold changes P Fold changes P 
1 miR-10b -2.29 0.001 -3.91 <0.0001 
2 miR-19a -2.76 0.001 -1.94 <0.0001 
3 miR-19b -1.68 0.003 -1.71 <0.0001 
4 miR-21 +1.65 0.035 +1.23 0.986 
5 miR-29a -1.78 0.003 -1.98 0.0004 
6 miR-29b -3.36 0.001 -4.28 <0.0001 
7 miR-29c -3.63 0.001 -4.00 <0.0001 
8 miR-100 -2.40 0.025 -1.87 0.007 
9 miR-101 -2.17 0.001 -3.57 0.001 
10 miR-126 -2.76 0.001 -2.60 0.002 
11 miR-130a -1.76 0.013 -1.78 0.019 
12 miR-143 -2.51 0.015 -2.44 0.011 
13 miR-145 -2.80 0.005 -2.56 0.001 
14 miR-148a -2.10 0.009 -1.65 0.039 
15 miR-192 -2.98 0.013 -5.13 0.001 
16 miR-194 -3.40 0.010 -7.05 0.0002 
17 miR-195 -2.31 0.021 -2.55 0.054 
18 miR-223 +2.83 0.013 -1.02 0.824 
19 miR-370 +11.3 0.001 +1.43 0.905 
20 miR-451 +4.79 0.013 +1.60 0.403 
21 miR-494 +5.73 0.001 +1.17 0.063 
22 miR-575 +7.87 0.001 see Note§ - 

23 miR-630 +15.2 0.001 see Note§ - 

24 miR-638 +5.93 0.001 +1.56 0.030 
      
Selected miRNAs from a ccRCC-specific miRNA panel [17] 

1 miR-141 - - -3.91 <0.0001 
2 miR-155 - - +1.52 0.267 
3 miR-200c - - -2.62 0.004 
4 miR-210 - - -1.54 0.063 
5 miR-224 - - +1.38 0.484 
6 miR-514 - - -3.78 0.007 
      
Selected miRNAs after literature search 

1 let-7f Gottardo et al. [14] see Note§  

2 miR-20a Chow et al. [29] -1.40 0.002 
3 miR-26a Liu et al. [31], Chow et al. [30], Heinzelmann et al. [20] -2.11 <0.0001 
4 miR-106b Chow et al. [30], Slaby et al. [19] see Note§  

5 miR-125b Liu et al. [31] see Note§  

6 miR-127 Saito et al .[28] -1.43 0.091 
7 miR-215 Nakada et al. [15] -7.28 0.007 
8 miR-296 Juan et al. [18] +3.55 0.001 
†miRNAs investigated in this study were chosen on the basis of the microarray-based selection of metastamirs in the present study, a specific panel of differen-
tially expressed miRNAs in renal cell carcinoma described in a previous study [17] and literature data as indicated. ‡Fold changes in metastatic to primary renal 
cell carcinoma samples (see Figure 1 and Supplementary Material: Table S1). Symbols: +, up-regulation; -, down-regulation. §miRNAs in italics showed Cq 
values >35 in RT-qPCR of the pooled samples and were therefore excluded in subsequent analyses. 
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Figure 1. Expression of the 33 miRNAs validated by RT-qPCR in 
normal, primary tumor, and metastatic tissue samples of renal cell 
carcinoma. Columns (blank column: normal, non-malignant tissue, 
n=22; gray column: primary tumor tissue, n=22; black column: 
bone metastatic tissue, n=13) represent medians with 95% CIs. 
The reference miRNA combination of miR-28, miR-103, and 
miR-106a was used for normalization [24]. For the sake of com-
pleteness, we also included in this figure of deregulated miRNAs 
the data of miR-19b and miR-141 previously reported [24]. For 
reasons of clarity, miRNAs were listed according to their number 
and the left (L) and right (R) y-axis, as indicated in the upper part of 
the figure, was used to represent the expression levels of the 
various miRNAs. Statistical differences were calculated by the 
Mann-Whitney U test between the groups and indicated as fol-
lows: *, P<0.05; **, P<0.01; ***, at least P<0.001. 

 

Correlation between the Expression of MiR-
NAs and Their Expression with Clini-
co-pathologic Variables 

The correlation between the expression of the 
individual miRNAs was analyzed by Spearman's rank 
correlation (Supplementary Material: Table S4). From 
this analysis, 32 miRNA pairs were identified with 
correlation coefficients (rs) >0.70 (Table 3). Taking into 
account this high level of rs >0.70 as criterion of 
co-expression/co-regulation between miRNAs, dif-
ferential correlation patterns between the three 
groups were observed (Table 3). Two main situations 
could be distinguished: (a) significant correlations of 
the miRNA pairs in all of the sample groups without 
or with slight differences between them (e.g., the pairs 
miR-10b/miR-126, miR-19a/miR-19b, 
miR-192/miR-194, and miR-194/miR-215) and (b) 
distinctly different correlation coefficients of the 
miRNA pairs between two different sample groups 
with either the loss of correlation (e.g., 
miR-21/miR-223, miR-130a/miR-143) or a new cor-
relation (e.g., miR-10b/miR-143, miR-127/miR-200c) 
that appeared in the metastatic samples compared 
with those in non-malignant and primary tumor 
samples. miRNA pairs from the same family/cluster 
(Supplementary Material: Table S2) did not always 
correlate (e.g., miR-141/miR-200c, miR-29a/miR-29b) 
whereas significantly altered correlations were ob-
served between miRNA pairs (e.g., miR-19a/miR-20a, 
miR-143/miR-145), depending on the sample group 
studied. As explained in the Discussion section, the 
correlation data, especially the loss or new appear-
ance of correlations between the different miRNA 
pairs in the study groups, could be helpful to interpret 
the changed involvement of miRNAs as characteris-
tics for the respective groups. 
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 No significant association was found between 
the expression of any miRNA and age (rS with P val-
ues 0.061 to 0.974). Out of the 33 miRNAs measured, 
only miR-130a (rs=-0.450; P=0.036), miR-200c 
(rs=0.488; P=0.021), and miR-638 (rs=-0.648; P=0.001) 
were significantly (P<0.05) correlated with the tumor 
stage, while miR-19a (rs=-0.450; P=0.036), miR-130a 
(rs=-0.627; P=0.048), miR-210 (rs=-0.455; P =0.048), and 
miR-451 (rs=0.441; P=0.040) significantly correlated 
with the tumor grade. 

Putative MiRNA Target Genes 
In Table 4, we summarized validated and the 

number of predicted putative miRNA-target interac-
tions of the 30 differentially expressed miRNAs 
shown in this study. As stated in the Methods section, 
only the genes that were identified by the three com-
putational prediction programs miRanda, PicTar, and 
TargetScan were considered. However, despite this 
strong selection criterion, the high figures of predicted 
and already validated targets related to the KEGG 
pathway "renal cell carcinoma" [27] are obvious (Table 
4). 

 
 
 
 
 

Figure 2. Expression of miR-127, miR-141, miR-145, and miR-514 
in the renal cell carcinoma cell lines 786-O, A498, Caki-1, and 
ACHN treated with 5-aza-2'-deoxycytidine (Aza) and trichostatin 
A (TSA). Values are given as fold changes (mean ± SEM) in treated 
cells compared with the expression in untreated cells. The ref-
erence gene combination of RNU48 and RNU6B was used for 
normalization and the expression in the untreated cells was set 
one. 
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Table 3. Spearman rank correlation coefficients (rS) >0.70 between miRNAs in normal (non-malignant) renal tissue samples 
in comparison to the rS-values of miRNAs in tissue samples from the primary clear cell renal cell carcinoma and metastases. 

Correlation between 
miRNA pairs 

rS 

Non-malignant ccRCC Metastases 
miR-10b miR-101  0.473  0.382†  0.709 
miR-10b miR-126  0.560  0.813  0.808 
miR-10b miR-143  0.280†,b  0.280†,b,c  0.852b,c 

miR-10b miR-194  0.721a,b  0.161†,a  -0.269†,b 

miR-19a miR-19b  0.871  0.720  0.945 
miR-19a miR-20a  0.534a  0.877a,c  0.319†,c 

miR-19b miR-130a  0.375†,a,b  0.870a,c  -0.456†,b,c 

miR-21 miR-223  0.770a,b  0.299†,a  0.060†,b 

miR-29a miR-130a  0.761b  0.447  0.027†,b 

miR-29a miR-141  0.730  0.286†  0.407† 

miR-29b miR-29c  0.579  0.754  0.462† 

miR-29b miR-514  -0.021†,b  0.046†,c  -0.797b,c 
miR-101 miR-194  0.794b  0.506  0.203†,b 

miR-101 miR-215  0.800b  0.530  0.275†,b 

miR-126 miR-143  0.247†,b  0.144†,c  0.907b,c 

miR-126 miR-145  -0.249†,b  0.089†,c  0.874b,c 

miR-126 miR-195  0.246†,b  0.344†,c  0.835b 

miR-127 miR-195  0.478  0.235†  0.742 
miR-127 miR-200c  -0.106†,b  0.073†,c  -0.736b 

miR-127 miR-370  0.677a  0.906a  0.879 
miR-130a miR-143  0.832b  0.496c  -0.225†,b,c 

miR-130a miR-195  0.840b  0.424  0.071†,b 

miR-141 miR-210  0.438  0.738c  0.016†,c 
miR-143 miR-145  0.466b  0.641c  0.934b,c 

miR-143 miR-195  0.780  0.625  0.769 
miR-145 miR-370  0.136†  0.522  0.703 
miR-148a miR-194  0.799a,b  0.0224†,a  -0.264†,b 

miR-192 miR-194  0.854  0.835  0.967 
miR-192 miR-215  0.768  0.868  0.951 
miR-194 miR-215  0.864  0.773  0.940 
miR-451 miR-638  0.566  0.313†  0.775 
miR-494 miR-638  0.353†  0.622  0.709 
ccRCC: clear cell renal cell carcinoma; rs: Spearman's rank correlation coefficient. † Correlation coefficients with this superscript indicate non-significant (P>0.05) 
correlations within the group. Figures without this superscript indicate significant correlation between the corresponding miRNA pair. aSignificant differences 
(at least P <0.05) between the correlation coefficients from non-malignant and primary tumor samples. bSignificant differences (at least P<0.05) between the 
correlation coefficients from non-malignant and metastatic tissue samples. cSignificant differences (at least P<0.05) of the correlation coefficients from the pri-
mary tumor samples and metastatic tissue samples. 

 

Table 4. Predicted and validated targets of the differentially expressed miRNAs in this study. 

hsa-miRNA Predicted 
targets† 

Validated targets of the RCC pathway‡ 

miR-10b 57 PIK3CA, CRK, PAK7 
miR-19a 321 PIK3CA, HIF1A, KRAS, PAK6, RAP1B, RAP1A, PIK3R3, RAF1 
miR-19b 326 PIK3CA, HIF1A, KRAS, PAK6, RAP1B, RAP1A, PIK3R3, RAF1 
miR-20a 293 HIF1A, EGLN3, EPAS1, VEGFA, CRK, MAPK1, PAK7, EGLN1 
miR-21 67 PIK3R1 
miR-26a 206 HGF, CREBBP, PAK2, RAP1B, RAP1A, EP300 
miR-29a 281 PDGFB, PIK3R1, VEGFA, CDC42, PIK3R2, ARNT, AKT3, TGFB3 
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miR-29b 284 PDGFB, PIK3R1, VEGFA, CDC42, PIK3R2, AKT3 
miR-29c 315 PDGFB, PIK3R1, VEGFA, CDC42, PIK3R2, ARNT, AKT3, TGFB3 
miR-100 15 - 
miR-101 188 TCEB1, MAPK1, RAC1, PAK2, RAP1B, AKT2, PAK7 
miR-126 4 CRK 
miR-127 4 - 
miR-130a 233 MET, EGLN3, SOS1, PAK6, EP300 
miR-141 168 HGF, CDC42, GRB2, TGFB2, GAB1 
miR-143 74 KRAS, PTPN11, EGLN1 
miR-145 101 PAK7 
miR-148a 166 MET, SLC2A1, EPAS1, SOS1, EP300, PIK3R3 
miR-155 96 PIK3CA, HIF1A, KRAS, SOS1, RAP1B, ETS1 
miR-192 19 - 
miR-194 74 HIF1A, MAPK1, RAP1B, AKT2 
miR-200c 289 TCEB1, CRKL, SOS1, PTPN11, VEGFA, RAC1, RAP1B, ETS1, PAK7, EP300, EGLN1, JUN 
miR-210 4 - 
miR-215 19 RAP1B 
miR-223 58 PAK7 
miR-224 82 ETS1 
miR-296 1050 - 
miR-370 132 PIK3CA, SOS1 
miR-514 550 RBX1, SLC2A1, JUN, AKT3 
miR-638 254 - 
†Number of predicted targets according to the algorithms explained in Materials and Methods. The individual targets are available as complete list upon request. 
‡Validated targets indicated by the software DIANA-mirPath (http://diana.cslab.ece.ntua.gr) corresponding to the genes that were provided to be affected in 
the renal cell carcinoma pathway as shown in the KEGG database [27]. 

 

Discussion 
 In 2007, Ma et al. [32] showed for the first time 

that miRNAs belong to the group of critical regulators 
in the complex invasion-metastasis network process 
of breast cancer. Because miRNAs regulate ~30% of 
the transcriptome by either translational inhibition, 
destabilization or RNA decay [33], these cellular 
components are considered to be important modula-
tors of signal transduction pathways in metastatic 
progression, including for urological tumors [6,13,34]. 

 In the present work, we used several approaches 
for identifying the involvement of miRNAs in RCC 
metastasis. These approaches included microarray 
screening of differentially expressed miRNAs, the 
subsequent validation of the most distinctly deregu-
lated over- and under-expressed miRNAs by 
RT-qPCR using additional clinical samples, correla-
tion analysis of these miRNAs between the sample 
groups, the prediction of putative miRNA-target in-
teractions, and the compilation of validated targets by 
the deregulated miRNAs in the KEGG pathway "renal 
cell carcinoma". The basic principle was the differen-
tial expression of miRNAs between normal, primary 
tumor, and metastatic tissue. We consider the com-
parative examination of the three sample groups to be 
necessary for clear evidence of differential expression 

to avoid misleading conclusions. For example, the 
expression of six miRNAs (miR-21, miR-155, miR-210, 
miR-223, miR-224, and miR-296) was found to be 
up-regulated in primary tumor and metastatic sam-
ples compared with normal tissue, but there was no 
difference between primary tumor and metastases 
except for miR-296. In contrast, two miRNAs 
(miR-127 and miR-370) out of the 23 down-regulated 
miRNAs in metastases compared with normal tissue 
were not differentially expressed between primary 
tumor and metastases, while eight miRNAs (miR-19b, 
miR-20a, miR-29b, miR-101, miR-130a, miR-143, 
miR-145, and miR-148) were not differentially ex-
pressed between normal and tumor RCC samples but 
were decreased in metastatic samples. Thus, to test 
only the expression difference between primary tu-
mor and metastatic tissue samples, there is a risk that 
important characteristics could be overseen and that 
might cause misinterpretation regarding the behavior 
of metastatic miRNA expression. 

 In the present work, we not only confirmed 
some the results of other studies, but mainly identi-
fied new miRNAs that were associated with RCC 
metastasis. Although the results of several expression 
studies regarding metastatic RCC samples have been 
reported after we started our study only a very small 
number of miRNAs has been congruently described 
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as differentially expressed in these reports [19-23]. On 
the whole, 165 differentially expressed miRNAs were 
detected by microarray analysis in these four studies, 
which were performed by three independent groups 
and in our study (Supplementary Material: Table S6). 
However, only two (miR-10b, miR-143) and 13 miR-
NAs (let-7d, miR-10b, miR-26a, miR-29a, miR-29b, 
miR-30c, miR-106b, miR-126, miR-130a, miR-143, 
miR-145, miR-195, miR-451) were concordantly found 
to be altered in all studies or in at least three studies 
(Supplementary Material: Table S6). As previously 
discussed [12], this limited overlap might result from 
the use of different detection platforms with certain 
preanalytical and analytical particularities and in tu-
mor and cohort differences that are not always clearly 
characterized as required. A different number of dif-
ferentially expressed miRNAs will inevitably be de-
tected if microarrays based on different mirBase re-
leases are used because the current mirBase database 
is continuously updated with the newly discovered 
miRNAs. In addition, results based only on microar-
ray data have the limitation of a relatively high 
false-positive rate. Thus, the validation of the micro-
array results by RT-qPCR is required. We validated 
the relatively high number of 33 miRNAs by 
RT-qPCR. In addition to the deregulated miRNAs 
found in our microarray analysis, we included in this 
validation process some additional miRNAs from the 
literature as potential metastasis marker (Table 2). In 
the above-mentioned studies, a smaller number of 
five to nine different deregulated miRNAs were val-
idated or examined in further functional studies. Five 
(miR-10b, miR-126, miR-192, miR-194, miR-215) of 
seven deregulated miRNAs in the study of Khella et 
al. [22] and seven (miR-10b, miR-126, miR-143, 
miR-145, miR-192, miR-194, miR-195) of nine suspi-
cious miRNAs in the study of Slaby et al. [23], recently 
published in the time when we prepared the submis-
sion of our work, were described to be associated with 
RCC metastasis in a similar fashion to the observa-
tions found in our work (Supplementary Material: 
Table S6). However, when compared with all previ-
ous studies, we validated 17 additional miRNAs in 
this study (miR-19a, miR-19b, miR-20a, miR-21, 
miR-29a, miR-29b, miR-29c, miR-100, miR-101, 
miR-130a, miR-148a, miR-223, miR-224, miR-296, 
miR-370, miR-514, and miR-638) that were associated 
with RCC metastasis and that were not described be-
fore. Thus, to the best of our knowledge, the pre-
sented list of 30 deregulated miRNAs comprises the 
most extensive list of RCC metastamirs validated by 
RT-qPCR. In this respect, the global approach in our 
study to assess the expression data in the three groups 
of normal, primary tumor, and metastatic tissue sam-

ples, both in the screening phase by microarrays and 
in the validation phase by RT-qPCR, as mentioned 
above, proved to be advantageous. 

 As described, a stepwise down-regulation of 
miRNA expression from normal over primary tumor 
to metastatic tissue samples appears to be more typi-
cal than an up-regulated expression in RCC progres-
sion. Already in 2005 Lu et al. [8] observed a general 
reduction of the expression level of many miRNAs in 
tumors. Because of the reduced global miRNA ex-
pression, the authors concluded that miRNAs could 
function to drive differentiation and prevent cell di-
vision. In this case, the expression levels of miRNAs 
might reflect the degree of cell differentiation [8,35]. 
The gradual down-regulation of miRNAs from nor-
mal tissue over the primary tumor to metastatic tissue 
in our study generally points in the same direction. It 
is obvious that the miRNAs affect the essential char-
acteristics of cancer development and progression 
defined as the hallmarks of cancer in complex regu-
latory circuits [8,36]. But the complexity of these in-
teractions might also explain that the downregulation 
of miRNAs, as shown for miR-19a, miR-130a, , 
miR-143, and miR-145 (Figure 1), does not always 
occur in a stepwise manner. 

But there is still the question how the prevalent 
down-regulation of the miRNAs is mediated [8,37]. 
Previous studies showed that approximately miRNA 
coding genes are frequently located at fragile sites, in 
minimal regions of loss of heterozygosity, minimal 
regions of amplification or common breakpoint re-
gions which are cancer-related genomic regions [38]. 
But cancer is not only caused by genetic mutations. 
The development of tumors results from accumula-
tion of both, genetic and epigenetic changes. Altera-
tions of the epigenetic pattern play also a very im-
portant role in miRNA dysregulation in human tu-
mors. As actually reviewed for urological tumors [39], 
there seems to be a complicated feedback network 
between epigenetic changes and miRNA expression. 
Our data show that epigenetic mechanisms of hy-
permethylation and histone acetylation of chromatin 
are probably more important for the miRNA dysreg-
ulation in RCC than previously assumed [40]. How-
ever, other mechanism of miRNA deregulation 
caused by an altered transcription factor activity or by 
malfunctions in the miRNA biogenesis machinery 
have to be considered [37].  

The comprehensive approach of this study also 
allowed us to apply correlation analysis of miRNAs 
within each sample group and between the normal 
group, the primary tumor, and the metastatic sample 
group. Considering the relatively high correlation 
coefficient of >0.70 to be an indicator of 
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co-regulation/co-expression, characteristic constella-
tions were observed. The consistent high correlation 
of numerous miRNA pairs between the three sample 
groups contrasted with the loss or appearance of new 
correlations. The loss or new appearance of new cor-
relations of miRNAs can indicate important cellular 
and molecular alterations. Thus, miRNAs with that 
peculiarity are of special importance. A loss of corre-
lation between the up-regulated miRNA pairs 
miR-21/miR-223 and the down-regulated pairs 
miR-101/miR-194 are two examples (Table 3). RHOB 
is a tumor suppressor gene and is predicted to be a 
common target, among others, for the two mentioned 
up-regulated miRNAs, miR-21 and miR-223, in me-
tastases (Supplementary Material: Table S5). Moreo-
ver, RAC1, a small GTP-binding protein was pre-
dicted to be a putative target for miR-101 as well as for 
miR-194 (Supplementary Material: Table S5). The re-
pression of RhoB protein induced by miR-21 is asso-
ciated with increased proliferation, migration, inva-
sion, and the decreased apoptosis of cancer cells 
[41,42] and RCC survival [43], while the Rac1 protein 
was found to be able to suppress tumor initiation and 
metastasis by cancer stem cells [44]. Thus, the differ-
entially altered miRNA expression during the tumor 
initiation and metastasis reflected by the different 
development of the correlation of respective miRNA 
pairs between the sample groups suggests that the 
effects of the mentioned miRNAs on targets change 
during cancer progression. The altered pleiotropic 
effects of miRNAs during the different stages of can-
cer development may be the consequence [45]. It is 
obvious that these results already imply the necessity 
to explore miRNA-target interactions in the various 
stages of cancer development under the aspect of 
feedback networks. 

 To underline this view, we compiled the in silico 
predicted targets only for informational purposes 
(Table 4; Supplementary Material: Table S5). The 
number of predicted targets is partly very high and 
contrasts with the relatively low number of actually 
validated targets indicated in the KEGG database as 
part of the renal cell cancer pathway. However, it 
draws attention to new research topics at the same 
time. For certain miRNAs, a higher number of targets 
presented in the TarBase 6.0 of the DIANA lab 
(http://diana.cslab.ece.ntua.gr) compared with the 
predicted targets were observed (data not shown). 
This discrepancy is partly explained by altered mRNA 
levels of target genes in microarray analyses after 
transfection experiments in cell lines that were con-
sidered to be proof of evidence without further func-
tional validation, which requires loss- and/or 
gain-of-function analyses. 

Some limitations of this study merit discussion. 
We deliberately refrained from functional analysis of 
individual miRNAs and their potential targets, which 
might be considered to be a limitation of the present 
study. However, the primary focus of our work on the 
actual expression regulation in clinical samples and 
the identification of new miRNAs associated with 
RCC metastasis reinforce our view that sustainable 
validation data are essential for future research stud-
ies. A limited number of samples seems to be evalu-
ated, however, the number of actually examined 
samples was consistent with the specified precondi-
tions of type I and II errors (α=5%; β=80%) in the 
sample size calculations to perform this study. The 
results additionally confirmed that the risk of type I 
and II errors as problem in small studies could be 
excluded as much as possible. 

 In summary, this study on miRNAs profiles in 
normal, primary RCC, and metastatic tissue samples 
provides a comprehensive list of 30 deregulated me-
tastasis-associated miRNAs termed metastamirs. A 
stepwise down-regulation of miRNA expression from 
normal over primary tumor to metastatic tissue sam-
ples was found to be typical. We primarily identified 
new miRNAs associated with RCC metastasis, and 
also confirmed the results of other studies because 
only a few miRNAs have been concordantly described 
as RCC metastamirs. This metastatic miRNA profile, 
together with the compiled predicted targets, pro-
vides a solid basis for the functional analysis of indi-
vidual miRNAs and the subsequent integrative net-
work evaluation of data. 

Supplementary Material 
Doc S1, Doc S2, Table S1-S5.   
http://www.biolsci.org/v08p1363s1.pdf 
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