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Abstract: Embryonal tumors of the central nervous system represent a heterogeneous group 

of childhood cancers with an unknown pathogenesis; diagnosis, on the basis of histological 

appearance alone, is controversial and patients’ response to therapy is difficult to predict. 

They encompass medulloblastoma, atypical teratoid/rhabdoid tumors and a group of primitive 

neuroectodermal tumors. All are aggressive tumors with the tendency to disseminate 

throughout the central nervous system. The large amount of genomic and molecular data 

generated over the last 5–10 years encourages optimism that new molecular targets will  

soon improve outcomes. Recent neurobiological studies have uncovered the key role of 

microRNAs (miRNAs) in embryonal tumors biology and their potential use as biomarkers 

is increasingly being recognized and investigated. However the successful use of 

microRNAs as reliable biomarkers for the detection and management of pediatric brain 

tumors represents a substantial challenge. This review debates the importance of miRNAs in  

the biology of central nervous systemembryonal tumors focusing on medulloblastoma and 

atypical teratoid/rhabdoid tumors and highlights the advantages as well as the limitations of their 

prospective application as biomarkers and candidates for molecular therapeutic targets. 
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1. Introduction 

Embryonal tumors of the central nervous system (CNS) are biologically heterogeneous neoplasias 

that share the tendency to disseminate throughout the nervous system via cerebrospinal fluid (CSF) [1]. 

They include childhood medulloblastoma (MB), the most frequent malignant brain tumors in children, 

and atypical teratoid/rhabdoid tumors (AT/RT), a highly malignant group of tumor predominantly 

manifesting in the CNS of young children [1,2]. Survival rates of pediatric brain tumor patients  

have significantly improved over the last years due to the developments in diagnostic techniques, 

neurosurgery, chemotherapy, radiotherapy, and supportive care [3]. However, brain tumors are still an 

important cause of cancer-related deaths in children. Diagnosis of brain tumors is currently based on the 

detection of symptoms and neuro-imaging abnormalities, which appear at relatively late stages in the 

pathogenesis. However, the underlying molecular responses to genetic and environmental insults begin 

much earlier and microRNA (miRNA) networks are critically involved in these cellular regulatory 

mechanisms [4]. Profiling miRNA expression patterns could thus facilitate pre-symptomatic disease 

detection [5]. By peering into the black box of how pediatric brain tumors develop, preclinical studies, 

using tumor profiling and several primary and permanent cancer cell lines, have implicated many 

miRNAs in the development, progression and metastasis of embryonal tumors [4,6,7]. It is encouraging 

to note that a great deal of progress has been made recently in dissecting miRNA pathways associated 

with the biology of embryonal brain tumors and a number of miRNAs have been identified as potential 

candidates for molecular therapeutic targets [8]. Although therapeutical targeting of miRNAs has not yet 

been applied in clinical trials as single treatment agent regiments, it has recently been demonstrated both 

in vitro and in vivo that miRNA-targeted therapy may be useful in combination with conventional 

chemo-radiotherapy to sensitize cancer cells [9]. This review describes the current understanding of the 

roles of miRNAs in pediatric MB and AT/RT brain tumors, and highlights the advantages and the 

limitations of miRNAs as potential markers and therapeutic targets for MB and AT/RT. 

2. miRNAs 

miRNAs constitute an evolutionarily conserved class of small non-coding RNAs that  

post-transcriptionally suppress gene expression via sequence-specific interactions with the 3'-UTRs of 

mRNA targets [10]. The function of a miRNA is defined by the genes it targets and the effects exploited 

on its expression. A given miRNA can target several hundreds genes, and around 60% of mRNAs  

have predicted binding sites for one or multiple miRNAs in their UTR. Two major silencing  

mechanisms have been identified for miRNAs: miRNAs can inhibit translation by inhibiting translation 

initiation/elongation or can promote mRNA degradation. Under normal conditions, miRNAs act as 

moderate regulators fine-tuning gene expression, but under conditions of stress or disease, they appear 

to exert more pronounced functions. One of the most interesting aspects of miRNA biology is that one 

single miRNA can regulate multiple genes that are involved in a specific signaling cascade or cellular 

mechanism, making miRNAs potent biological regulators. The frequent aberrant expression and 

functional implication of miRNAs in human cancers, including pediatric nervous system tumors [4], and 

the availability of highly sensitive expression measurements techniques, have lifted these small cellular 

components to the ranks of ideal measurable tumor biomarkers and preferred drug targets [11]. However 
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translation of these markers to clinical settings remains a considerable challenge and has proved more 

difficult than might have been expected. 

2.1. miRNA Detection Methods: Advantages and Concerns 

Alterations in the expression of miRNAs in diseases can be revealed by technologies that accurately 

assess changes in the content of miRNAs. The development of methods for detecting miRNAs has 

become a research field in its own right [12]. Ideal miRNA detection/profiling method should be 

sensitive enough to provide quantitative analysis of expression levels, reproducible, capable of 

processing multiple samples in parallel, and finally, easy to perform without the need for expensive 

reagents or equipment [13]. Currently, various applications are available to detect miRNAs (Table 1) 

and determine their abundance, including microarray-based [14] and PCR-based approaches [15], 

Northern blot analysis with radio-labeled probes [16], in situ hybridization [17] and high-throughput 

sequencing [18] (Figure 1). However, none of these methods is perfect and all have advantages and 

inherent limitations [12]. 

2.1.1. miRNAs Detection by Microarray Approach 

Microarray technology is based on nucleic acid hybridization between target miRNAs molecules and 

their corresponding complementary probes. Microarray technology is a powerful high-throughput tool 

capable of monitoring the expression of thousands of miRNAs at once within tens of samples processed 

in parallel in a single experiment. It is usually used to conduct a genome-wide analysis of miRNA 

expression of normal and/or disease samples, including cancer, and to distinguish expression  

signatures associated with diagnosis, prognosis and therapeutic interventions [19]. The technique 

involves oligonucleotide probes with the same sequence as the target miRNAs which are immobilized 

on glass slides forming a ready-to-use miRNA microarray. The isolated miRNAs are converted to cDNA 

by reverse transcription, labeled with fluorescent dye and then hybridized on the microarray. After a 

series of washing steps to remove any unbound cDNAs, the hybridized miRNAs are detected by a 

microarray scanner to determine the fluorescence intensity on each probe spot, which represents the level 

of expression of each target miRNA from the initial RNA sample. Several technical variants of miRNA 

arrays have been independently developed. The main differences include probe design, immobilization 

chemistry, sample labeling, and microarray chip signal-detection methods [20]. These genome-wide 

miRNA microarray platforms have the advantage of generally being less expensive than the other 

profiling methods and yet they allow large numbers of parallel measurements. The main disadvantage 

of these techniques is that they are unable to identify novel miRNAs. Application of microarray 

technology is also challenged by several innate properties of miRNAs, mainly the short length of 

miRNAs that offers little room to fine-tune the hybridization conditions. The low abundance of miRNAs 

fraction of total cellular RNA (<0.01%) and the imperfect specificity for miRNAs that are closely related 

in sequence and may differ by a single nucleotide, represent yet additional challenges which significantly 

decrease the sensitivity and specificity of microarrays. Another drawback of microarray technology is the 

lack of ability to perform absolute quantification of miRNA abundance [21]. Nevertheless microarrays are 

considered to be the best tool for comparing relative abundance of specific miRNAs between two states 

such as “experimental” vs. “control” or “diseased” vs. “healthy” samples [21]. Finally, a large quantity 
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of RNA is required for testing, and microarray chips are also very expensive to fabricate. However, if 

routinely implemented in basic and clinical research laboratories, microarray-based miRNA expression 

profiling has the certain potential to lead to the discovery of novel biomarkers and therapeutic targets 

(reviewed in [21]). 

Figure 1. miRNA detection/profiling methods. miRNAs are usually extracted from various 

specimen types such as cell culture, fresh tumor tissues, formalin-fixed paraffin embedded 

tumors or cerebrospinal fluid. miRNA isolation methods/kits which are widely available 

commercially typically use a chemical extraction combined with a purification step that 

involves binding and eluting from a silica column. Various methods can be used to  

assess miRNA quality after extraction including spectrophotometry, automated capillary 

electrophoresis with Bioanalyzer. For cerebrospinal fluid (CSF), where usually RNA yields 

are too low, determining the recovery of spiked-in synthetic miRNA oligonucleotides is useful. 

miRNA profiling can be determined with one of the listed methods: Microarray, quantitative 

reverse transcription PCR (q-RT-PCR), In Situ Hybridization (ISH), Northern blot or RNA 

sequencing. FFPE: Formalin-Fixed Paraffin-Embedded. 
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2.1.2. Real-Time-PCR-Based Detection of miRNAs 

Real-time PCR is the gold standard for gene expression quantification. Although global expression 

profiling assays are useful to provide a broad overview of the presence and the regulation of miRNAs, 

these data normally require a confirmation by more specific approaches. To date the most commonly 

used method to detect specific miRNAs is the real-time PCR analysis. This approach relies on reverse 

transcription of miRNA to cDNA, followed by quantitative PCR (qPCR) with real-time monitoring of 

reaction product accumulation. Commercially available customizable plates and microfluidic cards can 

be designed either to examine a small set of miRNAs or to provide more comprehensive coverage by 

large-scale profiling of hundreds of miRNAs [21]. Because of its high level of sensitivity, accuracy and 

its ability to differentiate between single base mismatches, quantitative reverse transcription PCR  

(q-RT-PCR) is accepted as a powerful technique in comparative expression analysis in life sciences and 

medicine [12]. Another appealing aspect of this approach is the practical ease of incorporation  

into the workflow of clinic laboratories. A hurdle in performing highly parallel q-RT-PCR is the challenge 

for scientists to design a conventional PCR assay from miRNAs averaging around 22 nt in length.  

The optimal reaction conditions may also vary substantially between miRNAs owing to sequence-specific 

differences in primer annealing. A limitation of q-RT-PCR technique is that the reaction cannot identify 

novel miRNAs. Another major drawback is the requirement for special equipment that is likely not 

available in most laboratories, which makes widespread application of this method difficult [22]. 

2.1.3. Northern Blot Analysis for miRNAs Detection 

Northern blotting was used to identify the very first miRNAs, and still remains a gold standard for 

miRNA expression analysis [23]. Although it is fairly time consuming and requires large amounts of 

RNA, it is the only approach that will visualize the expression product of a miRNA. After isolation  

of total RNA from cells or tissue, the small RNAs are fractionated by electrophoresis on a high  

percentage gel. After transferring these small RNAs from the gel onto a nitrocellulose membrane,  

to allow detection by hybridization with fluorescent or radio-labeled probes that are complementary to 

the target miRNA, the RNA is fixed onto the membrane by UV cross-linking and/or baking the 

membrane. Because of the small size and the low abundance of miRNA molecules, the use of an 

oligonucleotide probe with high sensitivity is essential for the detection of a given miRNA [24]. Northern 

blotting technique allows the validation of predicted miRNAs by the examination of their expression 

levels and the determination of their sizes. However, there are several technical limitations that prevent 

the routine use of Northern blotting as miRNA expression profiling tool in clinics. Mature miRNA 

molecules are very short and their abundance in total RNA is also very low, leading to a poor sensitivity 

of routine Northern blot analysis. Moreover this method is very time-consuming and not practical in 

clinical studies in which the detection of a large number of miRNAs might be required; its use in 

diagnostic is also limited by the relatively large amount of RNA sample required and the multiple 

handling steps.  
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2.1.4. In Situ Hybridization (ISH) for miRNA Detection 

ISH is an important tool used to detect miRNA accumulation in tissue sections or fixed cells.  

The technique uses labeled complementary nucleic acid sequences to detect a single strand of DNA or 

RNA. The advantage of ISH is the ability to monitor specific miRNA expression at the cellular or even 

at sub-cellular level, which results in asemi-quantitative analysis of miRNA expression. However, 

detection of miRNAs by ISH is technically challenging because of the small size of the target sequences 

and the low expression level of some miRNAs. Hence the use of this technique as a routine tool for 

miRNA expression profiling tool in diagnostics will likely remain limited by the low quantification 

power and by the low throughput nature of this methodology. 

2.1.5. miRNA Detection by High-Throughput Next-Generation Sequencing Platforms 

All of the techniques described above depend on hybridization and are restricted to the detection and 

profiling of previously identified miRNA sequences. Next generation sequencing platforms do not 

depend on hybridization and do not require previous information. The sequence-based methods for 

miRNA profiling determine the nucleotide sequence of miRNAs and involve RNA isolation, ligation of 

linkers to both 3' and 5' ends, reverse transcription, and PCR amplification, followed by the “massively 

parallel” sequencing of millions of individual cDNA molecules. Bioinformatic analysis of the sequence 

reads identifies both known and novel miRNAs in the data sets and provides relative quantification using 

a digital approach [22]. High-throughput sequencing methods permit high-resolution views of expressed 

miRNAs over a wide dynamic range of expression levels and the discrimination of miRNA family 

members that differ in only a nucleotide. Unlike profiling of miRNAs based on microarray techniques, 

deep sequencing measures absolute abundance and allows the discovery of novel miRNAs. Therefore 

deep sequencing methods are emerging as the best tool for studying miRNA expression also because 

they can reliably be used for miRNA detection in fresh frozen paraffin-embedded specimens, thus making 

large-scale clinical studies possible. In addition high-throughput sequencing of miRNAs have successfully 

revealed the differential expression of miRNAs in several cancerogenic and pre-carcinogenic lesions [13,25], 

suggesting that they can be used in diagnostics for early detection and for assessment of tumor 

aggressiveness [12]. 

Potential limitations are high costs and the computational infrastructure required for data analysis  

and interpretation [26]. 

In summary, microarray technology based methods appear to be best suited for detection of miRNA 

profiles, although RT-PCR may be the method of choice in a clinical settings if a combination of only  

a few miRNAs is used as marker. In addition, if it is important to know in which cell type a  

specific miRNA is expressed, ISH methods may be required. Despite being expensive some consider 

next-generation sequencing as the method of choice for studying small RNA expression. In contrast  

to the other methods, this platform is hybridization-independent, more sensitive and accurate in 

discriminating miRNA family members that could differ by only a single nucleotide and can be used to 

simultaneously detect known and yet unknown miRNAs. 
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2.2. miRNA Target Determination 

In the past decade the number of discovered genes encoding miRNAs has risen exponentially and 

researchers have gained substantial in-depth knowledge of the basic mechanism of action of miRNAs, 

but the main challenge still remaining is the identification of the tangible direct targets of these 

molecules, to understand how they regulate so many biological processes in both healthy and diseased 

tissue. Many technologies have been developed in the past few years, all with their own pros and cons [27]. 

Initial insight into miRNA targets can be obtained bioinformatically through a number of available 

programs that predict potential mRNA targets for individual miRNAs. Although it is important to 

confirm these predictions using miRNA target validation techniques, bioinformatic target prediction is 

often the first step toward defining the function of a specific miRNA. Currently, there are a number of 

freely available programs, such as miRanda (http://www.microRNA.org), microCosm (previously 

known as miRBase targets, http://www.mirbase.org), Targetscan (http://www.targetscan.org), or PicTar 

(http://pictar.mdc-berlin.de) that predict which mRNAs can potentially be targeted by a given miRNA 

or which miRNAs might be able to target a certain gene of interest. Main characteristics that these 

programs use to determine whether a miRNA can potentially target an mRNA include sequences 

complementarity between the 5' seed region of the miRNA (usually 2–8 bases) and the 3'-UTR sequence 

of a target gene. Thermal stability of the mRNA/miRNA duplex is often also taken into account; 

reviewed in [22]. After the identification of potential miRNA target genes, the physical binding of 

miRNA to candidate mRNAs and the subsequent translational modulation needs to be confirmed.  

A common approach for miRNA target verification is by cloning the 3'-UTR of a predicted mRNA target 

into a luciferase reporter. By linking the target UTR to the luciferase reporter, a change in luciferase 

signal will indicate whether a miRNA can bind to the UTR and regulate the expression of the gene.  

For this approach cell lines are chosen due to their transfectability (for example, HEK293 cells); however, 

tissue-specific miRNA biogenesis and binding warrants that these studies be performed in relevant cell 

line models resembling the tissue of origin [27]. 

3. miRNA Implications in CNS Embryonal Tumors 

miRNAs are implicated in diverse biological processes including cell self-renewal and pluri-potency [28] 

and as etiologic genes in various human malignancies [29]. Patterns of miRNA expression have been 

shown to distinguish tumor types and to predict tumor behavior [30]. However, their role in malignant 

pediatric brain tumors remains largely unexplored. 

3.1. miRNAs Associated with Neuronal Development and Disorders 

Studying the expression pattern of miRNAs during mammalian brain development, Kim et al. [31] 

identified miR-103, miR-124a, miR-128, miR-323, miR-326, miR-329, miR-344 and miR-192-2 to be 

expressed in the rat cortex and cerebellum during neural differentiation and development, reviewed in [32]. 

Using human embryonic cells that differentiate into neurons upon retinoic acid treatment, Sempere et al. 

showed that miR-9/9, miR-103-1, miR-124a, miR-124b, miR-128, miR-135, miR-156 and miR-218 are 

coordinately induced during the neural differentiation process [24]. Remarkably some of these miRNAs 

were reported to be also active in neuro-developmental disorders [33]. The notion that cancer is fuelled 
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by self-renewing stem cells is gaining prominence, and so is the idea that miRNA can direct cell fate. 

Yu et al. has brought the two fields together by showing that a single miRNA molecule “miRNA let-7” 

can regulate stem-ness in cancer cells [34]. The important role of stem cells both in normal tissue and 

cancer development has driven much of the research into neural cancer stem cell biology. Silber et al. 

reported that miR-124 and miR-137 induce differentiation of neural stem cells and glioblastoma stem  

cells [35]. Desanomi et al. reported that miR-34 deficiency is involved in the self-renewal and survival of 

cancer stem cells, and that in cancer cells lacking functional p53, restoration of miR-34 was able to  

re-establish the tumor suppressing signaling pathway [36]. The research in this area has recently led to 

the identification of specific miRNA genes responsible for embryonal stem cells (ESCs) proliferation 

and differentiation and for the initiation and progression of cancer stem cells [34–38]. miR-17/92 is an 

example of an miRNA associated with MB and neuronal stem cell biology. It promotes neural stem cells 

development by modulating its cell-fate decision and it is also involved in cancer stem cell maintenance 

and in MB biology [39]. Other miRNAs such as miR-7, miR-9 and repression of miR-124 were reported 

to be associated with MB biology and neuronal differentiation [40–42] while miR-125b, miR-324-5p, 

and miR-326 regulate SHH signaling in cerebellar granule neuron precursors and MB cells [4]. 

Interestingly, specific miRNAs such as miR-302 were recently found to be capable of reprogramming the 

cancer cells back into a pluripotent embryonic stem cell-like state, which then could be induced to mature 

into tissue-specific cells [43]. Together these reports suggest that miRNA expression is vital for normal 

as well as abnormal embryonic stem cells development that can lead to cancer stem cell initiation, 

reviewed in [36]. Cancer stem cells have been identified, isolated and characterized recently in 

embryonal neural malignancies including MB [44–48]. With the knowledge that MB harbors  

cancer-initiating cells with stem cell properties, scientists are making a great effort to understand the 

involvement of aberrantly expressed miRNAs in embryonal cancer stem cells and to elucidate the 

mechanisms which distinguish these cells from normal stem cells. Functional studies on miRNAs within 

the cancer stem cells of MB will be crucial for elucidating the mechanisms behind oncogenesis in these 

deadly malignancies and might reveal novel therapeutic targets. 

3.2. Biological Relevance of miRNAs in MBs 

MBs are primary malignant embryonal tumors of the central nervous system and represent more than 

one fifth of all pediatric brain tumors [1,3]. While the prognosis has traditionally been based on 

conventional histopathology and clinical staging, in recent years it has become apparent that the inherent 

biology of the tumor plays a significant part in predicting survival [49]. Recent advances in molecular 

biology and integrated genomics have led to an improved understanding of the genetic abnormalities 

and alterations in cell signaling pathways associated with MBs. Four distinct molecular subgroups of 

MB have been identified (WNT (wingless), SHH (sonic hedgehog), Group 3, and Group 4) [50–52]. 

Profiling of these subgroups revealed distinct genomic events, several of which represent prognostic and 

predictive biomarkers as well as targets for therapy [50–54]. Specifically, stratification of patients into 

their respective subgroups has profound prognostic impact, wherein therapy can be de-escalated in 

patients with favorable prognosis, and intensified therapy or novel agents can be considered in patients 

with poor prognosis [55]. However, despite considerable progress, more effort is still needed to  

fine-tune the identification of specific biological alterations that could be targeted by molecular specific 
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therapies. In this scenario miRNA research is emerging together with the established evidence regarding 

the key roles of these molecules in this cancer. Despite the fact that miRNAs are involved in the 

tumorigenesis of a range of different tumors, the knowledge about the prognostic, diagnostic, and/or 

therapeutic target potential of these molecules in brain cancer, especially MBs, is still at an early stage [8]. 

3.2.1. miRNAs Function as Oncogenes or Tumor Suppressors in MB 

The class of genes that function as tumor suppressors and oncogenes in MB have recently been 

expanded to include the miRNA family [41,42,56,57] (Table 1). miR-124a was amongst the first to be 

characterized as a tumor suppressor miRNA in MB [58]. This miRNA is a brain-enriched miRNA found 

to be expressed in the external granule cells of the cerebellum, reported to be cells of origin of MBs [59–61]. 

miR-124a was found to be decreased in MB cells compared to normal cerebellum and restoration of its 

function inhibits MB cell proliferation [58]. Pierson et al. [58] reported that cyclin dependent kinase 6 

(CDK6) and solute carrier family 16, member 1 (SLC16A1) are functional targets for miR-124a. Both 

genes were reported as an adverse prognostic marker in MB [62,63]. Ferretti et al. [4] identified a set of  

four up-regulated miRNAs (let-7g, miR-19a, miR-106b and miR-191) that are capable of distinguishing 

MB patient samples with aggressive vs. non aggressive histological MB variants. Furthermore, the 

authors observed in MB samples impaired expression of specific miRNAs that are known to be expressed 

during neuronal development such as (miR-9, miR-125a, miR-128a, miR128b and miR-181b), 

suggesting that some of these miRNAs might be involved in MB tumorigenesis [64]. Interestingly,  

these miRNAs were previously identified before in other brain tumors such as glioblastomas [65]. 

Experimentally, increasing the expression of miR-9 or miR-125a decreased MB cells survival and 

promoted MB tumor growth arrest suggesting a role for both miRNAs as tumor suppressors [66]. In a 

recent survey of miRNA expression in pediatric brain tumors including MB, miR-216, miR-135b, miR-217, 

miR-592 and miR-340 were found to be upregulated, whereas miR-92b, miR-23a, miR-27a, miR-146b and 

miR-22 were found to be downregulated, compared to normal brain tissue [67]. MB genome-wide 

miRNA expression profiling studies have revealed close associations of miRNA clusters with molecular 

and clinical subgroups [31,63,68,69]. In these studies miR-21 [70] was found to be up-regulated across 

all MB subgroups compared to normal cerebellum, while a miR-17/92 cluster was reported by Northcott 

and colleagues to be significantly up-regulated specifically in SHH-driven MBs [63,71]. Their results 

were confirmed in a report by Uziel et al. that showed miR-17/92 promoting proliferation of MB cell 

lines in vitro and contributing to the development of MB in vivo [63,71]. Other labs also associated  

miR-17/92 and miR-106b-25 cluster over-expression with both human and mouse SHH MBs [69,72]. 

Moreover miR-17/20 and miR-19a/b inhibitors decreased tumor growth in SHH MB cells in vitro and 

in animals bearing flank or cortical SHH MB allografts [73] suggesting that inhibitors targeting the  

miR-17/92 cluster could be therapeutically useful in SHH MBs [74]. Over-expression of other oncogenic 

miRNA clusters such as miR-183-96–182 were reported in MB subgroups characterized by genetic 

amplification of MYC, and not in SHH MBs [68] and promote metastasis, a hallmark of MYC aggressive 

MBs [75]. Ferretti and colleagues found additional miRNAs differentially regulated in MYC  

over-expressing MBs [69]. However, it is not known whether these miRNAs are directly regulated by 

MYC; reviewed in [74]. Cho et al. discovered a previously unidentified molecular subgroup, genetically 

characterized by gain of MYC copy number, miR-183-96–182 upregulation and significantly associated 
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with lower rates of event-free and overall survival [76]. For the WNT MB subgroup, miR-193a,  

miR-224/miR-452 cluster and miR-148a were reported to have potential tumor/metastasis suppressive 

activity and were found to be over-expressed in WNT signalling-associated MB [77]. To summarize, 

knowledge about miRNA expression signatures in distinct MB subtypes provides new insight into the 

molecular pathogenesis of MB tumors and highlights the hope of potential translation of such valuable 

information into therapy. 

Table 1. MicroRNAs (miRNAs) involved in medulloblastoma (MB) biology as oncogenes 

or tumor suppressors. 

miRNAs (miRs) Targets References 

Oncomirs 

miR-21 PDCD4 [78] 

miR-517c, miR-520g miR-517c WNT/JNK signaling, miR-520g ABCG2 [79,80] 

miR-221, miR-222 p27Kip1 [6] 

miR-183-96–182 

cluster 

Undefined, however knockdown of the full miR-183-96–182 

cluster results in enrichment of genes associated with apoptosis 

and dysregulation of the PI3K/AKT/mTOR signaling axis 

[68] 

miR-17/92 TSP-1, Bmi-1, PTEN, PP2A [63,81,82] 

miR-214 Gli1 [4] 

miR-30b, miR-30d 
Undefined, Both miRNAs are part of an amplicon containing the 

KHDRBS3 gene on 8q24.22 in MB cell lines 
[83] 

miR-106b p21 [69,84] 

Tumor Suppressors miRNAs 

miR-125a t-TrkC [69] 

miR-9 REST/NRSF, Hes1 [39,69] 

miR-125b, miR-324-5p, 

miR-326 
PKM2, SMO, Notch [4,85] 

let-7 RAS, STAT3 [69,86] 

miR-199b-5p HES1, Notch pathway, ErbB2 [87] 

miR-124a CDK6, SLC16A1, REST, BAF34a, RB1,t-TrkC [35,58,60,88,89]

miR-218 EGFR, Bcl-2, B-catenin and MAPK9 [84,90] 

miR-31, miR-153 miR-153 is found in high ErbB2 expressing MB [69,90] 

miR-128a, miR-128b, 

miR-181b 
Bmi-1 [64,91] 

let-7 miRNA family HMGA2 [7] 

3.2.2. miRNAs Associated with MB Metastasis 

Metastases are responsible for the majority of MB-related mortality, yet our understanding of the 

molecular circuitry coordinating this process is fragmentary. miRNAs are believed to play a key role as 

suppressors or promoters of metastasis according to their mRNA targets [92,93]. miR-21 up-regulation  

is associated with metastasis and cell migration in a variety of solid tumors including breast, lung, colon, 

prostate, pancreas and stomach cancers, as well as brain tumors such as glioblastoma [78,94,95]. Our lab 

recently reported the upregulation of miR-21 in MB cells, while miR-21 inhibition decreased MB cell 
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migration in vitro. Subsequent studies have identified other miRNAs as either promoters or suppressors 

of metastasis in MBs [96,97]. miR-106b was found to be overexpressed in MBs and directly interacting 

with PTEN. Inhibition of miR-106b in MB cells reduced cell migration and invasion potential [96].  

In another interesting study, miR-182 was found to be able to contribute to leptomeningeal metastatic 

dissemination in non-SHH MB [75]. Additionally miR-193a, miR-224/miR-452 cluster, and miR-148a 

were reported as exerting potential metastasis suppressor activity [31], while miR-199-5p was described 

as an inhibitor of MB metastasis [87]. Along the same lines, miR-219 suppresses invasion and metastasis 

through targeting CD164 [97]. 

3.3. Clinical Relevance of miRNAs in MBs 

Risk stratification and prognosis assessment have become a major concerns in the era of personalised 

medicine. Although gene expression profiling has reached a plateau in this regard, recent miRNA studies 

show new great promises [31,63,68], reviewed in [98]. Multiple reports have noted the utility of miRNAs 

for the prognostics and risk stratification of MBs (Figure 2). Moreover, miRNA expression profiles have 

been used to distinguish tumor histo-types. For example the oncogenic group miR-let7g, miR-106b, 

miR-191 and miR-19a are up-regulated in more aggressive MB anaplastic histotype with respect to 

classic and/or desmoplastic tumors [69]. The potential clinical utility of miRNAs extends beyond the 

realm of tumor classification to other important clinical measures, such as prognosis and treatment 

response. The low expression of tumor suppressor miRNAs, such as miR-199-5p, was found to be 

predictive for poor prognosis [87]. Low expression of miR-128b and miR-181b has been reported to 

correlate with MB disease risk [64,69], while both miR-31 and miR-153 are down-regulated in clinical 

high-risk MB patients [56,64,69]. On the other hand, oncogenic miRNAs, such as miR-125b, miR324-5p, 

and miR-326, promote progressive events in MBs [4]. Moreover, Weeraratne and colleagues reported 

that increased expression of the miR-183-96–182 cluster characterizes the most clinically aggressive 

subgroup and is associated with genetic amplification of MYC [68]. The same trend was observed when 

the miR-183-96–182 cluster was found to be significantly associated with non-SHH MBs, while miR-182 

promotes metastasis, a hallmark of aggressive MBs [75]. Our group recently identified miR-9 as  

a methylation-silenced tumor suppressor that could be a potential candidate predictive marker for MB 

with poor prognosis [39]. The investigation demonstrated that LC/A MB samples possess lower miR-9 

expression compared to the other variants and that miR-9 under-expression is associated with poor 

prognosis in 34 patient samples of MB. The lower overall survival probability of patients with low miR-9 

expression that also tends to have a more severe pathological grade suggests a strong trend towards 

prognostic significance. Moreover, in line with previous reports, high expression of the main miR-9 

target gene (HES1, hairy and enhancer of split 1 homolog), correlated significantly with lower overall 

survival in a distinct cohort of 129 MB samples [76]. In summary, although the full potential of miRNAs 

as prognostic factors awaits the results of larger prospective studies and further verification steps, the 

above mentioned data imply that in the near future miRNAs may have a wide clinical applicability as 

diagnostic and prognostic biomarkers for MB patients. 
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Figure 2. miRNAs associated with outcome prediction in MB patients. ↑: up-regulated;  

↓: down-regulated. 

 

3.4. Biological Relevance of miRNAs in CNS Atypical Teratoid/Rhabdoid Tumors 

CNS AT/RT are highly malignant central nervous system neoplasms that usually affect very young 

children and are typically deadly despite very aggressive treatment [99,100]. A standardized and 

effective approach for the treatment of this tumorremains elusive [101]. Rhabdoid tumors predominantly 

arise in the kidney and brain, but they can also be found in a deep axial location, such as the neck  

or the paraspinal region [102]. Different forms of rhabdoid tumors can be similar in their aggressiveness, 

histological features, and loss of function of INI1/hSNF5 mapping on chromosome 22 [103,104].  

From clinical experience, infants and children with rhabdoid tumors respond very poorly to 

chemotherapy and radiotherapy [105–107], although this remarkable resistance to both cytostatic drugs 

and radiotherapy has not yet found a convincing explanation at the molecular level. Because of the rarity 

of the disease, to date few miRNAsin AT/RT have been studied (Table 2). Sredni et al. [6] demonstrated 

that overexpression of miR-221/222 inhibited the expression of the tumor suppressor and inhibitor of 

cell cycle p27Kip1. The authors suggested that deregulation of miR-221/222 expression might be one of 

the factors contributing to oncogenesis and progression of AT/RT through p27Kip1 down-regulation and 

speculated that anti-miR-221/222 therapy might be an option for the treatment of these very aggressive 

and unresponsive tumors. Comparing miRNA expression in pediatric brain tumors and normal tissue 

controls, AT/RT samples showed high expression of miR-520b, miR-629, miR-221, miR-498 and miR-373, 

while miR-140, let-7b, miR-139, miR-153, and miR-376b were under-expressed [67]. To find new 



Int. J. Mol. Sci. 2014, 15 21566 

 

 

potential therapeutic targets for the treatment of AT/RT, Zhang et al. [7] have recently searched for novel 

genomic aberrations by investigating the copy number and expression alterations of let-7a3/let-7b 

miRNA and correlated them with expression of high-mobility group AT-hook 2 (HMGA2) oncoprotein, 

a target of let-7 miRNA family, in 18 AT/RT samples. Their analysis demonstrated that HMGA2 was 

highly over-expressed in 83.3% of AT/RT tissues while let-7a3/let-7b miRNA copy number and 

expression were reduced. Restoration of let-7 miRNA or knockdown of HMGA2 expression 

significantly suppressed proliferation and colony formation and almost abolished the invasive potential 

of G401 Wilms’ tumor cell line. The authors suggested that the HMGA2 oncoprotein plays a critical 

role in the pathogenesis of AT/RT development and reconstitution of let-7 miRNA may provide a novel 

therapeutic strategy for the treatment of AT/RT patients. 

Table 2. miRNAs involved in atypical teratoid/rhabdoid tumors (AT/RT) biology as 

oncogenes or tumor suppressors. 

miRNAs (miRs) Targets References 

Oncomirs 

miR-517c, miR-520g 
miR-517c WNT/JNK signaling,  

miR-520g ABCG2 
[79,80] 

miR-221, miR-222 p27Kip1 [6] 

miR-520b, miR-629, miR-498, miR-373 Undefined [67] 

Tumor Suppressors miRNAs 

miR-140, let-7b, miR-139, miR-153, miR-376b Undefined [67] 

let-7 miRNA family HMGA2 [7] 

miR-9 Undefined [40,69] 

4. miRNAs as Reliable Clinical Markers: Advantages and Challenges 

With the increasing implication of miRNAs in cancer development and progression, significant 

efforts are underway to use miRNAs as novel biomarkers with clinical applications [108–110]. miRNA 

expression profiling has been used to characterize embryonal and differentiated tissues of the nervous 

system [111], to discriminate cancer from normal tissue [70,93], and to differentiate primary from 

metastatic brain tumors [112]. Moreover, miRNAs identify individuals with increased disease risk, thus 

representing potential novel prognostic factors [113]. Of note, miRNAsncan also be detected circulating in 

several body fluids, including plasma, serum, cerebrospinal fluid, urine, and saliva [114–118]. Because of the 

significant differences that have been reported between the circulating miRNA expression profiles of 

healthy individuals and those of patients, it is encouraging to state that circulating miRNAs are likely to 

become a novel class of non-invasive and sensitive biomarkers for diagnosis and other clinical 

applications in human diseases [119]. In fact the use of circulating miRNAs as potential biomarkers is a 

rapidly evolving study field [108,120] and the number of publications has increased rapidly over the past 

two years. In the context of CNS diseases, several studies have demonstrated significant presence of 

specific miRNAs in CSF samples in patients with CNS lymphoma, glioma [117], metastatic brain 

cancers [116], and Alzheimer’s disease [121]. However, the true source of miRNAs in the body fluids 

and their exact secretory mechanism is still relatively unknown [122]. 
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4.1. Process of Biomarker Development 

The pathological progression from pre-neoplasia to cancer is accompanied by alterations in gene 

sequences, expression and function. Changes that occur exclusively, or more commonly, in cancer cells 

can be detected by specific molecular assays in tumor biopsy or in body fluids, and used as molecular 

indicators of cancer. These indicators/markers are useful in detecting cancer at early stages, assessing 

tumor burden, monitoring disease progression, and determining response to therapy [123]. Biomarkers 

can be broadly classified as prognostic or predictive markers that estimate disease-related patient 

trajectories and predict patient-specific outcome to different treatments [124]. Different conceptual phases 

of biomarker development have been proposed: phase one is the preclinical exploratory step that often 

begins by comparing tumor tissue with non-tumor tissue in order to identify characteristics unique to 

tumors that might lead to tests for clinical cancer detection. After the discovery stage, biomarkers must 

clear a number of practical hurdles before they can be considered for clinical practice. They have to 

undergo multiple defined stages of assay confirmation and validation. According to the US Food and 

Drug Administration (FDA), a “biomarker” is a “biomarker” that is measured in an analytical test system 

with well-established performance characteristics and for which there is an established scientific 

framework or body of evidence that elucidates the physiologic, toxicologic, pharmacologic, or clinical 

significance of the test results (Phase one) [125]. Phase two is a crucial subsequent step that evaluates 

the performance of biomarkers in distinguishing normal controls from cases with tumors (clinical 

validation) by testing the markers in tissues retrospectively collected from research cohorts [126]. This 

is best performed collaboratively with clinical and epidemiology centers. Phase three is the prospective 

screening phase. Ideally, biomarkers should be validated analogously in prospective, well-controlled 

clinical studies of large samples of diverse patients across multiple institutions. Phase four is the cancer 

control phase, comprising large-scale population studies to evaluate both the role of the biomarkers in 

detecting disease and the overall impact of screening in the population [127,128]. Not all biomarkers 

however will need to progress consecutively through all of the phases outlined here. 

4.2. miRNAs as Reliable Markers 

The ideal biomarkers should fit a number of criteria: To show satisfactory predictability and the 

ability to be inspected during onset, progression and/or regression of the disease, to be easy to assay and 

applicable to automatic high-throughput technology [108,129–131]. Today, most of the biomarkers detected 

in cancer patients are proteins, such as prostate specific antigen (PSA) for prostate cancer, alanine 

aminotransferase (ALT) and aspartate aminotransferase (AST) for hepatocellular carcinoma, etc. However, 

the protein assay procedure is not always easy to apply in clinical diagnosis and remains labor-intensive. 

Moreover the complexity of protein composition, post translational protein modifications, proteolysis and 

denaturation, as well as the low abundance of the proteins of interest add to the challenge of using  

proteins as successful biomarkers [132]. As a result, only a few of those protein-based biomarkers have  

been approved to be used in the diagnosis of cancer. Considering the limitations of current cancer 

conventional biomarkers, the use of miRNAs as tumor markers has aroused intense research interests, 

in particular after the discovery that profiling of miRNA expression patterns was more useful than the 

equivalent mRNA profiles [133]. In addition, contrary to mRNA which is not stable in formalin-fixed 
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paraffin-embedded tissue, miRNAs expression seems to well correlate between fresh and FFPE samples, 

possibly due to the small size and resistance to degradation of miRNAs [134,135]. Stable miRNAs have 

also been detected in body fluids including serum, plasma, urine, and other biological fluids as well as 

CSF [108,136]. Together these features make miRNAs extremely attractive for clinical research, since 

archived FFPE tissue and biological fluids is most often available, reviewed in [137]. 

It is estimated that miRNAs regulate around 30% of human protein-coding genes and their 

dysregulation has been associated with the development and progression of cancer [137]. Because 

miRNAs play many roles in diverse aspects of cancer, such as proliferation, apoptosis, invasion, 

metastasis, and angiogenesis, their expression pattern can be used to characterize tumor type, stage,  

or other clinical variables. They also play an active role in the etiology or progression of cancers by 

regulating the expression of oncogenes and tumor-suppressor genes. Thus, they could have potential for 

future cancer diagnosis and prognosis. Recently various studies have successfully identified the histotype of 

tumors of unknown origin according to miRNA expression profiles [138]. miRNA profiling has also shown 

promise in classifying human cancers [133], defining malignant status [139], and accurately identifing 

cancer tissue origin. Furthermore, evaluation of miRNA expression has been found to be of great  

prognostic [140,141] and diagnostic value [142,143]. Additionally, miRNA expression was shown to provide 

promising biomarkers for the outcome prediction of a wide array of human cancers [138,143,144],  

as well as for predicting the response to chemo-radiotherapy [145,146]. 

Utilization of automatic high-throughput technology for precise measurements is a fundamental 

analytical issue that needs to be fulfilled in molecular marker assays. In this regard the widespread and 

comprehensive use of high-throughput miRNA technologies, such as amplification-based quantitative 

real-time PCR (q-RT-PCR), hybridization-based microarrays, and sequencing-based next-generation 

sequencing (NGS) technologies, have enabled the accurate quantification of miRNA expression and the 

identification of miRNAs uniquely expressed in cancers [147]. Advanced technologies not only help to 

identify the oncogenic and tumor suppressor potentials of miRNAs, but also assist in providing a more 

comprehensive understanding of their underlying mechanisms and pathways. In summary, features of 

miRNAs such as rich information content, great discriminatory power, stability, accessibility in different 

specimen types, possibility of being evaluated from different sources, and finally, and importantly, their 

potential for highly sensitive measurement, have qualified them as reliable biomarkers. In fact, some 

tests using miRNA as biomarkers for clinical diagnosis are now available. Rosetta Genomics offers three 

different tests designed to identify specific miRNA signatures and use them to accurately diagnose 

diseases and predict their progress. Another company, Asuragen, has developed tests to diagnose 

pancreatic and colorectal cancer, as well as leukemia [12]. 

4.3. Challenges 

Application of miRNA profiling approaches for many malignancies, including CNS embryonal 

tumors, has produced hundreds of candidate biomarkers for detection and prognostication [40,64,68,69,87], 

yet none have become established in clinical practice. Fundamental issues have slowed the progress  

of clinical deployment, mainly the lack of clinically relevant animal models for miRNA research. 

Therefore, the creation of a suitable, well-defined and validated animal model is essential to elucidate 

the role of miRNAs in embryonal tumors and to transfer knowledge from bench to bedside and so to 
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address clinical questions [148]. Other factors contributing to the failure of candidate biomarkers to 

realize clinical utility include those inherently associated with conventional biomarkers such as (i) lack of 

collaborative research efforts; (ii) availability of tumor tissue samples; (iii) reliability and reproducibility 

of results; (iv) variability of biomarker assessment methods; (v) expenses involved with assessing the 

marker status; (vi) the need for developing new miRNA assessment technologies; and (vii) lack of cellular 

and clinical database resources. 

4.3.1. Lack of Collaborative Research Efforts 

Most of the miRNA alterations in embryonal brain tumors have been identified by research groups 

studying small numbers of retrospectively collected tumor samples, and using different experimental 

methods and protocols. The generated data and results are therefore difficult to compare, statistically 

underpowered, and do not successfully result in the development of fully validated biomarkers [149–153]. 

Hence there is a great need to facilitate the transition and incorporation of miRNA biomarker research 

from single research groups to a more collaborative approach. Large strategic research partnerships and 

international collaborative projects should be developed between pediatric brain tumors labs. Efforts to 

develop and validate miRNAs as biological markers for pediatric brain tumors should be shared between 

different international labs, research responsibility should be divided, and duties should be clear. 

Initiatives are also needed tounitebasic and clinical researchers and promote their collaboration. It is vital 

to link clinicians and researchers of molecular measurements in order that experimentation becomes 

clinical reality. Collaborative and integrative research, proper communication and understanding among 

pediatric brain tumors labs worldwide are key methods of uniting the skills necessary for developing 

successful biomarkers. 

4.3.2. Availability of Tumor Tissue Samples 

To date, most of the investigations into the use of miRNAs as biomarkers have been performed mainly 

in cell lines or animal models while other studies included only small cohorts of patient samples that 

were not validated in prospective clinical trials. A final decision for human use must be based on results 

derived from clinical trials with an adequate number of patient samples that represent a proof of concept 

for the field of miRNAs as biomarkers. The sensitivity and specificity of a molecular marker cannot  

be fully realized until careful testing is carried out in tumor specimens and compared with normal  

controls [123,154–158]. Therefore, access to well-preserved human tissues accompanied by high quality 

clinical data is a prime issue to be considered in order to examine the relationship between molecular 

changes and clinical variables or outcomes. The collected specimens usually include tumors, as well as 

adjacent normal tissues when possible and are associated with a spectrum of information that usually 

includes the collection time, the tissue composition and the alterations within that reflect the type and 

stage of disease (histopathology). The small number of available tumor tissue samples however has 

disappointingly limited the output of researchers in the field of rare tumors, such as embryonal brain 

tumors, and the clinical translation of many candidate miRNA markers is stalled by the lack of  

well-characterized tissue samples [154–158]. An analysis of biomarker publications showed that many 

individual studies report high association between specific biomarkers and disease outcome; however 

when the same marker is subsequently compared with larger studies, or meta-analyses, the effect size is 
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often significantly smaller than initially believed [159]. This has brought recognition to the urgent need  

to improve the availability and access to tissue resources. Tumor collections by single institutions or 

individual scientists are mostly not sufficient to address these resource problems. Therefore, improved 

tools such as biobanks, one of the key resources in the fight against cancer, are certainly needed [160–162]. 

However, unlike other research tools such as cell lines and animal models, the biobank boom spawned an 

increase of regulations and guidelines, which has created controversies, particularly about the importance 

and definition of informed consent [163–165] that is required before biobank samples can be collected 

and used in research. Unclear, conflicting, or burdensome regulatory requirements and lack of agreement 

among clinicians, investigators, and regulators as well as the nature of this consent and how it is obtained 

add another layer of complexity to the sample collection matter. Some European guidelines take the 

view that general consent is acceptable to use samples for future, as yet unspecified research projects; 

US and Canadian policy follows a more rigorous standard of consent [163]. 

4.3.3. Reliability and Reproducibility of Results 

Acquisition of highly reproducible data is necessary to produce reliable markers that could be used 

in clinical situations. However, the lack of standardization that is manifested in the variability in 

experimental conditions, methodology, measurements, protocols, and platforms, is another very 

important factor that challenges the process of miRNAs biomarker validation process. There is 

skepticism and legitimate debate within the research community on what is needed to be done to translate 

laboratory findings into tangible clinical applications [166]. The skepticism is partially derived from 

some inflated expectations, which are frequently followed by disappointment when the original results 

of certain investigations could not be reproduced. As is known from the field of microarrays, data is 

often incomplete or incompletely annotated and the analyses are hard to reproduce [167]. For example, 

four different research groups have reported miRNA profiles for pancreatic cancer, with impressive 

discrepancies between the results [12,168–170]. 

4.3.4. Variability of Biomarker Assessment Methods 

Another key factor that hampers the validation of biomarkers and contributes to the failure of 

candidate biomarkers to realize clinical utility is the multitude and variety of sample processing, RNA 

extraction and expression measurement/assessment methods. Equally important are the differences in 

specimen type, for example FFPE vs. fresh frozen samples. Studying miRNA profiles involves sample 

collection; miRNA detection; analytical platform and protocols, data processing; statistical analysis, and 

clinical interpretation [12]. A variety of these analytic techniques exists, each with specific biases that 

can greatly influence the relative weight of certain miRNA molecules in the tested sample. No wonder 

there is often a low correlation of results obtained from different platforms or even from the same 

platform using kits and reagents from different vendors. These are especially pronounced when  

a highly sensitive technique like sequencing is used. Currently there are no universally implemented 

guidelines for the collection, preparation, and extraction of samples for miRNA analysis. Standardization 

of these assays is a challenge for the near future. Data normalization, an often underestimated aspect of 

data processing, is as well crucially important and a major concern in obtaining accurate results [171]. 

Therefore, it is important to be methodologically consistent across different samples and steps must be 
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taken to carefully select miRNA-profiling platforms and data analysis methods for the acquisition  

of clinically meaningful and dependable data. Furthermore, standardization of miRNA biomarker 

evaluation is definitely needed. 

4.3.5. Expenses Involved with Assessing the Marker Status 

It has been difficult to translate molecular markers to the clinic, owing to not only the above 

mentioned factors, but also due to the vast expense that is involved in developing the necessary platforms 

and technology for testing different assays in a prospective clinical trial. Indeed economic and business 

considerations can slow cancer biomarker development. Appropriate finance to provide clinical 

opportunities for the evaluation of new technologies, reagents and assays is lacking and industrial 

companies do not play a role in most pediatric disease research. Many of the miRNA diagnostic and 

prognostic markers that have been reported in the literature are in the public domain and lack intellectual 

property protection. Companies have shied away from developing clinical tests in the absence of this 

protection. It has to be said, however that the miRNA-based biomarker development problems are not 

only concentrated in the pediatric brain tumor field. There has been a huge increase in intellectual 

endeavors concerning research devoted to the discovery and validation of other disease biomarkers 

within both the biological and clinical sciences during the last decade. For instance, in searching for the 

term “biomarker” in the literature database, more than 660,000 published articles could be found. 

However, these enormous investments and academic output have not yet translated into the expected 

integration of new biomarkers for patient care [172]. 

4.3.6. The Need for Developing New miRNA Assessment Technologies 

There is still no clear-cut consensus as to what is the best approach to analyze large-scale miRNA 

profiles. It is expected that these issues will settle with time, as techniques become more robust and 

analysis methods stabilize [173]. Refining, and/or developing, new detection and measurement 

technologies with improved analytic tools that allow more detailed examinations of the molecular and 

cellular signatures of pediatric brain tumors is an important task that is needed for the development of 

successful miRNA biomarkers and efficacious target gene therapy discovery [174]. It is estimated that 

non-coding RNAs involved in cancer may include over 1500 miRNAs. Such complexity clearly 

highlights the need for ultra-high resolution technology for robust quantitative miRNA measurements 

and data acquisition as well as to analyze already discovered potential markers in a cost-effective  

fashion [123]. Development of new measurement technologies therefore is central to successful 

biomarker development and should be strongly encouraged. 

4.3.7. Lack of Cellular and Clinical Database Resources 

Databases play a major role in cancer research at the cellular and clinical levels, with a central role 

currently played by expression array data. Global electronic database gathering and storing a wide range 

of data for genetic variations and miRNA expression profiles that are pediatric brain tumor-relevant must be 

developed and sustained [174]. Web-service technology linking molecular level databases and biobank 

data as well as software platforms for data and document management, facilitating remote communication 
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between biomarker development’s concerned parties should be encouraged. A common information 

infrastructure for data exchange, analysis and modeling and meta-analysis methodologies should be put 

into practice, thereby allowing researchers the choice between going through lots of papers published 

over the past several decades on individual experiments, or more simply using high throughput datasets. 

All in all we are just starting to uncover the huge potential of miRNAs as novel biomarkers for 

medicine. However, as mentioned above, conceptual and technical issues still need to be overcome. 

Moreover there are still many questions remaining unanswered in understanding miRNA biology and 

function, and as yet, not all the enzymes and proteins involved in miRNA production and processing are 

known [175]. We have not identified other factors contributing to miRNA-target gene recognition, other 

than seed sequence complementarities, nor the actual regulation of miRNAs at the transcriptional level. 

It is still unclear how cancer cells manipulate miRNAs and other regulators to promote their own survival 

and growth under stressed tumor microenvironments [176]. A more thorough understanding of  

miRNA biology is certainly needed before candidate biomarkers realize clinical utility. However, despite 

current limitations, miRNA-based biomarkers constitute an exciting field in biomedical research and it 

is likely to become a routine approach to generate individual patient profiles and allow targeted 

therapeutic intervention. 

5. Therapeutic Potential of miRNAs 

5.1. miRNAs as Druggable Targets 

As noted above, several miRNAs are altered in pediatric brain tumors disease states when compared 

to the normal brain. Whether this differential expression occurs as a consequence of the pathological 

state or whether the disease is a direct cause of this differential expression is currently unknown. 

Nonetheless, since miRNAs are deregulated in cancer, it is thought that normalization of their expression 

could be a potential method of intervention. In this vein, several therapeutic mechanisms have been put 

forth and are described [177–179]. Generally there are two approaches to develop miRNA-based 

therapeutics: miRNA antagonists [70,180] and miRNA mimics/replacement [181]. miRNA antagonists 

inhibits endogenous miRNAs that show a gain of function in cancer tissues. This approach is 

conceptually similar to short interfering RNAs (siRNAs). It usually involves the introduction of anti-miR  

or antago-miR that bind with high affinity to the active miRNA strand and results in its degradation.  

On the other hand, miRNA mimics/replacement are used to restore a loss of function. This approach 

aims to re-introduce miRNAs into diseased cells that are normally expressed in healthy cells. miRNA 

mimics can be delivered systemically using technologies that are also used for therapeutic siRNAs [181]. 

There are several significant advantages of miRNAs for becoming a new class of drug targets.  

Their small size and known and conserved sequence make them attractive candidates from a 

development standpoint. Moreover, many genetic or oligonucleotide-based gain- and loss-of function 

studies have shown very pronounced phenotypes in rodents and even large animal models,  

whereas miRNA manipulation under baseline conditions usually does not exert overt effects. 

Furthermore, and importantly, the direct downstream targets of a single miRNA are commonly related 

genes that function in a comparable cellular process or signaling cascade. This implies that targeting of 
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a single miRNA will probably result in a dramatic effect due to the combinatorial effect of gene 

expression changes in all these related downstream targets, reviewed in [182]. 

5.2. miRNAs as Predictors and Modifiers of Chemo- and Radio-Therapy 

Perhaps the most promising application of miRNAs might lie in the estimation of outcome and 

response of well-established anti-tumor therapies, such as chemotherapy and radiation. For example,  

it has been recently shown that alterations in miRNA expression profiles could provide predictive 

information about sensitivity or resistance of certain tumor types to different treatments; alternatively, 

or in addition, changes in expression during a therapy might offer a tool for treatment response 

monitoring. Finally, modification of miRNA expression by up- or down-regulation may possibly 

enhance sensitivity to the applied chemo- or radio-therapy, reviewed in [183]. Extensive profiling studies 

on cancer cell line, animal xenographs, and tumors, have associated miRNA expression in cancer cells 

with chemo- and radio sensitivity, both with regards to predicting or modulating sensitivity. Several 

miRNAs have been found to predict sensitivity to anticancer treatment, while others were shown to 

influence sensitivity to chemo- or radio-therapy in vitro and/or in vivo. There are many potential roles 

for miRNAs in altering chemotherapeutic response that have been reported in the literature. For example, 

miRNA replacement or silencing may be used to augment chemotherapeutic effects [184,185] or 

alternatively to base the selection of traditional chemotherapies on their ability to deregulate specific 

panels of miRNAs [186]. Perhaps the most clinically applicable approach is to use miRNA signatures to 

guide chemotherapeutic decisions. In vitro studies have identified miRNAs whose expression patterns 

correlate with drug response [187,188]. However, global profiling studies have been used as classifiers of 

responders vs. non responders in various cancers [186,189]. miRNAs may modulate the DNA damage 

response, thus sensitizing tumor cells to both chemotherapy and radiotherapy [190,191]. The role of 

miRNAs as sensitizers to radiotherapy is of particular importance given the fact that many pediatric 

brain tumors in infants and young children require combinations of chemotherapy and high doses of 

spinal radiotherapy as optimal modes of treatment. In this case infants could be treated with a 

substantially less toxic treatment strategy. 

5.3. Challenges of miRNA-Based Therapies 

Although there are many reasons to be excited about miRNAs as a new class of drug targets,  

some aspects of miRNA and anti-miRNA biology are still relatively unknown and the majority of the 

promising miRNA targeting approaches are still at their preclinical stage. The optimization of the 

stability of miRNAs, the improvement in delivery systems, and targeted drug delivery as well as the 

understanding and control of off-target effects of miRNA therapeutics, are the main challenges for their 

future development. Similar to small interfering RNA therapies, difficulties of specific delivery, and the 

insufficient uptake for effective target inhibition challenge the development of miRNA-based therapies. 

Despite the fact that chemical adaptations in oligonucleotides, such as cholesterol conjugation and 

phosphorothioate backbone modifications, were able to overcome these obstacles, impaired biological 

activity and increased toxicity usually accompanied the resulted improved delivery to tissues [192]. 

Moreover it is expected that tumor types and context will add to the complexity and heterogeneity of 

response to any miRNA therapy strategies. Blood-brain barrier (BBB) forms another important hurdle 
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for effective miRNA treatment of malignant brain cancer. Hence, effective brain delivery for miRNAs 

may require the design of particular therapeutic approaches that overcome this physiological obstruction, 

such as the use of nanoparticles, immunoliposomes, peptide vectors or carrier-mediated transport 

through the BBB, reviewed in [193]. New therapies targeting miRNAs or their target genes may best be 

applied in the future together with molecular profiling of cancers for clinical stratification and selection 

of combination therapies. 

6. Concluding Remarks 

miRNAs are revolutionizing the field of cancer research. The emerging role of their dysregulation in 

human cancer has raised exciting opportunities as well as challenges for their clinical application in the 

capacity of cancer detection and prediction. 

In the therapeutic arena, the realization that the inappropriate production of individual miRNAs 

contributes to several aspects of carcinogenesis suggests that inhibition of overexpressed oncogenic 

miRNAs or substitution of tumor suppressive miRNAs could become a novel treatment strategy or a 

promising candidate for treatment response prediction or for modulation of conventional anticancer 

treatment sensitivity. With the advent of high-throughput technologies for the global measurement of 

miRNAs, research has shown miRNAs to have potential as biomarkers for the diagnosis and prognosis 

of pediatric brain tumors. However most miRNA studies have been limited to the preclinical discovery 

stage. The challenge remains to optimize and to validate miRNA biomarkers through carefully designed 

translational/clinical studies. Such studies require careful practical consideration of the best methods for 

sample collection, miRNA isolation, quantification, and data analysis and importantly to translate this 

wealth of discovery into clinical management of pediatric brain tumors patients. It is likely that 

significant progress will be achieved in the usage of miRNAs in cancer diagnosis and outcome prediction 

in the near future, and undoubtedly, the coming years will bring exciting new therapeutic strategies based 

on the targeting of miRNA in the treatment of human cancer. It is hoped that some of these will be 

efficient and beneficial for pediatric brain cancer patients. 

Acknowledgments 

This project was supported by the Swiss Research Foundation Child and Cancer and by “Krebsliga 

Zürich”. We thank Nicola Shalaby for the manuscript proofreading. 

Author Contributions 

Tarek Shalaby: Acquisition, interpretation of data and writing of the manuscript with input from all 

authors; Giulio Fiaschetti: References management, critical revision of the manuscript for important 

intellectual content; Martin Baumgartner: critical revision of the manuscript for important intellectual 

content; and Michael A. Grotzer: Contributed to conception and design of the review. 

Conflicts of Interest 

The authors declare no conflict of interest. 

  



Int. J. Mol. Sci. 2014, 15 21575 

 

 

References 

1. Louis, D.N.; Ohgaki, H.; Wiestler, O.D.; Cavenee, W.K.; Burger, P.C.; Jouvet, A.; Scheithauer, B.W.; 

Kleihues, P. The 2007 WHO classification of tumours of the central nervous system.  

Acta Neuropathol. 2007, 114, 97–109. 

2. Legler, J.M.; Ries, L.A.; Smith, M.A.; Warren, J.L.; Heineman, E.F.; Kaplan, R.S.; Linet, M.S.  

Brain and other central nervous system cancers: Recent trends in incidence and mortality.  

J. Natl. Cancer Inst. 1999, 91, 1382–1390. 

3. Ries, L.A.G.; Smith, M.A.; Gurney, J.G.; Linet, M.; Tamra, T.; Young, J.L.; Bunin, G.R.  

CNS and miscellaneous intracranial and intraspinal neoplasms. In Cancer Incidence and Survival 

Among Children and Adolescents: United States SEER Program, 1975–1995; Ries, L.A.G.,  

Smith, M.A., etc., Eds.; National Institutes of Health: Bethesda, MD, USA, 1999; p. 179. 

4. Ferretti, E.; de Smaele, E.; Miele, E.; Laneve, P.; Po, A.; Pelloni, M.; Paganelli, A.;  

di Marcotullio, L.; Caffarelli, E.; Screpanti, I.; et al. Concerted microRNA control of Hedgehog 

signalling in cerebellar neuronal progenitor and tumour cells. EMBO J. 2008, 27, 2616–2627. 

5. Rao, P.; Benito, E.; Fischer, A. MicroRNAs as biomarkers for CNS disease. Front Mol. Neurosci. 

2013, 6, 39. 

6. Sredni, S.T.; de Fátima Bonaldo, M.; Costa, F.F.; Huang, C.C.; Hamm, C.A.; Rajaram, V.; Tomita, T.; 

Goldman, S.; Bischof, J. M.; Soares, M.B. Upregulation of miR-221 and miR-222 in atypical 

teratoid/rhabdoid tumors: Potential therapeutic targets. Child’s Nerv. Syst. 2010, 26, 279–283. 

7. Zhang, K.; Gao, H.; Wu, X.; Wang, J.; Zhou, W.; Sun, G.; Wang, J.; Wang, Y.; Mu, B.; Kim, C.; et al. 

Frequent overexpression of HMGA2 in human atypical teratoid/rhabdoid tumor and its correlation 

with let-7a3/let-7b miRNA. Clin. Cancer Res. 2014, 20, 1179–1189. 

8. Vidal, D.O.; Marques, M.M.; Lopes, L.F.; Reis, R.M. The role of microRNAs in medulloblastoma. 

J. Pediatr. Hematol. Oncol. 2013, 30, 367–378. 

9. To, K.K. MicroRNA: A prognostic biomarker and a possible druggable target for circumventing 

multidrug resistance in cancer chemotherapy. J. Biomed. Sci. 2013, 20, 99. 

10. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. 

11. Bader, A.G.; Brown, D.; Stoudemire, J.; Lammers, P. Developing therapeutic microRNAs for 

cancer. Gene Ther. 2011, 18, 1121–1126. 

12. De Planell-Saguer, M.; Rodicio, M.C. Analytical aspects of microRNA in diagnostics: A review. 

Anal. Chim. Acta 2011, 699, 134–152. 

13. Takada, S.; Mano, H. Profiling of microRNA expression by mRAP. Nat. Protoc. 2007, 2,  

3136–3145. 

14. Castoldi, M.; Benes, V.; Hentze, M.W.; Muckenthaler, M.U. miChip: A microarray platform for 

expression profiling of microRNAs based on locked nucleic acid (LNA) oligonucleotide capture 

probes. Methods 2007, 43, 146–152. 

15. Chen, C.; Ridzon, D.A.; Broomer, A.J.; Zhou, Z.; Lee, D.H.; Nguyen, J.T.; Barbisin, M.;  

Xu, N.L.; Mahuvakar, V.R.; Andersen, M.R.; et al. Real-time quantification of microRNAs by 

stem-loop RT-PCR. Nucleic Acids Res. 2005, 33, e179. 



Int. J. Mol. Sci. 2014, 15 21576 

 

 

16. Válóczi, A.; Hornyik, C.; Varga, N.; Burgyan, J.; Kauppinen, S.; Havelda, Z. Sensitive and specific 

detection of microRNAs by northern blot analysis using LNA-modified oligonucleotide probes. 

Nucleic Acids Res. 2004, 32, e175. 

17. De Planell-Saguer, M.; Rodicio, M.C.; Mourelatos, Z. Rapid in situ codetection of noncoding 

RNAs and proteins in cells and formalin-fixed paraffin-embedded tissue sections without protease 

treatment. Nat. Protoc. 2010, 5, 1061–1073. 

18. Schulte, J.H.; Marschall, T.; Martin, M.; Rosenstiel, P.; Mestdagh, P.; Schlierf, S.; Thor, T.; 

Vandesompele, J.; Eggert, A.; Schreiber, S.; et al. Deep sequencing reveals differential expression 

of microRNAs in favorable vs. unfavorable neuroblastoma. Nucleic Acids Res. 2010, 38,  

5919–5928. 

19. Li, W.; Ruan, K. MicroRNA detection by microarray. Anal. Bioanal. Chem. 2009, 394, 1117–1124. 

20. Liu, C.G.; Calin, G.A.; Meloon, B.; Gamliel, N.; Sevignani, C.; Ferracin, M.; Dumitru, C.D.; 

Shimizu, M.; Zupo, S.; Dono, M.; et al. An oligonucleotide microchip for genome-wide microRNA 

profiling in human and mouse tissues. Pro. Natl. Acad. Sci. USA 2004, 101, 9740–9744. 

21. Pritchard, C.C.; Cheng, H.H.; Tewari, M. MicroRNA profiling: Approaches and considerations. 

Nat. Rev. Genet. 2012, 13, 358–369. 

22. Van Rooij, E. The art of microRNA research. Circ. Res. 2011, 108, 219–234. 

23. Wightman, B.; Ha, I.; Ruvkun, G. Posttranscriptional regulation of the heterochronic gene lin-14 

by lin-4 mediates temporal pattern formation in C. elegans. Cell 1993, 75, 855–862. 

24. Sempere, L.F.; Freemantle, S.; Pitha-Rowe, I.; Moss, E.; Dmitrovsky, E.; Ambros, V. Expression 

profiling of mammalian microRNAs uncovers a subset of brain-expressed microRNAs with 

possible roles in murine and human neuronal differentiation. Genome Biol. 2004, 5, R13. 

25. Marti, E.; Pantano, L.; Banez-Coronel, M.; Llorens, F.; Minones-Moyano, E.; Porta, S.; Sumoy, L.; 

Ferrer, I.; Estivill, X. A myriad of miRNA variants in control and Huntington’s disease brain 

regions detected by massively parallel sequencing. Nucleic Acids Res. 2010, 38, 7219–7235. 

26. Linsen, S.E.; de Wit, E.; Janssens, G.; Heater, S.; Chapman, L.; Parkin, R.K.; Fritz, B.; Wyman, S.K.; 

de Bruijn, E.; Voest, E.E.; et al. Limitations and possibilities of small RNA digital gene expression 

profiling. Nat. Methods 2009, 6, 474–476. 

27. Akbari Moqadam, F.; Pieters, R.; den Boer, M.L. The hunting of targets: Challenge in miRNA 

research. Leukemia 2013, 27, 16–23. 

28. Bar, M.; Wyman, S.K.; Fritz, B.R.; Qi, J.; Garg, K.S.; Parkin, R.K.; Kroh, E.M.; Bendoraite, A.; 

Mitchell, P.S.; Nelson, A.M.; et al. MicroRNA discovery and profiling in human embryonic stem 

cells by deep sequencing of small RNA libraries. Stem Cells 2008, 26, 2496–2505. 

29. Esquela-Kerscher, A.; Slack, F.J. Oncomirs—microRNAs with a role in cancer. Nat. Rev. Cancer. 

2006, 6, 259–269. 

30. He, L.; Thomson, J.M.; Hemann, M.T.; Hernando-Monge, E.; Mu, D.; Goodson, S.; Powers, S.; 

Cordon-Cardo, C.; Lowe, S.W.; Hannon, G.J.; et al. A microRNA polycistron as a potential human 

oncogene. Nature 2005, 435, 828–833. 

31. Kunder, R.; Jalali, R.; Sridhar, E.; Moiyadi, A.; Goel, N.; Goel, A.; Gupta, T.; Krishnatry, R.; 

Kannan, S.; Kurkure, P.; et al. Real-time PCR assay based on the differential expression of 

microRNAs and protein-coding genes for molecular classification of formalin-fixed paraffin 

embedded medulloblastomas. Neuro. Oncol. 2013, 15, 1644–1651. 



Int. J. Mol. Sci. 2014, 15 21577 

 

 

32. Fernandez, L.A.; Northcott, P.A.; Taylor, M.D.; Kenney, A.M. Normal and oncogenic roles for 

microRNAs in the developing brain. Cell Cycle 2009, 8, 4049–4054. 

33. Zhao, C.; Deng, W.; Gage, F.H. Mechanisms and functional implications of adult neurogenesis. 

Cell 2008, 132, 645–660. 

34. Yu, F.; Yao, H.; Zhu, P.; Zhang, X.; Pan, Q.; Gong, C.; Huang, Y.; Hu, X.; Su, F.; Lieberman, J.; et al. 

Let-7 regulates self renewal and tumorigenicity of breast cancer cells. Cell 2007, 131, 1109–1123. 

35. Silber, J.; Lim, D.A.; Petritsch, C.; Persson, A.I.; Maunakea, A.K.; Yu, M.; Vandenberg, S.R.; 

Ginzinger, D.G.; James, C.D.; Costello, J.F.; et al. miR-124 and miR-137 inhibit proliferation of 

glioblastoma multiforme cells and induce differentiation of brain tumor stem cells. BMC Med. 

2008, 6, 14. 

36. DeSano, J.T.; Xu, L. MicroRNA regulation of cancer stem cells and therapeutic implications. 

AAPS J. 2009, 11, 682–692. 

37. Hatfield, S.; Ruohola-Baker, H. MicroRNA and stem cell function. Cell Tissue Res. 2008, 331, 

57–66. 

38. Croce, C.M.; Calin, G.A. miRNAs, cancer, and stem cell division. Cell 2005, 122, 6–7. 

39. Bian, S.; Hong, J.; Li, Q.; Schebelle, L.; Pollock, A.; Knauss, J.L.; Garg, V.; Sun, T. MicroRNA 

cluster miR-17-92 regulates neural stem cell expansion and transition to intermediate progenitors 

in the developing mouse neocortex. Cell Rep. 2013, 3, 1398–1406. 

40. Fiaschetti, G.; Abela, L.; Nonoguchi, N.; Dubuc, A.M.; Remke, M.; Boro, A.; Grunder, E.; Siler, U.; 

Ohgaki, H.; Taylor, M.D.; et al. Epigenetic silencing of miRNA-9 is associated with HES1 

oncogenic activity and poor prognosis of medulloblastoma. Br. J. Cancer 2014, 110, 636–647. 

41. Spence, T.; Nguyen, J.; Bouffet, E.; Huang, A. MicroRNAs in brain tumors. In MicroRNAs in 

Cancer Translational Research; Cho, W.C.S., Ed.; Springer Netherlands: Berlin, Germany, 2011; 

pp. 343–371. 

42. Zollo, M.; Andolfo, I.; de Antonellis, P. MicroRNAs and cancer stem cells in medulloblastoma.  

In Cancer Stem Cells Therories and Practice; Shostak, S., Ed.; In Tech: Rijeka, Croatia, 2011;  

pp. 313–332. 

43. Lin, S.L.; Chang, D.C.; Chang-Lin, S.; Lin, C.H.; Wu, D.T.; Chen, D.T.; Ying, S.Y.  

Mir-302 reprograms human skin cancer cells into a pluripotent ES-cell-like state. RNA 2008, 14,  

2115–2124. 

44. Singh, S.K.; Hawkins, C.; Clarke, I.D.; Squire, J.A.; Bayani, J.; Hide, T.; Henkelman, R.M.; 

Cusimano, M.D.; Dirks, P.B. Identification of human brain tumour initiating cells. Nature 2004, 

432, 396–401. 

45. Singh, S.K.; Clarke, I.D.; Terasaki, M.; Bonn, V.E.; Hawkins, C.; Squire, J.; Dirks, P.B. 

Identification of a cancer stem cell in human brain tumors. Cancer Res. 2003, 63, 5821–5828. 

46. Yang, Z.J.; Ellis, T.; Markant, S.L.; Read, T.A.; Kessler, J.D.; Bourboulas, M.; Schuller, U.; 

Machold, R.; Fishell, G.; Rowitch, D.H.; et al. Medulloblastoma can be initiated by deletion of 

patched in lineage-restricted progenitors or stem cells. Cancer Cell 2008, 14, 135–145. 

47. Fan, X.; Eberhart, C.G. Medulloblastoma stem cells. J. Clin. Oncol. 2008, 26, 2821–2827. 

48. Mantamadiotis, T.; Taraviras, S. Self-renewal mechanisms in neural cancer stem cells. Front. Biosci. 

2011, 16, 598–607. 



Int. J. Mol. Sci. 2014, 15 21578 

 

 

49. Schroeder, K.; Gururangan, S. Molecular variants and mutations in medulloblastoma. 

Pharmacogenomics Pers. Med. 2014, 7, 43–51. 

50. Thompson, M.C.; Fuller, C.; Hogg, T.L.; Dalton, J.; Finkelstein, D.; Lau, C.C.; Chintagumpala, M.; 

Adesina, A.; Ashley, D.M.; Kellie, S.J.; et al. Genomics identifies medulloblastoma subgroups that 

are enriched for specific genetic alterations. J. Clin. Oncol. 2006, 24, 1924–1931. 

51. Kool, M.; Koster, J.; Bunt, J.; Hasselt, N.E.; Lakeman, A.; van Sluis, P.; Troost, D.; Meeteren, N.S.; 

Caron, H.N.; Cloos, J.; et al. Integrated genomics identifies five medulloblastoma subtypes with 

distinct genetic profiles, pathway signatures and clinicopathological features. PLoS One 2008,  

3, e3088. 

52. Northcott, P.A.; Korshunov, A.; Witt, H.; Hielscher, T.; Eberhart, C.G.; Mack, S.; Bouffet, E.; 

Clifford, S.C.; Hawkins, C.E.; French, P.; et al. Medulloblastoma comprises four distinct molecular 

variants. J. Clin. Oncol. 2011, 29, 1408–1414. 

53. Remke, M.; Hielscher, T.; Korshunov, A.; Northcott, P.A.; Bender, S.; Kool, M.; Westermann, F.; 

Benner, A.; Cin, H.; Ryzhova, M.; et al. FSTL5 is a marker of poor prognosis in  

non-WNT/non-SHH medulloblastoma. J. Clin. Oncol. 2011, 29, 3852–3861. 

54. Taylor, M.D.; Northcott, P.A.; Korshunov, A.; Remke, M.; Cho, Y.J.; Clifford, S.C.; Eberhart, C.G.; 

Parsons, D.W.; Rutkowski, S.; Gajjar, A.; et al. Molecular subgroups of medulloblastoma:  

The current consensus. Acta Neuropathol. 2012, 123, 465–472. 

55. Remke, M.; Ramaswamy, V.; Taylor, M.D. Medulloblastoma molecular dissection: The way 

toward targeted therapy. Curr. Opin. Oncol. 2013, 25, 674–681. 

56. Ajeawung, N.F.; Li, B.; Kamnasaran, D. Translational applications of microRNA genes in 

medulloblastomas. Clin. Investig. Med. 2010, 33, E223–E233. 

57. Mei, H.; Lin, Z.Y.; Tong, Q.S. The roles of microRNAs in neuroblastoma. World J. Pediatr. 2014, 

10, 10–16. 

58. Pierson, J.; Hostager, B.; Fan, R.; Vibhakar, R. Regulation of cyclin dependent kinase 6 by 

microRNA 124 in medulloblastoma. J. Neurooncol. 2008, 90, 1–7. 

59. Cheng, L.C.; Pastrana, E.; Tavazoie, M.; Doetsch, F. miR-124 regulates adult neurogenesis in the 

subventricular zone stem cell niche. Nat. Neurosci. 2009, 12, 399–408. 

60. Conaco, C.; Otto, S.; Han, J.J.; Mandel, G. Reciprocal actions of REST and a microRNA promote 

neuronal identity. Proc. Natl. Acad. Sci. USA 2006, 103, 2422–2427. 

61. Makeyev, E.V.; Zhang, J.; Carrasco, M.A.; Maniatis, T. The microRNA miR-124 promotes 

neuronal differentiation by triggering brain-specific alternative pre-mRNA splicing. Mol. Cell 

2007, 27, 435–448. 

62. Mendrzyk, F.; Radlwimmer, B.; Joos, S.; Kokocinski, F.; Benner, A.; Stange, D.E.; Neben, K.; 

Fiegler, H.; Carter, N.P.; Reifenberger, G.; et al. Genomic and protein expression profiling 

identifies CDK6 as novel independent prognostic marker in medulloblastoma. J. Clin. Oncol. 2005, 

23, 8853–8862. 

63. Northcott, P.A.; Fernandez, L.A.; Hagan, J.P.; Ellison, D.W.; Grajkowska, W.; Gillespie, Y.; 

Grundy, R.; van Meter, T.; Rutka, J.T.; Croce, C.M.; et al. The miR-17/92 polycistron is  

up-regulated in sonic hedgehog-driven medulloblastomas and induced by N-myc in sonic 

hedgehog-treated cerebellar neural precursors. Cancer Res. 2009, 69, 3249–3255. 



Int. J. Mol. Sci. 2014, 15 21579 

 

 

64. Pang, J.C.; Kwok, W.K.; Chen, Z.; Ng, H.K. Oncogenic role of microRNAs in brain tumors.  

Acta Neuropathol. 2009, 117, 599–611. 

65. Ciafrè, S.A.; Galardi, S.; Mangiola, A.; Ferracin, M.; Liu, C.G.; Sabatino, G.; Negrini, M.; Maira, G.; 

Croce, C.M.; Farace, M.G. Extensive modulation of a set of microRNAs in primary glioblastoma. 

Biochem. Biophys. Res. Commun. 2005, 334, 1351–1358. 

66. Turner, J.D.; Williamson, R.; Almefty, K.K.; Nakaji, P.; Porter, R.; Tse, V.; Kalani, M.Y.  

The many roles of microRNAs in brain tumor biology. Neurosurg. Focus. 2010, 28, E3. 

67. Birks, D.K.; Barton, V.N.; Donson, A.M.; Handler, M.H.; Vibhakar, R.; Foreman, N.K.  

Survey of MicroRNA expression in pediatric brain tumors. Pediatr. Blood Cancer 2011, 56, 211–216. 

68. Weeraratne, S.D.; Amani, V.; Teider, N.; Pierre-Francois, J.; Winter, D.; Kye, M.J.; Sengupta, S.; 

Archer, T.; Remke, M.; Bai, A.H.; et al. Pleiotropic effects of miR-183-96–182 converge to 

regulate cell survival, proliferation and migration in medulloblastoma. Acta Neuropathol. 2012, 

123, 539–552. 

69. Ferretti, E.; de Smaele, E.; Po, A.; di Marcotullio, L.; Tosi, E.; Espinola, M.S.; di Rocco, C.; 

Riccardi, R.; Giangaspero, F.; Farcomeni, A.; et al. MicroRNA profiling in human 

medulloblastoma. Int. J. Cancer 2009, 124, 568–577. 

70. Chan, J.A.; Krichevsky, A.M.; Kosik, K.S. MicroRNA-21 is an antiapoptotic factor in human 

glioblastoma cells. Cancer Res. 2005, 65, 6029–6033. 

71. Uziel, T.; Karginov, F.V.; Xie, S.; Parker, J.S.; Wang, Y.D.; Gajjar, A.; He, L.; Ellison, D.; 

Gilbertson, R.J.; Hannon, G.; et al. The miR-17-92 cluster collaborates with the Sonic Hedgehog 

pathway in medulloblastoma. Proc. Natl. Acad. Sci. USA 2009, 106, 2812–2817. 

72. Northcott, P.A.; Nakahara, Y.; Wu, X.; Feuk, L.; Ellison, D.W.; Croul, S.; Mack, S.; Kongkham, P.N.; 

Peacock, J.; Dubuc, A.; et al. Multiple recurrent genetic events converge on control of histone 

lysine methylation in medulloblastoma. Nat. Genet. 2009, 41, 465–472. 

73. Murphy, B.L.; Obad, S.; Bihannic, L.; Ayrault, O.; Zindy, F.; Kauppinen, S.; Roussel, M.F. 

Silencing of the miR-17-92 cluster family inhibits medulloblastoma progression. Cancer Res. 

2013, 73, 7068–7078. 

74. Roussel, M.F.; Robinson, G.W. Role of MYC in medulloblastoma. Cold Spring Harb. Perspect. Med. 

2013, 3, a014308. 

75. Bai, A.H.; Milde, T.; Remke, M.; Rolli, C.G.; Hielscher, T.; Cho, Y.J.; Kool, M.; Northcott, P.A.; 

Jugold, M.; Bazhin, A.V.; et al. MicroRNA-182 promotes leptomeningeal spread of non-sonic 

hedgehog-medulloblastoma. Acta Neuropathol. 2012, 123, 529–538. 

76. Cho, Y.J.; Tsherniak, A.; Tamayo, P.; Santagata, S.; Ligon, A.; Greulich, H.; Berhoukim, R.; 

Amani, V.; Goumnerova, L.; Eberhart, C.G.; et al. Integrative genomic analysis of medulloblastoma 

identifies a molecular subgroup that drives poor clinical outcome. J. Clin. Oncol. 2011, 29, 1424–1430. 

77. Gokhale, A.; Kunder, R.; Goel, A.; Sarin, R.; Moiyadi, A.; Shenoy, A.; Mamidipally, C.; Noronha, S.; 

Kannan, S.; Shirsat, N.V. Distinctive microRNA signature of medulloblastomas associated with 

the WNT signaling pathway. J. Cancer Res. Ther. 2010, 6, 521–529. 

78. Grunder, E.; D’Ambrosio, R.; Fiaschetti, G.; Abela, L.; Arcaro, A.; Zuzak, T.; Ohgaki, H.;  

Lv, S.Q.; Shalaby, T.; Grotzer, M. MicroRNA-21 suppression impedes medulloblastoma cell 

migration. Eur. J. Cancer 2011, 47, 2479–2490. 



Int. J. Mol. Sci. 2014, 15 21580 

 

 

79. Li, M.; Lee, K.F.; Lu, Y.; Clarke, I.; Shih, D.; Eberhart, C.; Collins, V.P.; van Meter, T.; Picard, D.; 

Zhou, L.; et al. Frequent amplification of a chr19q13.41 microRNA polycistron in aggressive 

primitive neuroectodermal brain tumors. Cancer Cell 2009, 16, 533–546. 

80. Wang, F.; Xue, X.; Wei, J.; An, Y.; Yao, J.; Cai, H.; Wu, J.; Dai, C.; Qian, Z.; Xu, Z.; et al.  

Hsa-miR-520h downregulates ABCG2 in pancreatic cancer cells to inhibit migration, invasion, 

and side populations. Br. J. Cancer 2010, 103, 567–574. 

81. Dews, M.; Homayouni, A.; Yu, D.; Murphy, D.; Sevignani, C.; Wentzel, E.; Furth, E.E.; Lee, W.M.; 

Enders, G.H.; Mendell, J.T.; et al. Augmentation of tumor angiogenesis by a Myc-activated 

microRNA cluster. Nat. Genet. 2006, 38, 1060–1065. 

82. Mavrakis, K.J.; Wolfe, A.L.; Oricchio, E.; Palomero, T.; de Keersmaecker, K.; McJunkin, K.; 

Zuber, J.; James, T.; Khan, A.A.; Leslie, C.S.; et al. Genome-wide RNA-mediated interference 

screen identifies miR-19 targets in Notch-induced T-cell acute lymphoblastic leukaemia.  

Nat. Cell Biol. 2010, 12, 372–379. 

83. Lu, Y.; Ryan, S.L.; Elliott, D.J.; Bignell, G.R.; Futreal, P.A.; Ellison, D.W.; Bailey, S.;  

Clifford, S.C. Amplification and overexpression of Hsa-miR-30b, Hsa-miR-30d and KHDRBS3 

at 8q24.22-q24.23 in medulloblastoma. PLoS One 2009, 4, e6159. 

84. Liu, W.; Gong, Y.H.; Chao, T.F.; Peng, X.Z.; Yuan, J.G.; Ma, Z.Y.; Jia, G.; Zhao, J.Z. 

Identification of differentially expressed microRNAs by microarray: A possible role for 

microRNAs gene in medulloblastomas. Chin. Med. J. 2009, 122, 2405–2411. 

85. Kefas, B.; Godlewski, J.; Comeau, L.; Li, Y.; Abounader, R.; Hawkinson, M.; Lee, J.; Fine, H.; 

Chiocca, E.A.; Lawler, S.; et al. MicroRNA-7 inhibits the epidermal growth factor receptor and 

the Akt pathway and is down-regulated in glioblastoma. Cancer Res. 2008, 68, 3566–3572. 

86. Roush, S.; Slack, F.J. The let-7 family of microRNAs. Trends Cell Biol. 2008, 18, 505–516. 

87. Garzia, L.; Andolfo, I.; Cusanelli, E.; Marino, N.; Petrosino, G.; de Martino, D.; Esposito, V.; 

Galeone, A.; Navas, L.; Esposito, S.; et al. MicroRNA-199b-5p impairs cancer stem cells through 

negative regulation of HES1 in medulloblastoma. PLoS One 2009, 4, e4998. 

88. Li, K.K.; Pang, J.C.; Ching, A.K.; Wong, C.K.; Kong, X.; Wang, Y.; Zhou, L.; Chen, Z.; Ng, H.K. 

MiR-124 is frequently down-regulated in medulloblastoma and is a negative regulator of 

SLC16A1. Hum. Pathol. 2009, 40, 1234–1243. 

89. Yoo, A.S.; Staahl, B.T.; Chen, L.; Crabtree, G.R. MicroRNA-mediated switching of  

chromatin-remodelling complexes in neural development. Nature 2009, 460, 642–646. 

90. Wei, J.S.; Johansson, P.; Chen, Q.R.; Song, Y.K.; Durinck, S.; Wen, X.; Cheuk, A.T.; Smith, M.A.; 

Houghton, P.; Morton, C.; et al. MicroRNA profiling identifies cancer-specific and prognostic 

signatures in pediatric malignancies. Clin. Cancer Res. 2009, 15, 5560–5568. 

91. Venkataraman, S.; Alimova, I.; Fan, R.; Harris, P.; Foreman, N.; Vibhakar, R. MicroRNA 128a 

increases intracellular ROS level by targeting Bmi-1 and inhibits medulloblastoma cancer cell 

growth by promoting senescence. PLoS One 2010, 5, e10748. 

92. Ma, L.; Weinberg, R.A. Micromanagers of malignancy: Role of microRNAs in regulating 

metastasis. Trends Genet. 2008, 24, 448–456. 

93. Ventura, A.; Jacks, T. MicroRNAs and cancer: Short RNAs go a long way. Cell 2009, 136, 586–591. 

94. White, N.M.; Fatoohi, E.; Metias, M.; Jung, K.; Stephan, C.; Yousef, G.M. Metastamirs:  

A stepping stone towards improved cancer management. Nat. Rev. Clin. Oncol. 2010, 8, 75–84. 



Int. J. Mol. Sci. 2014, 15 21581 

 

 

95. Asangani, I.A.; Rasheed, S.A.; Nikolova, D.A.; Leupold, J.H.; Colburn, N.H.; Post, S.; Allgayer, H. 

MicroRNA-21 (miR-21) post-transcriptionally downregulates tumor suppressor Pdcd4 and stimulates 

invasion, intravasation and metastasis in colorectal cancer. Oncogene 2008, 27, 2128–2136. 

96. Li, K.K.; Xia, T.; Ma, F.M.; Zhang, R.; Mao, Y.; Wang, Y.; Zhou, L.; Lau, K.M.; Ng, H.K.  

MiR-106b is overexpressed in medulloblastomas and interacts directly with PTEN.  

Neuropathol. Appl. Neurobiol. 2014. 

97. Shi, J.A.; Lu, D.L.; Huang, X.; Tan, W. MiR-219 inhibits the proliferation, migration and invasion 

of medulloblastoma cells by targeting CD164. Int. J. Mol. Med. 2014, 34, 237–243. 

98. Lin, P.Y.; Yu, S.L.; Yang, P.C. MicroRNA in lung cancer. Br. J. Cancer 2010, 103, 1144–1148. 

99. Rorke, L.B.; Packer, R.J.; Biegel, J.A. Central nervous system atypical teratoid/rhabdoid tumors 

of infancy and childhood: Definition of an entity. J. Neurosurg. 1996, 85, 56–65. 

100. Reddy, A.T. Atypical teratoid/rhabdoid tumors of the central nervous system. J. Neurooncol. 2005, 

75, 309–313. 

101. Squire, S.E.; Chan, M.D.; Marcus, K.J. Atypical teratoid/rhabdoid tumor: The controversy behind 

radiation therapy. J. Neurooncol. 2007, 81, 97–111. 

102. Oda, Y.; Tsuneyoshi, M. Extrarenal rhabdoid tumors of soft tissue: Clinicopathological and 

molecular genetic review and distinction from other soft-tissue sarcomas with rhabdoid features. 

Pathol. Int. 2006, 56, 287–295. 

103. Versteege, I.; Sevenet, N.; Lange, J.; Rousseau-Merck, M.F.; Ambros, P.; Handgretinger, R.; 

Aurias, A.; Delattre, O. Truncating mutations of hSNF5/INI1 in aggressive paediatric cancer. 

Nature 1998, 394, 203–206. 

104. Biegel, J.A.; Tan, L.; Zhang, F.; Wainwright, L.; Russo, P.; Rorke, L.B. Alterations of the 

hSNF5/INI1 gene in central nervous system atypical teratoid/rhabdoid tumors and renal and 

extrarenal rhabdoid tumors. Clin. Cancer Res. 2002, 8, 3461–3467. 

105. Bambakidis, N.C.; Robinson, S.; Cohen, M.; Cohen, A.R. Atypical teratoid/rhabdoid tumors of the 

central nervous system: Clinical, radiographic and pathologic features. Pediatr. Neurosurg. 2002, 

37, 64–70. 

106. Hilden, J.M.; Meerbaum, S.; Burger, P.; Finlay, J.; Janss, A.; Scheithauer, B.W.; Walter, A.W.; 

Rorke, L.B.; Biegel, J.A. Central nervous system atypical teratoid/rhabdoid tumor: Results of 

therapy in children enrolled in a registry. J. Clin. Oncol. 2004, 22, 2877–2884. 

107. Tekautz, T.M.; Fuller, C.E.; Blaney, S.; Fouladi, M.; Broniscer, A.; Merchant, T.E.; Krasin, M.; 

Dalton, J.; Hale, G.; Kun, L.E.; et al. Atypical teratoid/rhabdoid tumors (ATRT): Improved 

survival in children 3 years of age and older with radiation therapy and high-dose alkylator-based 

chemotherapy. J. Clin. Oncol. 2005, 23, 1491–1499. 

108. Mitchell, P.S.; Parkin, R.K.; Kroh, E.M.; Fritz, B.R.; Wyman, S.K.; Pogosova-Agadjanyan, E.L.; 

Peterson, A.; Noteboom, J.; O’Briant, K.C.; Allen, A.; et al. Circulating microRNAs as stable 

blood-based markers for cancer detection. Proc. Natl. Acad. Sci. USA 2008, 105, 10513–10518. 

109. White, N.M.; Bao, T.T.; Grigull, J.; Youssef, Y.M.; Girgis, A.; Diamandis, M.; Fatoohi, E.; Metias, 

M.; Honey, R.J.; Stewart, R.; et al. miRNA profiling for clear cell renal cell carcinoma: Biomarker 

discovery and identification of potential controls and consequences of miRNA dysregulation.  

J. Urol. 2011, 186, 1077–1083. 



Int. J. Mol. Sci. 2014, 15 21582 

 

 

110. Heneghan, H.M.; Miller, N.; Kelly, R.; Newell, J.; Kerin, M.J. Systemic miRNA-195 differentiates 

breast cancer from other malignancies and is a potential biomarker for detecting noninvasive and 

early stage disease. Oncologist 2010, 15, 673–682. 

111. Kapsimali, M.; Kloosterman, W.P.; de Bruijn, E.; Rosa, F.; Plasterk, R.H.; Wilson, S.W. 

MicroRNAs show a wide diversity of expression profiles in the developing and mature central 

nervous system. Genome Biol. 2007, 8, R173. 

112. Nass, D.; Rosenwald, S.; Meiri, E.; Gilad, S.; Tabibian-Keissar, H.; Schlosberg, A.; Kuker, H.; 

Sion-Vardy, N.; Tobar, A.; Kharenko, O.; et al. miR-92b and miR-9/9* are specifically expressed 

in brain primary tumors and can be used to differentiate primary from metastatic brain tumors. 

Brain Pathol. 2009, 19, 375–383. 

113. Osaki, M.; Takeshita, F.; Ochiya, T. MicroRNAs as biomarkers and therapeutic drugs in human 

cancer. Biomarkers 2008, 13, 658–670. 

114. Wang, J.; Chen, J.; Chang, P.; LeBlanc, A.; Li, D.; Abbruzzesse, J.L.; Frazier, M.L.; Killary, A.M.; 

Sen, S. MicroRNAs in plasma of pancreatic ductal adenocarcinoma patients as novel blood-based 

biomarkers of disease. Cancer Prev. Res. (Phila) 2009, 2, 807–813. 

115. Kanaan, Z.; Roberts, H.; Eichenberger, M.R.; Billeter, A.; Ocheretner, G.; Pan, J.; Rai, S.N.; 

Jorden, J.; Williford, A.; Galandiuk, S. A plasma microRNA panel for detection of colorectal 

adenomas: A step toward more precise screening for colorectal cancer. Ann. Surg. 2013, 258, 400–408. 

116. Teplyuk, N.M.; Mollenhauer, B.; Gabriely, G.; Giese, A.; Kim, E.; Smolsky, M.; Kim, R.Y.;  

Saria, M.G.; Pastorino, S.; Kesari, S.; et al. MicroRNAs in cerebrospinal fluid identify 

glioblastoma and metastatic brain cancers and reflect disease activity. Neuro Oncol. 2012, 14,  

689–700. 

117. Baraniskin, A.; Kuhnhenn, J.; Schlegel, U.; Maghnouj, A.; Zöllner H.; Schmiegel, W.; Hahn, S.; 

Schroers, R. Identification of microRNAs in the cerebrospinal fluid as biomarker for the diagnosis 

of glioma. Neuro Oncol. 2012, 14, 29–33. 

118. De Smaele, E.; Ferretti, E.; Gulino, A. MicroRNAs as biomarkers for CNS cancer and other 

disorders. Brain Res. 2010, 1338, 100–111. 

119. Jin, X.F.; Wu, N.; Wang, L.; Li, J. Circulating microRNAs: A novel class of potential biomarkers 

for diagnosing and prognosing central nervous system diseases. Cell Mol. Neurobiol. 2013, 33, 

601–613. 

120. Wang, K.; Zhang, S.; Marzolf, B.; Troisch, P.; Brightman, A.; Hu, Z.; Hood, L.E.; Galas, D.J. 

Circulating microRNAs, potential biomarkers for drug-induced liver injury. Proc. Natl. Acad. Sci. USA 

2009, 106, 4402–4407. 

121. Cogswell, J.P.; Ward, J.; Taylor, I.A.; Waters, M.; Shi, Y.; Cannon, B.; Kelnar, K.; Kemppainen, J.; 

Brown, D.; Chen, C.; et al. Identification of miRNA changes in Alzheimer’s disease brain and CSF 

yields putative biomarkers and insights into disease pathways. J. Alzheimer’s Dis. 2008, 14, 27–41. 

122. Chen, X.; Liang, H.; Zhang, J.; Zen, K.; Zhang, C.Y. Secreted microRNAs: A new form of 

intercellular communication. Trends Cell Biol. 2012, 22, 125–132. 

123. Sidransky, D. Emerging molecular markers of cancer. Nat. Rev. Cancer 2002, 2, 210–219. 

124. Day, R.W. Future need for more cancer research. J. Am. Diet. Assoc. 1998, 98, 523. 

125. Lewin, D.A.; Weiner, M.P. Molecular biomarkers in drug development. Drug Discov. Today 2004, 

9, 976–983. 



Int. J. Mol. Sci. 2014, 15 21583 

 

 

126. Barker, P.E. Cancer biomarker validation: Standards and process: Roles for the National Institute 

of Standards and Technology (NIST). Ann. N. Y. Acad. Sci. 2003, 983, 142–150. 

127. Pepe, M.S.; Etzioni, R.; Feng, Z.; Potter, J.D.; Thompson, M.L.; Thornquist, M.; Winget, M.; 

Yasui, Y. Phases of biomarker development for early detection of cancer. J. Natl. Cancer Inst. 

2001, 93, 1054–1061. 

128. Srivastava, S. Cancer biomarker discovery and development in gastrointestinal cancers: Early 

detection research network—A collaborative approach. Gastrointest. Cancer Res. 2007, 1, S60–S63. 

129. Chen, S.Y.; Wang, Y.; Telen, M.J.; Chi, J.T. The genomic analysis of erythrocyte microRNA 

expression in sickle cell diseases. PLoS One 2008, 3, e2360. 

130. Von Knebel-Doeberitz, M.; Syrjänen, K.J. Molecular markers: How to apply in practice.  

Gynecol. Oncol. 2006, 103, 18–20. 

131. Martinkova, J.; Gadher, S.J.; Hajduch, M.; Kovarova, H. Challenges in cancer research and 

multifaceted approaches for cancer biomarker quest. FEBS Lett. 2009, 583, 1772–1784. 

132. Etheridge, A.; Lee, I.; Hood, L.; Galas, D.; Wang, K. Extracellular microRNA: A new source of 

biomarkers. Mutat. Res. 2011, 717, 85–90. 

133. Lu, J.; Getz, G.; Miska, E.A.; Alvarez-Saavedra, E.; Lamb, J.; Peck, D.; Sweet-Cordero, A.;  

Ebert, B.L.; Mak, R.H.; Ferrando, A.A.; et al. MicroRNA expression profiles classify human 

cancers. Nature 2005, 435, 834–838. 

134. Lawrie, C.H.; Soneji, S.; Marafioti, T.; Cooper, C.D.; Palazzo, S.; Paterson, J.C.; Cattan, H.; Enver, T.; 

Mager, R.; Boultwood, J.; et al. MicroRNA expression distinguishes between germinal center B 

cell-like and activated B cell-like subtypes of diffuse large B cell lymphoma. Int. J. Cancer 2007, 

121, 1156–1161. 

135. Xi, Y.; Nakajima, G.; Gavin, E.; Morris, C.G.; Kudo, K.; Hayashi, K.; Ju, J. Systematic analysis of 

microRNA expression of RNA extracted from fresh frozen and formalin-fixed paraffin-embedded 

samples. RNA 2007, 13, 1668–1674. 

136. Chen, X.; Ba, Y.; Ma, L.; Cai, X.; Yin, Y.; Wang, K.; Guo, J.; Zhang, Y.; Chen, J.; Guo, X.; et al. 

Characterization of microRNAs in serum: A novel class of biomarkers for diagnosis of cancer and 

other diseases. Cell Res. 2008, 18, 997–1006. 

137. Koshiol, J.; Wang, E.; Zhao, Y.; Marincola, F.; Landi, M.T. Strengths and limitations of laboratory 

procedures for microRNA detection. Cancer Epidemiol. Biomark. Prev. 2010, 19, 907–911. 

138. Jay, C.; Nemunaitis, J.; Chen, P.; Fulgham, P.; Tong, A.W. miRNA profiling for diagnosis and 

prognosis of human cancer. DNA Cell Biol. 2007, 26, 293–300. 

139. Rosenfeld, N.; Aharonov, R.; Meiri, E.; Rosenwald, S.; Spector, Y.; Zepeniuk, M.; Benjamin, H.; 

Shabes, N.; Tabak, S.; Levy, A.; et al. MicroRNAs accurately identify cancer tissue origin.  

Nat. Biotechnol. 2008, 26, 462–469. 

140. Yanaihara, N.; Caplen, N.; Bowman, E.; Seike, M.; Kumamoto, K.; Yi, M.; Stephens, R.M.; 

Okamoto, A.; Yokota, J.; Tanaka, T.; et al. Unique microRNA molecular profiles in lung cancer 

diagnosis and prognosis. Cancer Cell 2006, 9, 189–198. 

141. Kim, W.T.; Kim, W.J. MicroRNAs in prostate cancer. Prostate Int. 2013, 1, 3–9. 

142. Wang, Y.; Gao, X.; Wei, F.; Zhang, X.; Yu, J.; Zhao, H.; Sun, Q.; Yan, F.; Yan, C.; Li, H.; et al. 

Diagnostic and prognostic value of circulating miR-21 for cancer: A systematic review and  

meta-analysis. Gene 2014, 533, 389–397. 



Int. J. Mol. Sci. 2014, 15 21584 

 

 

143. Yu, S.L.; Chen, H.Y.; Yang, P.C.; Chen, J.J. Unique microRNA signature and clinical outcome of 

cancers. DNA Cell Biol. 2007, 26, 283–292. 

144. Izquierdo, L.; Ingelmo-Torres, M.; Mallofré, C.; Lozano, J.J.; Verhasselt-Crinquette, M.; Leroy, X.; 

Colin, P.; Comperat, E.; Roupret, M.; Alcaraz, A.; et al. Prognostic value of microRNA expression 

pattern in upper tract urothelial carcinoma. BJU Int. 2014, 113, 813–821. 

145. Hotchi, M.; Shimada, M.; Kurita, N.; Iwata, T.; Sato, H.; Morimoto, S.; Yoshikawa, K.; 

Higashijima, J.; Miyatani, T. MicroRNA expression is able to predict response to 

chemoradiotherapy in rectal cancer. Mol. Clin. Oncol. 2013, 1, 137–142. 

146. Besse, A.; Sana, J.; Fadrus, P.; Slaby, O. MicroRNAs involved in chemo- and radioresistance of 

high-grade gliomas. Tumour Biol. 2013, 34, 1969–1978. 

147. Dedeoğlu, B.G. High-throughput approaches for microRNA expression analysis. Methods Mol. Biol. 

2014, 1107, 91–103. 

148. Hoffman, R.M. Orthotopic metastatic mouse models for anticancer drug discovery and evaluation: 

A bridge to the clinic. Investig. New Drugs 1999, 17, 343–359. 

149. Fowler, B.A. Molecular biomarkers: Challenges and prospects for the future. Toxicol. Appl. Pharmacol. 

2005, 206, 97. 

150. Colburn, W.A.; Lee, J.W. Biomarkers, validation and pharmacokinetic-pharmacodynamic 

modelling. Clin. Pharmacokinet. 2003, 42, 997–1022. 

151. Miller, K.J.; Bowsher, R.R.; Celniker, A.; Gibbons, J.; Gupta, S.; Lee, J.W.; Swanson, S.J.;  

Smith, W.C.; Weiner, R.S. Workshop on bioanalytical methods validation for macromolecules: 

Summary report. Pharm. Res. 2001, 18, 1373–1383. 

152. Chau, C.H.; Rixe, O.; McLeod, H.; Figg, W.D. Validation of analytic methods for biomarkers used 

in drug development. Clin. Cancer Res. 2008, 14, 5967–5976. 

153. Arsanious, A.; Bjarnason, G.A.; Yousef, G.M. From bench to bedside: Current and future 

applications of molecular profiling in renal cell carcinoma. Mol. Cancer 2009, 8, 20. 

154. Adams, V.; Möbius-Winkler, S.; Schuler, G. Basic and translational research: from molecule, to 

mouse, to man. Eur. J. Cardiovasc. Prev. Rehabil. 2009, 16, S48–S52. 

155. Clermont, G.; Auffray, C.; Moreau, Y.; Rocke, D.M.; Dalevi, D.; Dubhashi, D.; Marshall, D.R.; 

Raasch, P.; Dehne, F.; Provero, P.; et al. Bridging the gap between systems biology and medicine. 

Genome Eed. 2009, 1, 88. 

156. Hawkins, N.; de Vries, J.; Boddington, P.; Kaye, J.; Heeney, C. Planning for translational research 

in genomics. Genome Eed. 2009, 1, 87. 

157. Payne, P.R.O.; Embi, P.J.; Sen, C.K. Translational informatics: Enabling high-throughput research 

paradigms. Physiol. Genomics 2009, 39, 131–140. 

158. Arbab, A.S.; Janic, B.; Haller, J.; Pawelczyk, E.; Liu, W.; Frank, J.A. In vivo cellular imaging for 

translational medical research. Curr. Med. Imaging Rev. 2009, 5, 19–38. 

159. Ioannidis, J.P.; Panagiotou, O.A. Comparison of effect sizes associated with biomarkers reported 

in highly cited individual articles and in subsequent meta-analyses. JAMA 2011, 305, 2200–2210. 

160. Adam, D. Online tumour bank aims to offer ready route to tissues. Nature 2002, 416, 464. 

161. Herpel, E.; Koleganova, N.; Schirmacher, P. Tissue bank of the National Centre for Tumour 

Disease: An innovative platform for translational tumour. Pathologe 2008, 29, 204–209. 



Int. J. Mol. Sci. 2014, 15 21585 

 

 

162. Qualman, S.J.; France, M.; Grizzle, W.E.; LiVolsi, V.A.; Moskaluk, C.A.; Ramirez, N.C.; 

Washington, M.K. Establishing a tumour bank: Banking, informatics and ethics. Br. J. Cancer 

2004, 90, 1115–1119. 

163. Elger, B.S.; Caplan, A.L. Consent and anonymization in research involving biobanks: Differing 

terms and norms present serious barriers to an international framework. EMBO Rep. 2006, 7, 661–666. 

164. Chadwick, R.; Berg, K. Solidarity and equity: New ethical frameworks for genetic databases.  

Nat. Rev. Genet. 2001, 2, 318–321. 

165. Everett, M. The social life of genes: Privacy, property and the new genetics. Soc. Sci. Med. 2003, 

56, 53–65. 

166. Gilbertson, R.J.; Gajjar, A. Molecular biology of medulloblastoma: Will it ever make a difference 

to clinical management? J. Neurooncol. 2005, 75, 273–278. 

167. Ioannidis, J.P.; Allison, D.B.; Ball, C.A.; Coulibaly, I.; Cui, X.; Culhane, A.C.; Falchi, M.; 

Furlanello, C.; Game, L.; Jurman, G.; et al. Repeatability of published microarray gene expression 

analyses. Nat. Genet. 2009, 41, 149–155. 

168. Nasedkin, J.N. The evaluation of occlusal dysfunctional therapy. J. Prosthet. Dent. 1980, 44, 4–9. 

169. Lee, E.J.; Gusev, Y.; Jiang, J.; Nuovo, G.J.; Lerner, M.R.; Frankel, W.L.; Morgan, D.L.;  

Postier, R.G.; Brackett, D.J.; Schmittgen, T.D. Expression profiling identifies microRNA signature 

in pancreatic cancer. Int. J. Cancer 2007, 120, 1046–1054. 

170. Bloomston, M.; Frankel, W.L.; Petrocca, F.; Volinia, S.; Alder, H.; Hagan, J.P.; Liu, C.G.;  

Bhatt, D.; Taccioli, C.; Croce, C.M. MicroRNA expression patterns to differentiate pancreatic 

adenocarcinoma from normal pancreas and chronic pancreatitis. JAMA 2007, 297, 1901–1908. 

171. Zhao, Z.; Moley, K.H.; Gronowski, A.M. Diagnostic potential for miRNAs as biomarkers for 

pregnancy-specific diseases. Clin. Biochem. 2013, 46, 953–960. 

172. Ptolemy, A.S.; Rifai, N. What is a biomarker? Research investments and lack of clinical integration 

necessitate a review of biomarker terminology and validation schema. Scand. J. Clin. Lab. Investig. 

2010, 70, 6–14. 

173. Wallow, I. Necrotizing retinitis in severe general diseases. Ber. Zusammenkunft Dtsch. Ophthalmol. Ges. 

1970, 70, 55–58. 

174. Aebersold, R.; Auffray, C.; Baney, E.; Barillot, E.; Brazma, A.; Brett, C.; Brunak, S.; Butte, A.; 

Califano, A.; Celis, J.; et al. Report on EU-USA workshop: How systems biology can advance 

cancer research (27 October 2008). Mol. Oncol. 2009, 3, 9–17. 

175. Tricoli, J.V.; Jacobson, J.W. MicroRNA: Potential for cancer dcetection, dciagnosis, and 

prognosis. Cancer Res. 2007, 67, 4553–4555. 

176. George, G.P.; Mittal, R.D. MicroRNAs: Potential biomarkers in cancer. Indian J. Clin. Biochem. 

2010, 25, 4–14. 

177. Budhu, A.; Ji, J.; Wang, X.W. The clinical potential of microRNAs. J. Hematol. Oncol. 2010, 3, 37. 

178. Shalaby, T.; Fiaschetti, G.; Baumgartner, M.; Grotzer, M.A. Significance and therapeutic value of 

miRNAs in embryonal neural tumors. Molecules 2014, 19, 5821–5862. 

179. Wang, V.; Wu, W. MicroRNA-based therapeutics for cancer. Biol. Drugs 2009, 23, 15–23. 

180. Si, M.L.; Zhu, S.; Wu, H.; Lu, Z.; Wu, F.; Mo, Y.Y. MiR-21-mediated tumor growth. Oncogene 

2007, 26, 2799–2803. 



Int. J. Mol. Sci. 2014, 15 21586 

 

 

181. Gandellini, P.; Profumo, V.; Folini, M.; Zaffaroni, N. MicroRNAs as new therapeutic targets and 

tools in cancer. Expert Opin. Ther. Targets 2011, 15, 265–279. 

182. Van Rooij, E.; Purcell, A.L.; Levin, A.A. Developing microRNA therapeutics. Circ. Res. 2010, 

110, 496–507. 

183. Hummel, R.; Hussey, D.J.; Haier, J. MicroRNAs: Predictors and modifiers of chemo- and  

radio-therapy in different tumour types. Eur. J. Cancer 2010, 46, 298–311. 

184. Gong, C.; Yao, Y.; Wang, Y.; Liu, B.; Wu, W.; Chen, J.; Su, F.; Yao, H.; Song, E. Up-regulation 

of miR-21 mediates resistance to trastuzumab therapy for breast cancer. J. Biol. Chem. 2011, 286, 

19127–19137. 

185. Nasser, M.W.; Datta, J.; Nuovo, G.; Kutay, H.; Motiwala, T.; Majumder, S.; Wang, B.; Suster, S.; 

Jacob, S.T.; Ghoshal, K. Down-regulation of micro-RNA-1 (miR-1) in lung cancer: Suppression of 

tumorigenic property of lung cancer cells and their sensitization to doxorubicin-induced apoptosis by 

miR-1. J. Biol. Chem. 2008, 283, 33394–33405. 

186. Nana-Sinkam, S.P.; Croce, C.M. Clinical applications for microRNAs in cancer.  

Clin. Pharmacol. Ther. 2012, 93, 98–104. 

187. Blower, P.E.; Chung, J.H.; Verducci, J.S.; Lin, S.; Park, J.K.; Dai, Z.; Liu, C.G.; Schmittgen, T.D.; 

Reinhold, W.C.; Croce, C.M.; et al. MicroRNAs modulate the chemosensitivity of tumor cells. 

Mol. Cancer Ther. 2008, 7, 1–9. 

188. Liu, H.; D’Andrade, P.; Fulmer-Smentek, S.; Lorenzi, P.; Kohn, K.W.; Weinstein, J.N.; Pommier, Y.; 

Reinhold, W.C. mRNA and microRNA expression profiles of the NCI-60 integrated with drug 

activities. Mol. Cancer Ther. 2010, 9, 1080–1091. 

189. Schetter, A.J.; Leung, S.Y.; Sohn, J.J.; Zanetti, K.A.; Bowman, E.D.; Yanaihara, N.; Yuen, S.T.; 

Chan, T.L.; Kwong, D.L.; Au, G.K.; et al. MicroRNA expression profiles associated with 

prognosis and therapeutic outcome in colon adenocarcinoma. JAMA 2008, 299, 425–436. 

190. Halimi, M.; Asghari, S. M.; Sariri, R.; Moslemi, D.; Parsian, H. Cellular response to ionizing 

radiation: A microRNA story. Int. J. Mol. Cell Med. 2012, 1, 178–184. 

191. Metheetrairut, C.; Slack, F.J. MicroRNAs in the ionizing radiation response and in radiotherapy. 

Curr. Opin. Genet. Dev. 2013, 23, 12–19. 

192. Garzon, R.; Marcucci, G.; Croce, C.M. Targeting microRNAs in cancer: Rationale, strategies and 

challenges. Nat. Rev. Drug Discov. 2010, 9, 775–789. 

193. Deeken, J.F.; Loscher, W. The blood-brain barrier and cancer: Transporters, treatment, and Trojan 

horses. Clin. Cancer Res. 2007, 6, 1663–1674. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


