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Background: MicroRNAs (miRNAs) are a class of small RNAs that regulate gene expression.They are aberrantly expressed in many human cancers and are potential therapeutic targets and molecular biomarkers.

Methods: In this study, we for the first time validated the reported data on the entire set of published differential miRNAs (102 in total) through a series of transcriptome-wide experiments. We have conducted genome-wide miRNA profiling in 17 urothelial carcinoma bladder tissues and in nine normal urothelial mucosa samples using three methods: (1) An Illumina HT-12 microarray hybridization (MA) analysis (2) a suppression-subtractive hybridization (SSH) assay followed by deep sequencing (DS) and (3) DS alone.

Results: We show that DS data correlate with previously published information in 87% of cases, whereas MA and SSH data have far smaller correlations with the published information (6 and 9% of cases, respectively). qRT-PCR tests confirmed reliability of the DS data.

Conclusions: Based on our data, MA and SSH data appear to be inadequate for studying differential miRNA expression in the bladder.

Impact: We report the first comprehensive validated database of miRNA markers of human bladder cancer.
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INTRODUCTION

Bladder cancer (BC) is one of the most common cancers in industrially developed countries. Approximately 386,300 new BC cases and 150,200 deaths caused by BC were registered worldwide in 2008 (Jemal et al., 2008). The risk of developing BC is associated with smoking and with exposure to several other carcinogens (Kiriluk et al., 2012).

Genetic factors such as chromosomal aberrations (Hoglund, 2012), specific single nucleotide polymorphisms (SNPs) (Golka et al., 2011), mutations (Castillo-Martin et al., 2010), and epigenetic peculiarities (Kim and Kim, 2012) may contribute to tumorigenesis and the progression of BC. Some molecular features may serve as diagnostic and/or prognostic markers of tumor growth, invasiveness and metastatic potential as well as signs of disease progression (Castillo-Martin et al., 2010). Molecular diagnostics based on the detection of biomarkers in tissues or in biological fluids may be the key to detecting BC early.

At present, the most commonly used molecular markers for BC diagnostics are protein-coding genes and their products which show differential expression in tumor samples compared to normal bladder tissue (Knowles, 2008). However, non-coding small RNA molecules may be useful alternative BC biomarkers. Small non-coding RNAs take part in the regulation of major biological processes such as cell division, apoptosis, differentiation, growth, migration, etc. (Eddy, 2001; Zabolotneva et al., 2010). The best-studied non-coding RNAs are microRNAs (miRNAs). MiRNAs are 21—25-nucleotide-long RNA molecules that regulate post-transcriptional gene expression (Boyd, 2008). MiRNAs join the RNA-induced silencing complex in order to regulate a targeted messenger RNA (mRNA) through the repression of its translation and/or by guiding enzymatic cleavage of the mRNA itself (Hannon, 2002).

More than half of miRNA genes are located in cancer-associated genomic regions or in fragile chromosomal sites (Calin et al., 2004). A variety of aberrantly expressed miRNAs are also associated with different cancers (Calin et al., 2004). MiRNAs may act as oncogenes or tumor suppressors. Furthermore, different cancer types, stages, and differentiation grades may have unique miRNA expression signatures; this makes miRNAs promising biomarkers for cancer diagnosis and the prediction of tumor progression.

Expression profiles of miRNAs in cancerous and normal cells may shed light on the mechanisms of bladder carcinogenesis and can be helpful in developing BC diagnostic and prognostic assays. Previously, a comprehensive database of miRNAs associated with BC was created by performing a systematic search for published literature that reported the isolation and characterization of expression of BC-specific miRNAs (http://bladder.pparser.net/MIRMarkers.php) (Zabolotneva et al., 2012).

Overall, we identified 95 miRNAs that were differentially expressed in BC tissues and seven miRNAs that were differentially methylated in BC vs. non-cancer patients. We summarized this information in a publically available database (http://bladder.pparser.net/MIRMarkers.php) which includes miRNA names, their roles in BC, and the supporting primary literature.

However, the information about the potential diagnostic utility of these biomarkers was largely missing. Here, we evaluate a complete pool of published miRNA BC markers according to universal criteria in a series of single assays using three experimental approaches. We used Illumina HT-12 microarray hybridization (MH), suppression subtractive hybridization (SSH) followed by deep sequencing (DS), and DS alone to detect differential expression of miRNAs in BC tissues vs. normal bladder tissues. We investigated 17 human bladder urothelial carcinoma tissues and nine normal urothelial mucosa samples. The results of DS experiments were significantly closer to the literature as compared to the results of the SSH and MH assays. DS analyses allowed us to trace the expression of 38/102 individual marker miRNAs; the SSH and MH methods provided data for 42 and 33 marker miRNAs, respectively. According to our DS results, we were able to estimate, for the first time, sensitivity scores (Pencina et al., 2008) of the entire pool of bladder-marker miRNAs.

MATERIALS AND METHODS

TISSUE COLLECTION AND RNA ISOLATION

Tissue samples from malignant tumors were obtained from patients operated on for BC at P.A. Hertzen Moscow Clinical Oncology Institute (Moscow, Russia) from 2009 to 2011. Normal bladder mucosae came from an autopsy of undiseased cases. Tissue samples from non-cancer controls were gathered at the same time from the Pathology Department of the Faculty of Medicine at the Moscow State University. Each sample was evaluated by a pathologist to confirm the diagnosis. All tumor samples used in this study contained >80% of tumor cells. Tissue samples were immediately placed in RNAlater (Qiagen, Germany) and then stored at −80°C. In total, 23 samples from tumors and 26 samples from normal bladder tissues were analyzed. The mean age of cancer patients at the time of resection was 62 years (range 44–82). The information on age, disease stage, and grade of the individual patients is shown on Supplementary Table S1. The mean age of healthy tissue donors was 42 years with a median of 45 (range 20–71). Frozen tissue was homogenized in Trizol (Invitrogen, USA). RNA was isolated following the manufacturer's protocol. Purified RNA was dissolved in RNase-free water and stored at −80°C. The study was approved by local ethical committees at D. Rogachyov Federal Research Center of Pediatric Hematology, Oncology and Immunology, Moscow State University, P.A. Herzen Moscow Oncological Research Institute and Shemyakin-Ovchinnikov Institute of Bioorganic chemistry.

CDNA LIBRARY GENERATION FOR SSH

Two mixed RNA samples were prepared for SSH analysis. Sample 1 contained total RNA extracted from nine BC tissues. Sample 2 contained total RNA extracted from three normal bladder tissues in equal quantities. Amplified double-stranded cDNA was prepared from sample 1 and sample 2 RNAs using the Switching Mechanism at the 5′ end of the RNA Transcript (SMART) (Zhu et al., 2001). Subtractive hybridization was performed using the SSH method in both directions (sample 1 vs. sample 2 and vice versa) by Evrogen (Moscow, Russia) as described in (Diatchenko et al., 1996). The supplement contains a description of SSH and all oligonucleotide sequences (Supplementary Table S2).

For SSH libraries, we conducted one lane of 60-bp paired-end read sequencing using an Illumina GAIIx sequencer, thus generating ~45 million sets of paired end reads. Sequencing was conducted at Genoanalytica (Moscow, Russia).

GENE EXPRESSION MICROARRAY EXPERIMENTS

A total of 26 tissue samples, including 17 cancer and nine normal bladder mucosa specimens, were selected for microarray analysis. Total RNA was extracted using TRIzol (Life Technologies, USA) and then reverse-transcribed to cDNA and cRNA using the Ambion TotalPrep cRNA Amplification Kit (Invitrogen, USA). cRNA was quantified using a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, USA) and adjusted to a concentration of 150 ng/mL. Seven hundred and fifty nanogram of each library was hybridized onto the bead arrays using Illumina HumanHT-12v4 Expression BeadChip (Illumina, USA). It has >25,000 annotated human genes and >48,000 probes derived from the NCBI RefSeq (Build 36.2, Rel 22) and UniGene (Build 199) databases. The (MH) experiments were done at the University of Lethbridge, at the laboratory of Olga Kovalchuk. Full microarray datasets are available upon the request to the authors.

SEQUENCING DATA ANALYSIS

The sequenced SSH libraries contained 25,517 and 33,329 different assembled contigs for cancer and normal tissue with a total of 102 MM and 54 MM reads, respectively. Further analysis was carried out with PostParser software (http://postparser.net) developed at the Shemyakin-Ovchinnikov Institute that allows mapping and annotating sequences of interest. For a mapping algorithm, we used the BLAST-like alignment tool (BLAT) (http://genome.ucsc.edu) with further manual fine-tuning. To distinguish target sequences, we annotated out the dataset from the National Center for Biotechnology Information (NCBI) Expressed Sequence Tags database (http://www.ncbi.nlm.nih.gov/dbEST), with intron-exon boundary information provided by the NCBI Reference Sequences project (http://www.ncbi.nlm.nih.gov/RefSeq). The database of mapped and annotated contigs is available online at (http://bladder.pparser.net.)

SMALL RNA ANALYSIS

We analyzed eight cancer tissue specimens and two mixed normal tissue specimens, each of which included two or three normal tissue samples. Small RNAs from total RNA extracts were cloned as previously described (Brennecke et al., 2007; Aravin et al., 2008). Following PCR amplification, the libraries were sequenced on an Illumina GAIIx platform. The number of reads varied between the libraries, the mean value was 5.04 million reads per library. The sequencing was done in the California Institute of Technology, laboratory of Alexei Aravin. Small RNA sequencing datasets are available upon the request to the authors.

BIOINFORMATIC ANALYSIS OF SMALL RNA LIBRARIES

Illumina adapters were trimmed from the 3′-end of raw reads, and reads shorter than 16nt were discarded. The remaining sequences were collapsed into a non-redundant list and mapped to the reference human genome using Bowtie (version 1.1.2) (Langmead et al., 2009). Up to two mismatches were allowed. The sequences that failed to map to the genome were mapped against the artificially introduced sequences. The multiplicity count of mapped sequences was normalized to the total number of reads that mapped to the genome. All further bioinformatic analyses were done using PostParser.

QRT-PCR ASSAY

We used TaqMan probe-based qRT-PCR assay to assess micro RNA transcription for the same RNA samples as were used for micro RNA libraries construction and sequencing. Megaplex RT Primers, Human Pool B v. 3.0 (Applied Biosystems) were used to amplify micro RNAs, and specific TaqMan probe assays hsa-miR-100, 143, 183, 199A, 200A, 203, 205 (Life Technologies) were used to measure expression of miR100, 143, 183, 199A, 200A, 203, and 205, respectively. Each experiment was performed at least in quadruplicate.

RESULTS

EXPERIMENTAL VALIDATION OF MIRNA MARKERS WITH SSH

The SSH method for transcriptome analysis is based on the selective PCR amplification of differential cDNAs (Diatchenko et al., 1996). We employed the SSH to enrich differential transcripts when comparing the two pooled RNA samples corresponding to BC and normal bladder tissues. The BC-pooled sample contained a mixture of nine BC RNA samples, while the normal sample had six pooled normal bladder RNAs. We obtained cDNA-converted subtracted libraries that were enriched for either cancer-specific (BC+) or normal-tissue-specific (BC−) cDNAs. Following DS (~21 million sets of paired-end reads for BC+ and ~23 million sets of paired-end reads for BC-libraries on the Illumina GAIIx platform), we obtained a normalized digital gene expression profile for 42/102 (41%) BC miRNA markers identified in the literature. The status of miRNA (up- or down-regulation in BC) corresponded to the published biomarker data in only four entries (9.5% of the cases) (Figure 1B). However, for two miRNAs (miR141 and miR205), contradictory data were reported [up-regulation in Billerey et al. (2001); Aravin et al. (2008); down-regulation in Adachi et al. (2011)]. According to our SSH data, miR141, miR21, and miR29C are down-regulated, and miR205 is up-regulated (online Dataset 1, http://small.mrna.ru/files/). miRNAs were considered to be differentially expressed if they met the following criteria: (1) the total normalized number of reads in both BC and normal libraries is greater or equals to 10, and (2) the average BC and normal bladder signals differ at least 1.5-times. The cancer-to-normal ratio was calculated for all differential BC signals according to the formula SRBC/SRN, where SRBC and SRN are normalized numbers of reads for the BC and for normal bladder samples, respectively.
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FIGURE 1. Congruence of experimental data from three different assays according to miRNA expression in bladder cancer (MA MH, microarray hybridization analysis; SEQ DS, high-throughput deep sequencing analysis; SSH, suppressive subtractive hybridization analysis; PD, published data analysis). (A) Comparison of published data, microarray hybridization and DS data. (B) Comparison of published data, SSH and DS data. (C) Comparison of published data, SSH and microarray hybridization data. (D) Comparison of DS, SSH, and microarray hybridization data.



EXPERIMENTAL VALIDATION OF MIRNA MARKERS WITH MICROARRAY HYBRIDIZATION

Our investigation of gene expression in eight clinical BC samples and four normal bladder samples using an Illumina human HT-12v4 bead array was only able to trace 33/102 (32%) individual miRNA markers that were previously reported (online Dataset 2, http://small.mrna.ru/files/). Hybridization signals for individual BC samples were compared to signals for normal tissues. Genes were considered to be differentially expressed if they met the following criteria: (1) the p-value < 0.01, and (2) the average BC and normal bladder signals differ at least 1.5-times. The cancer-to-normal ratio was calculated for all differential BC signals according to the formula SBC/SaN, where SBC is the BC differential hybridization signal, and SaN is the average hybridization signal for normal bladder samples.

In this test, only two micro RNAs (miR21 and miR205) showed differential expression in the BC samples under investigation, with the remaining 94% showing no differential expression. MiR205 that appeared to be up-regulated in several BC tissue samples was previously reported as up-regulated (Gottardo et al., 2007; Dyrskjot et al., 2009; Tao et al., 2011) and down-regulated (Catto et al., 2009; Wiklund et al., 2011) in BC. For the two differentially expressed markers, we calculated the AUC (area-under-the-curve) scores according to the formula AUC = (Sp + Sn)/2, where Sp is the specificity, and Sn is the sensitivity of the marker. Markers are typically considered valuable when their AUC scores exceed 0.7 (Pencina et al., 2008). According to the MA test, the AUC values for miR21 and miR205, if considered as the “BC up-regulated” markers, were 0.33 and 0.11, respectively. Therefore, according to our MA test, miR205 and miR21 showed a poor diagnostic value. Overall, we observed a large discordance between the expected (published) results and the results obtained (Figure 1A). However, due to chip limitations in this MA assay, we were not able to investigate 69 additional (miRNAs) (online Dataset 2, http://small.mrna.ru/files/).

EXPERIMENTAL VALIDATION OF MIRNA MARKERS WITH HIGH-THROUGHPUT MIRNA SEQUENCING

In a (DS) assay, we compared the sequenced miRNA fractions from nine human BC samples and from one pooled sample of six normal human bladder tissue specimens. Short RNAs (19–25 nucleotides long) were isolated and then subjected to sequencing. The number of reads varied from 1.1 to 9.6 million reads per library, with a median value of 5.1 (Supplementary Table S3). The reads were clustered using Galaxy (http://main.g2.bx.psu.edu/) and attributed to the known micro RNAs using the miRBase14.0 microRNA sequence database (Griffiths-Jones et al., 2006) and the PostParser sequence mapping tool (Baskaev et al., 2012). The number of reads that could be attributed to the known miRNAs varied between 78 and 93% in different libraries, with a median value of 87% (online Dataset 3, http://small.mrna.ru/files/).

Of the 102 published BC-associated marker miRNAs, we found 38 (37%) among the mapped and sequenced miRNAs. The expression level ratios of miRNAs in the samples under comparison (BC vs. non-BC) were evaluated by calculating the RBC/RN ratio, where RBC is a normalized number of reads in an individual miRNA molecule in a BC library, and RN is a normalized number of reads of the same miRNA molecule in a mixed normal bladder tissue sample (Supplementary Table S4).

The DS data on differential expression was significantly closer to the published literature than the results received with SSH and MA methods. For each sample, we calculated the RBC/RN ratio and then obtained the proportion of up- or down-regulated miRNAs in BC samples. MiRNA was considered to be up-regulated if the number of samples with the value RBC/RN >2 was more than the number of samples with the value RBC/RN< 0.5. According to this criterion, 87% (33/38) of the sequenced marker miRNAs showed an expression status similar to that in the published data (Figures 1A,B). For stricter criterion values (a RBC/RN ratio greater than 3 or less than 0.33, and greater than 4 or less than 0.25), the proportion of sequenced miRNAs in agreement with the published data was 74% (28/38) and 66% (25/38), respectively. Among the 38 investigated miRNAs that matched the DS data, 20 were up-regulated and 15 were down-regulated in BC. Three remaining miRNAs were up- and down-regulated in equal numbers to the investigated BC tissues. Six of the 38 sequenced marker miRNAs exhibited expression profiles that differed from the published data. MiR126, miR146a, miR34a, and miR493 were published as down-regulated (Lodygin et al., 2008; Saito et al., 2009; Veerla et al., 2009; Ueno et al., 2012), and miR199b and miR26b were published as up-regulated in BC (Gottardo et al., 2007; Veerla et al., 2009). However, in our experiments, we observed an opposite expression trend (Supplementary Table S4).

We calculated sensitivity scores for all of the published BC miRNA expression markers. Only four miRNAs (miR100, miR125B, miR143, and Let7c) showed the Sn values >0.7 for the strict criterion (RBC/RN ratio > 3 or < 0.33). Two additional miRNAs (miR199A2 and miR205) showed the Sn value >0.7 only with a soft cut-off criterion RBC/RN > 2 or < 0.5.

Importantly, a large proportion (64/102) of the published miRNA expression biomarkers was not present in our DS datasets, which may point to the absence of their expression in the investigated bladder tissue samples.

COMPARISON OF DATA ON MICRORNA MARKER EXPRESSION BY SSH, MH, AND DS ANALYSES

Here, we aimed to evaluate the complete pool of published miRNA BC markers in a single study using three independent experimental approaches. We examined 38 of 102 published BC microRNA markers using a DS analysis of miRNA libraries, 33 miRNAs using an MH analysis, and 42 miRNAs using an SSH assay. Only our DS analysis data corresponded well with the published information. The concordance of DS results and the published data was 87%, whereas for SSH and MH results, it was 9.5 and 6%, respectively (Figures 1A–C). We were able to examine 30 published miRNA marker molecules using all three methods, and we observed only one case when all three methods agreed: miR205 was up-regulated according to all three datasets (Figure 1D; online Dataset 4, http://small.mrna.ru/files/). The congruencies between the experimental datasets are shown on Figure 1 and Supplementary Tables S5–S7 and online Datasets 5–8 (http://small.mrna.ru/files/).

ANALYSIS OF THE EXPRESSION STATUS OF METHYLATION MICRORNA MARKER GENES

Using experimental assays, we analyzed two miRNA markers differentially methylated in BC according to the published data: miR744 (hypomethylated) and miR34a (hypermethylated) (Supplementary Table S8). Mir744 participates in post-transcriptional regulation of TGF-beta1 (Martin et al., 2011) which directs cellular processes such as proliferation, differentiation, migration, and survival (Blobe et al., 2000). TGF-b1 is a key regulator of embryogenesis, angiogenesis, wound healing, and inflammation. Aberrant TGF-b1 expression is implicated in carcinogenesis (Gordon and Blobe, 2008).

MiR34a directly depends on the activity of TP53 gene products (Chen and Hu, 2012). Inactivating mutations of p53, the expression of key inhibitors of p53, or genomic mutation at the p53-binding site within the miR34a gene may cause the loss of expression of miR34a. MiR34a regulates a plethora of target proteins which induce cell apoptosis; thus, it acts as a key cancer suppressor (Chen and Hu, 2012).

According to DS analysis, miR744 was up-regulated in 56% of the cases, but Mir34a was not differentially expressed in 78% of the cases and up-regulated in only 22% of the cases.

QRT-PCR VALIDATION OF DATA

In order to clarify what method provides the most adequate results, we measured expression of seven micro RNAs using TaqMan probe-based qRT-PCR assay. We chose one micro RNA (miR183) for which transcription was reported to be upregulated in BC, four micro RNAs (miR100, 200A, 203, 205), for which contradictory data were reported, and two micro RNAs (miR143, 199A) published as downregulated in BC. The same tissue samples as used for DS experiments were used. The results of qRT-PCR tests showed little congruence with the MH and SSH data, but were in good agreement with the DS data (Supplementary Table S9). Micro RNA expression status (up/downregulated or neutral) coincided for ~90% of the cases, varying from ~78 to 100% depending on the individual micro RNA molecule (Supplementary Table S9). We conclude, therefore, that among the three methods tested, the DS results fit best with qRT-PCR data and, thus, can be considered as the most adequate instrument to estimate miRNA content in human bladder tissues.

IMPLICATIONS OF DIFFERENTIALLY EXPRESSED MIRNA

Previously, at least two major signaling pathways associated with BC progression were reported. Abnormal activation of the fibroblast growth factor receptor 3 gene (FGFR3) by means of either overexpression or mutation is cited in approximately 80% of non-invasive bladder tumors (Billerey et al., 2001). FGFR3 and many other growth factor receptors participate in the activation of the RAS-kinase signaling pathway, thus leading to increased cell proliferation, motility, and cancer transformation through hyperplasia of normal urothelium (Knowles, 2006).

The second major pathway associated with BC progression (P53 pathway) is misregulated in muscle-invasive tumors that mainly contain mutations in the TP53 gene (Neuzillet et al., 2012). Aberrations of the p53-induced signaling pathway lead to the development of carcinoma in situ, invasive carcinoma, and metastases through urothelial dysplasia (Knowles, 2006).

Several studies attempted to identify miRNA molecules targeting key participants of FGFR3 and p53 signaling pathways in BC (Figure 2). Using bioinformatic methods, the Catto laboratory predicted that some miRNA molecules aberrantly expressed in BC actually targeted the FGFR3 gene product. Examples of this include miR145, miR101, miR99a, and miR100. Furthermore, the regulation of FGFR3 by miR99a and miR100 was experimentally validated (Catto et al., 2009). An increase in miR143 expression in BC cells is accompanied by the lower expression of RAS genes. Another line of evidence recently confirmed this by showing that induced transcription of miR143 in BC cell lines led to a decreased expression of RAS (Lin et al., 2009; Kent et al., 2010). Another study showed that a decrease in miR7 expression is frequently associated with the hyperactive FGFR3 mutation status found in BC tissues. Key elements of the p53 signaling pathway—MDM2, MDM4, and ATM gene products—were predicted as targets for miR10. MiR129 potentially targets MDM4 and ATM in this pathway; miR125b, miR43, miR30a/c, and miR223 were predicted to target p53 directly (Fendler et al., 2011). In concordance with these findings, it was reported that expression levels of miR10, miR125b, and miR222 may serve as predictors of muscle-invasive carcinomas (Veerla et al., 2009). Using the DS approach, we assayed 12 of 18 published BC marker miRNAs that were predicted to target either FGFR3 or TP53 pathways. Our experimental data matched the published data for seven miRNAs (miRNAs 29, 30, 100, 101, 125, and 143 were down-regulated in BC and miR103 was up-regulated) (Figure 2). For miR100 and miR143, we observed a total suppression of expression in all studied cases. For miR21 and miR10, we obtained contradictory data: different patients showed either up- or down-regulation of their expression. Using DS analysis, we confirmed the expression of 70% of the published miRNAs which were predicted to be participants in BC-associated signaling pathways (Figure 2).


[image: image]

FIGURE 2. The dual-pathway model of different types of bladder cancer development and the miRNAs that regulate these pathways. miRNAs that were reported to be down-regulated in BC are highlighted in red; up-regulated miRNAs are highlighted in green. Arrows show up- or down-regulation of miRNAs under investigation according to DS analysis. Controversial results are marked by a “?” symbol. Unexplored miRNAs are marked by a “-” symbol.



DISCUSSION

MiRNAs can be used as biomarkers for many types of cancers (Van Roosbroeck et al., 2013). Some miRNAs may help trace the tissue of origin of cancers whose primary origin is unknown (Rosenfeld et al., 2008). In addition, miRNA molecules are advantageous for molecular diagnostics due to their greater stability in vitro compared to mRNA molecules (Jung et al., 2010).

In this study, we used different methods to profile miRNAs for the evaluation of the potential utility of published miRNA markers for BC diagnostics. We used (MH), subtractive suppression hybridization (SSH), and (DS) technologies to determine miRNA expression profiles in 17 tissue samples of urothelial bladder carcinoma and in eight histologically normal urothelial samples.

Among the 95 published miRNA expression markers, only 43 were detected in our samples using the SSH approach followed by DS; 34 markers were detected using MH analysis; 38 were detected using the DS assay.

The higher expression level of miR205 in cancer was confirmed by all experimental assays. It was previously shown that ectopic expression of miRNA205 induces apoptosis, cell cycle arrest, impaired cell viability, cloning, and invasive properties of cancer cells (Yue et al., 2012). MiR205 can specifically suppress VEGF-A expression by directly interacting with the putative miRNA-205 binding site at the 3′-UTR (Yue et al., 2012). MiR205 also regulates the expression of tumor-suppressor, PTEN. The introduction of miR205 into CNE-2 cells suppresses PTEN protein expression followed by the activation of AKT, an increased number of foci formation, and the reduction of post-irradiation cell apoptosis (Qu et al., 2012). MiR205 was also reported to be aberrantly expressed in breast (Adachi et al., 2011), prostate (Bhatnagar et al., 2010), lung (Tellez et al., 2011), head, and neck (Kimura et al., 2010), and other cancers.

MA analysis and SSH showed poor correlation between miRNA expression and the published data, with the largest number of identified miRNAs characterized as “intact” (not differentially expressed). This may correspond to the methodological issues inherent in the preparation of cDNA library for both assays. Oligo-dT primers were used to initiate the synthesis of first-strand cDNAs for MA and SSH assays. However, most mature miRNAs may lack poly (A) sequences at their 3′ termini and thus escape such types of analysis. Nevertheless, low convergence of MA and SSH results (without DS analysis) with the qRT-PCR data and with the published information suggest that they are not informative for studying miRNA expression profiles. Theoretically, variations of the MA- and of the SSH-based techniques that do not rely on the amplification of poly(A)+ sequences may show somewhat better results for miRNA profiling, but this will be a matter of further studies.

In contrast, the development of high-throughput DS technology provides an opportunity for almost complete analyses of miRNA profiles. DS reveals an abundance of miRNAs and can identify miRNAs missed by traditional cloning and sequencing methods (Hurd and Nelson, 2009). At present, DS is considered to be the gold standard for high-throughput analysis of miRNAs (Han et al., 2011). Our qRT-PCR experiments confirmed that among the tested techniques, DS should be used as the method of choice for assessing miRNA expression in human bladder.

To our knowledge, this is the first systematic study evaluating the diagnostic potential of published miRNA biomarkers for BC by large-scale profiling of miRNA expression in pathological human tissue samples. Our findings suggest that DS analysis is most likely the best approach for the identification and evaluation of the diagnostic and/or prognostic value of miRNA cancer biomarkers.

Despite the obvious significance of miRNAs for tumor progression, the relatively sparse data on miRNAs associated with bladder oncology suggests that this area necessitates future research.

ACKNOWLEDGMENTS

We thank Igor Antoshechkin and Ivan Olovnikov (the California Institute of Technology) for their assistance in the preparation and sequencing of short RNA libraries, and to Dr. Valentina Titova for manuscript proofreading.

AUTHOR CONTRIBUTION

Anastasia A. Zabolotneva, Nurshat M. Gaifullin, Andrew V. Garazha, and Anton A. Buzdin were supported by the Russian Foundation for Basic Research Grant 12-04-33094, and by the program “Biodiversity” of the Presidium of the Russian Academy of Sciences. Anastasia A. Zabolotneva was sponsored by the grant from the Russian Foundation for the Assistance to Small Innovative Enterprises. Research in the laboratory of Olga Kovalchuk was supported by the Canadian Institutes for Health Research, the Alberta Cancer Foundation, and the Canadian Foundation for Innovation grants. The manuscript preparation and editing was sponsored by the “Support of the Young Scientists” programme by the UMA Charity Foundation, Russia.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://www.frontiersin.org/Cancer_Genetics/10.3389/fgene.2013.00247/abstract

REFERENCES

 Adachi, R., Horiuchi, S., Sakurazawa, Y., Hasegawa, T., Sato, K., and Sakamaki, T. (2011). ErbB2 down-regulates microRNA-205 in breast cancer. Biochem. Biophys. Res. Commun. 411, 804–808. doi: 10.1016/j.bbrc.2011.07.033

 Aravin, A. A., Sachidanandam, R., Bourc'his, D., Schaefer, C., Pezic, D., Toth, K. F., et al. (2008). A piRNA pathway primed by individual transposons is linked to de novo DNA methylation in mice. Mol. Cell 31, 785–799. doi: 10.1016/j.molcel.2008.09.003

 Baskaev, K., Garazha, A., Gaifullin, N., Suntsova, M. V., Zabolotneva, A. A., and Buzdin, A. A. (2012). nMETR: technique for facile recovery of hypomethylation genomic tags. Gene 498, 75–80. doi: 10.1016/j.gene.2012.01.097

 Bhatnagar, N., Li, X., Padi, S. K., Zhang, Q., Tang, M. S., and, Guo, B. (2010). Downregulation of miR-205 and miR-31 confers resistance to chemotherapy-induced apoptosis in prostate cancer cells. Cell Death Dis. 1:e105. doi: 10.1038/cddis.2010.85

 Billerey, C., Chopin, D., Aubriot-Lorton, M. H., Ricol, D., Gil Diez de Medina, S., Van Rhijn, B., et al. (2001). Frequent FGFR3 mutations in papillary non-invasive bladder (pTa) tumors. Am. J. Pathol. 158, 1955–1959. doi: 10.1016/S0002-9440(10)64665-2

 Blobe, G., Schiemann, W., and Lodish, H. (2000). Role of transforming growth factor (beta) in human disease. N. Engl. J. Med. 343, 228. doi: 10.1056/NEJM200005043421807

 Boyd, S. D. (2008). Everything you wanted to know about small RNA but were afraid to ask. Lab. Invest. 88, 569–578. doi: 10.1038/labinvest.2008.32

 Brennecke, J., Aravin, A. A., Stark, A., Dus, M., Kellis, M., Sachidanandam, R., et al. (2007). Discrete small RNA-generating loci as master regulators of transposon activity in Drosophila. Cell 128, 1089–1103. doi: 10.1016/j.cell.2007.01.043

 Calin, G. A., Sevignani, C., Dumitru, C. D., Hyslop, T., Noch, E., Yendamuri, S., et al. (2004). Human microRNA genes are frequently located at fragile sites and genomic regions involved in cancers. Proc. Natl. Acad. Sci. U.S.A. 101, 2999–3004. doi: 10.1073/pnas.0307323101

 Castillo-Martin, M., Domingo-Domenech, J., Karni-Schmidt, O., Matos, T., and Cordon-Cardo, C. (2010). Molecular pathways of urothelial development and bladder tumorigenesis. Urol. Oncol. 28, 401–408. doi: 10.1016/j.urolonc.2009.04.019

 Catto, J. W., Miah, S., Owen, H. C., Bryant, H., Myers, K., Dudziec, E., et al. (2009). Distinct microRNA alterations characterize high- and low-grade bladder cancer. Cancer Res. 69, 8472–8481. doi: 10.1158/0008-5472.CAN-09-0744

 Chen, F., and Hu, S. J. (2012). Effect of microRNA-34a in cell cycle, differentiation, and apoptosis: a review. J. Biochem. Mol. Toxicol. 26, 79–86. doi: 10.1002/jbt.20412

 Diatchenko, L., Lau, Y. F., Campbell, A. P., Chenchik, A., Moqadam, F., Huang, B., et al. (1996). Suppression subtractive hybridization: a method for generating differentially regulated or tissue-specific cDNA probes and libraries. Proc. Natl. Acad. Sci. U.S.A. 93, 6025–6030. doi: 10.1073/pnas.93.12.6025

 Dyrskjot, L., Ostenfeld, M. S., Bramsen, J. B., Silahtaroglu, A. N., Lamy, P., Ramanathan, R., et al. (2009). Genomic profiling of microRNAs in bladder cancer: miR-129 is associated with poor outcome and promotes cell death in vitro. Cancer Res. 69, 4851–4860. doi: 10.1158/0008-5472.CAN-08-4043

 Eddy, S. R. (2001). Non-coding RNA genes and the modern RNA world. Nat. Rev. Genet. 2, 919–929. doi: 10.1038/35103511

 Fendler, A., Stephan, C., Yousef, G. M., and Jung, K. (2011). MicroRNAs as regulators of signal transduction in urological tumors. Clin. Chem. 57, 954–968. doi: 10.1373/clinchem.2010.157727

 Golka, K., Selinski, S., Lehmann, M. L., Blaszkewicz, M., Marchan, R., Ickstadt, K., et al. (2011). Genetic variants in urinary bladder cancer: collective power of the “wimp SNPs.” Arch. Toxicol. 85, 539–554. doi: 10.1007/s00204-011-0676-3

 Gordon, K. J., and, Blobe, G. C. (2008). Role of transforming growth factor-beta superfamily signaling pathways in human disease. Biochim. Biophys. Acta 1782, 197–228. doi: 10.1016/j.bbadis.2008.01.006

 Gottardo, F., Liu, C. G., Ferracin, M., Calin, G. A., Fassan, M., Bassi, P., et al. (2007). Micro-RNA profiling in kidney and bladder cancers. Urol. Oncol. 25, 387–392. doi: 10.1016/j.urolonc.2007.01.019

 Griffiths-Jones, S., Grocock, R. J., van Dongen, S., Bateman, A., and Enright, A. J. (2006). miRBase: microRNA sequences, targets and gene nomenclature. Nucleic Acids Res. 34, D140–D144. doi: 10.1093/nar/gkj112

 Han, Y., Chen, J., Zhao, X., Liang, C., Wang, Y., Sun, L., et al. (2011). MicroRNA expression signatures of bladder cancer revealed by deep sequencing. PLoS ONE 6:e18286. doi: 10.1371/journal.pone.0018286

 Hannon, G. J. (2002). RNA interference. Nature 418, 244–251. doi: 10.1038/418244a

 Hoglund, M. (2012). The bladder cancer genome; chromosomal changes as prognostic makers, opportunities, and obstacles. Urol. Oncol. 30, 533–540. doi: 10.1016/j.urolonc.2012.04.001

 Hurd, P. J., and, Nelson, C. J. (2009). Advantages of next-generation sequencing versus the microarray in epigenetic research. Brief. Funct. Genomic. Proteomic. 8, 174–183. doi: 10.1093/bfgp/elp013

 Jemal, A., Bray, F., Center, M. M., Ferlay, J., Ward, E., and Forman, D. (2008). Global cancer statistics. CA. Cancer J. Clin. 61, 69–90. doi: 10.3322/caac.20107

 Jung, M., Schaefer, A., Steiner, I., Kempkensteffen, C., Stephan, C., Erbersdobler, A., et al. (2010). Robust microRNA stability in degraded RNA preparations from human tissue and cell samples. Clin. Chem. 56, 998–1006. doi: 10.1373/clinchem.2009.141580

 Kent, O. A., Chivukula, R. R., Mullendore, M., Wentzel, E. A., Feldmann, G., Lee, K. H., et al. (2010). Repression of the miR-143/145 cluster by oncogenic Ras initiates a tumor-promoting feed-forward pathway. Genes Dev. 24, 2754–2759. doi: 10.1101/gad.1950610

 Kim, W. J., and Kim, Y. J. (2012). Epigenetics of bladder cancer. Methods Mol. Biol. 863, 111–118. doi: 10.1007/978-1-61779-612-8_6

 Kimura, S., Naganuma, S., Susuki, D., Hirono, Y., Yamaguchi, A., Fujieda, S., et al. (2010). Expression of microRNAs in squamous cell carcinoma of human head and neck and the esophagus: miR-205 and miR-21 are specific markers for HNSCC and ESCC. Oncol. Rep. 23, 1625–1633.

 Kiriluk, K. J., Prasad, S. M., Patel, A. R., Steinberg, G. D., and Smith, N. D. (2012). Bladder cancer risk from occupational and environmental exposures. Urol. Oncol. 30, 199–211. doi: 10.1016/j.urolonc.2011.10.010

 Knowles, M. A. (2006). Molecular subtypes of bladder cancer: jekyll and hyde or chalk and cheese. Carcinogenesis 27, 361–373. doi: 10.1093/carcin/bgi310

 Knowles, M. A. (2008). Molecular pathogenesis of bladder cancer. Int. J. Clin. Oncol. 13, 287–297. doi: 10.1007/s10147-008-0812-0

 Langmead, B., Trapnell, C., Pop, M., and Salzberg, S. L. (2009). Ultrafast and memory-efficient alignment of short DNA sequences to the human genome. Genome Biol. 10, R25. doi: 10.1186/gb-2009-10-3-r25

 Lin, T., Dong, W., Huang, J., Pan, Q., Fan, X., Zhang, C., et al. (2009). MicroRNA-143 as a tumor suppressor for bladder cancer. J. Urol. 181, 1372–1380. doi: 10.1016/j.juro.2008.10.149

 Lodygin, D., Tarasov, V., Epanchintsev, A., Berking, C., Knyazeva, T., Korner, H., et al. (2008). Inactivation of miR-34a by aberrant CpG methylation in multiple types of cancer. Cell Cycle 7, 2591–2600. doi: 10.4161/cc.7.16.6533

 Martin, J., Jenkins, R. H., Bennagi, R., Krupa, A., Phillips, A. O., Bowen, T., et al. (2011). Post-transcriptional regulation of transforming growth factor Beta-1 by microRNA-744. PLoS ONE 6:e25044. doi: 10.1371/journal.pone.0025044

 Neuzillet, Y., Paoletti, X., Ouerhani, S., Mongiat-Artus, P., Soliman, H., de The, H., et al. (2012). A meta-analysis of the relationship between FGFR3 and TP53 mutations in bladder cancer. PLoS ONE 7:e48993. doi: 10.1371/journal.pone.0048993

 Pencina, M. J., D'Agostino, R. B. Sr., D'Agostino, R. B. Jr., and Vasan, R. S. (2008). Evaluating the added predictive ability of a new marker: from area under the ROC curve to reclassification and beyond. Stat. Med. 27, 157–172. discussion: 207–212. doi: 10.1002/sim.2929

 Qu, C., Liang, Z., Huang, J., Zhao, R., Su, C., Wang, S., et al. (2012). MiR-205 determines the radioresistance of human nasopharyngeal carcinoma by directly targeting PTEN. Cell Cycle 11, 785–796. doi: 10.4161/cc.11.4.19228

 Rosenfeld, N., Aharonov, R., Meiri, E., Rosenwald, S., Spector, Y., Zepeniuk, M., et al. (2008). MicroRNAs accurately identify cancer tissue origin. Nat. Biotechnol. 26, 462–469. doi: 10.1038/nbt1392

 Saito, Y., Friedman, J. M., Chihara, Y., Egger, G., Chuang, J. C., and Liang, G. (2009). Epigenetic therapy upregulates the tumor suppressor microRNA-126 and its host gene EGFL7 in human cancer cells. Biochem. Biophys. Res. Commun. 379, 726–731. doi: 10.1016/j.bbrc.2008.12.098

 Tao, J., Lu, Q., Wu, D., Li, P., Xu, B., Qing, W., et al. (2011). microRNA-21 modulates cell proliferation and sensitivity to doxorubicin in bladder cancer cells. Oncol. Rep. 25, 1721–1729. doi: 10.3892/or.2011.1245

 Tellez, C. S., Juri, D. E., Do, K., Bernauer, A. M., Thomas, C. L., Damiani, L. A., et al. (2011). EMT and stem cell-like properties associated with miR-205 and miR-200 epigenetic silencing are early manifestations during carcinogen-induced transformation of human lung epithelial cells. Cancer Res. 71, 3087–3097. doi: 10.1158/0008-5472.CAN-10-3035

 Ueno, K., Hirata, H., Majid, S., Yamamura, S., Shahryari, V., Tabatabai, Z. L., et al. (2012). Tumor suppressor microRNA-493 decreases cell motility and migration ability in human bladder cancer cells by downregulating RhoC and FZD4. Mol. Cancer Ther. 11, 244–253. doi: 10.1158/1535-7163.MCT-11-0592

 Van Roosbroeck, K., Pollet, J., and Calin, G. A. (2013). miRNAs and long noncoding RNAs as biomarkers in human diseases. Expert Rev. Mol. Diagn. 13, 183–204. doi: 10.1586/erm.12.134

 Veerla, S., Lindgren, D., Kvist, A., Frigyesi, A., Staaf, J., Persson, H., et al. (2009). MiRNA expression in urothelial carcinomas: important roles of miR-10a, miR-222, miR-125b, miR-7 and miR-452 for tumor stage and metastasis, and frequent homozygous losses of miR-31. Int. J. Cancer 124, 2236–2242. doi: 10.1002/ijc.24183

 Wiklund, E. D., Bramsen, J. B., Hulf, T., Dyrskjot, L., Ramanathan, R., Hansen, T. B., et al. (2011). Coordinated epigenetic repression of the miR-200 family and miR-205 in invasive bladder cancer. Int. J. Cancer 128, 1327–1334. doi: 10.1002/ijc.25461

 Yue, X., Wang, P., Xu, J., Zhu, Y., Sun, G., Pang, Q., et al. (2012). MicroRNA-205 functions as a tumor suppressor in human glioblastoma cells by targeting VEGF-A. Oncol. Rep. 27, 1200–1206. doi: 10.3892/or.2011.1588

 Zabolotneva, A., Tkachev, V., Filatov, F., and Buzdin, A. (2010). How many antiviral small interfering RNAs may be encoded by the mammalian genomes. Biol. Direct. 5, 62. doi: 10.1186/1745-6150-5-62

 Zabolotneva, A. A., Zhavoronkov, A., Garazha, A. V., Roumiantsev, S. A., and Buzdin, A. A. (2012). Characteristic patterns of microRNA expression in human bladder cancer. Front. Genet. 3:310. doi: 10.3389/fgene.2012.00310

 Zhu, Y. Y., Machleder, E. M., Chenchik, A., Li, R., and Siebert, P. D. (2001). Reverse transcriptase template switching: a SMART approach for full-length cDNA library construction. Biotechniques 30, 892–897.

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Received: 03 July 2013; Accepted: 28 October 2013; Published online: 15 November 2013.

Citation: Zabolotneva AA, Zhavoronkov AA, Shegay PV, Gaifullin NM, Alekseev BY, Roumiantsev SA, Garazha AV, Kovalchuk O, Aravin A and Buzdin AA (2013) A systematic experimental evaluation of microRNA markers of human bladder cancer. Front. Genet. 4:247. doi: 10.3389/fgene.2013.00247

This article was submitted to Cancer Genetics, a section of the journal Frontiers in Genetics.

Copyright © 2013 Zabolotneva, Zhavoronkov, Shegay, Gaifullin, Alekseev, Roumiantsev, Garazha, Kovalchuk, Aravin and Buzdin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.





OPS/images/pg1-1.jpg





OPS/images/cover.jpg
GENETICS





OPS/images/fgene-04-00247-g001.gif
DS **MH

SSH
MH

SSH

DS

SSH

DS **MH





OPS/images/fgene-04-00247-g002.gif





