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F o r P e e r R e v i e w

sequence specific base pairing. The result is a reduction in translation of the corresponding protein [START_REF] Miska | How microRNAs control cell division, differentiation and death[END_REF] . miRNAs by their nature are involved in virtually all biological processes, including cell differentiation, apoptosis and proliferation, in which they exert their effects through alteration of expression of a range of target genes [START_REF] Bartel | MicroRNAs: genomics, biogenesis, mechanism, and function[END_REF][START_REF] Chen | The regulation of genes and genomes by small RNAs[END_REF] . miRNAs are relatively fewer and less complex in numbers compared to the human complement of genes (in excess of 20,000), but, are individually considerably more influential in the expression of large groups of genes, through their shared sequence specificity, and thus cell growth, development and death. A single miRNA can target many hundred genes and the 3'UTR of a single gene can also bind multiple miRNAs cooperatively [START_REF] Lewis | Prediction of mammalian microRNA targets[END_REF] . Currently approximately 10-30% of all human genes are thought to be a target for miRNA regulation [START_REF] Lewis | Conserved seed pairing, often flanked by adenosines, indicates that thousands of human genes are microRNA targets[END_REF] .

Despite their fundamental role in biology, these critical molecules were only discovered in 1993 following identification of a post-transcriptional regulator sequence, lin-4, in a developmental gene of C.elegans [START_REF] Wightman | Posttranscriptional regulation of the heterochronic gene lin-14 by lin-4 mediates temporal pattern formation in C. elegans[END_REF][START_REF] Lee | The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14[END_REF] . It was here that the key and unique characteristics of the miRNA molecule were first described; small transcript size (~22 nt), non-coding and derivation from a hairpin structured RNA. However, it was another 7 years later until the term "miRNA" was first coined when Ruvkun's group identified another C.elegans miRNA, let-7 8 9 . Following on from this discovery, conserved regulatory RNAs were identified throughout the genome of prokaryotic and eukaryotic organisms with an explosion in their characterization [START_REF] Lee | An extensive class of small RNAs in Caenorhabditis elegans[END_REF][START_REF] Griffiths-Jones | miRBase: microRNA sequences, targets and gene nomenclature[END_REF] . miRNA are common to all living organisms with more than 14000 miRNA sequences discovered to date in 133 species. However within a single organism the numbers are limited so that there are only approximately 800 human sequences (www.mirbase.org, Release 15, April 2010) influencing some 20,000 genes.

The mature miRNA (often designated miR) arises from a characteristic stem-loop sequence (called a pre-mir) and it is this structure that gives it the ability to "silence" gene expression. The loop is excised from a longer primary transcript (or pri-mir), through a series of processing reactions which begin in the nucleus. Only a handful of primary transcripts have been fully described, but evidence suggests that miRNAs are RQ-PCR assays) with a number of studies defining the signature pattern of normal cells [START_REF] Zhang | Patterns of microRNA expression characterize stages of human B-cell differentiation[END_REF][START_REF] Basso | Identification of the human mature B cell miRNome[END_REF][START_REF] Malumbres | Differentiation stage-specific expression of microRNAs in B lymphocytes and diffuse large B-cell lymphomas[END_REF][START_REF] Tan | miRNA profiling of B-cell subsets: specific miRNA profile for germinal center B cells with variation between centroblasts and centrocytes[END_REF] . A highly unique miRNA profile has led to an understanding of specific miRNAs critical to normal B cell differentiation.

Global profiles

There have been 4 major studies [START_REF] Zhang | Patterns of microRNA expression characterize stages of human B-cell differentiation[END_REF][START_REF] Basso | Identification of the human mature B cell miRNome[END_REF][START_REF] Malumbres | Differentiation stage-specific expression of microRNAs in B lymphocytes and diffuse large B-cell lymphomas[END_REF][START_REF] Tan | miRNA profiling of B-cell subsets: specific miRNA profile for germinal center B cells with variation between centroblasts and centrocytes[END_REF] , that have attempted to define the miRNA profile of normal B cells during mature B cell differentiation as a basis for understanding the role of miRNAs in B-cell function and lymphomagenesis. These studies have employed various techniques analysing purified tonsillar subsets. An earlier study [START_REF] Landgraf | A mammalian microRNA expression atlas based on small RNA library sequencing[END_REF] cloned and sequenced small RNA libraries from a large panel of different cell types and tissue and suggested that most miRNAs are ubiquitously expressed with little tissue specificity.

These discordant results are rather out of line with more recent data and go against the more recent understanding that there is considerable variation in miRNA expression during cell development.

Further confirmation of this was supported by a combination of cloning and computational analysis by Dalla-Favera's group who reported on the identification of 178 miRNAs that represent the mature B cell miRNome [START_REF] Basso | Identification of the human mature B cell miRNome[END_REF] . From their analysis naïve and memory B cells appeared similar, sharing a large fraction of the most abundant miRNAs whilst germinal centre (GC) B cells appeared to be quite distinct in terms of their miRNA profile.

Similarly, Malumbres et al [START_REF] Malumbres | Differentiation stage-specific expression of microRNAs in B lymphocytes and diffuse large B-cell lymphomas[END_REF] showed that the pattern of miRNA expression in centroblasts was clearly distinguishable from the other cell subpopulations with specific increased expression of 51 miRNAs. Although naive and memory B cells could be distinguished based on their miRNA expression pattern, the observed differences were less striking compared with the GC lymphocytes. They constructed a "cell of origin classifier" consisting of 39 miRNAs that could consistently differentiate between the distinct B cell subpopulations. Twenty-one of the 39 miRNAs in this "cell of origin These studies have employed genome wide expression profiling of tonsillar subsets and demonstrate that mature B cell subsets have distinct patterns of miRNA expression with a regulatory role for miRNAs at every stage of the B cell differentiation process. It has, however, been difficult to collate the published information from these studies to produce a specific miRNA signature for each mature B cell subset and this in part may be due to the different technological approaches taken by different groups. However, from these studies some consensus arises (summarised in Figure 1) and it can be anticipated that the mature B cell miRNome may predict the signature of their malignant counterparts.

Although an important component of the biology of the malignant lymphoma cell is inherited from its non-transformed cellular progenitor, it is clear that aberrant miRNA expression is acquired upon cell transformation (see below) and may in turn play an important role in initiating or promoting malignant lymphoma. Early B cell development (summarized in Figure 2)

Specific miRNAs control B cell development

miR-150
miR-150 is selectively expressed in mature resting B and T cells but not their progenitors [START_REF] Monticelli | MicroRNA profiling of the murine hematopoietic system[END_REF][START_REF] Zhou | miR-150, a microRNA expressed in mature B and T cells, blocks early B cell development when expressed prematurely[END_REF] and appears to function by influencing the transcription factor c-Myb which is critically important for the multiple steps of lymphocyte development required for the generation of B1 cells [START_REF] Xiao | MiR-150 controls B cell differentiation by targeting the transcription factor c-Myb[END_REF] . Its expression is highly up-regulated during the development of mature B and T cells. Ectopic expression of miR-150 in haemopoietic stem cells reduces mature B cell levels in the circulation, spleen and lymph nodes but does not effect T cell or myeloid cell numbers [START_REF] Zhou | miR-150, a microRNA expressed in mature B and T cells, blocks early B cell development when expressed prematurely[END_REF] . Detailed analysis of miR-150 in B cell maturation showed that its premature expression blocked the differentiation of pro-B cells to pre-B cells [START_REF] Zhou | miR-150, a microRNA expressed in mature B and T cells, blocks early B cell development when expressed prematurely[END_REF] .

By combining loss-and gain-of-function approaches for miR-150 with conditional and partial ablation of c-Myb, Xiao et al showed in vivo that miR-150 controls c-Myb expression in a dose-dependent manner over a narrow range of miRNA and c-Myb concentrations. This dramatically affects lymphocyte development and response [START_REF] Xiao | MiR-150 controls B cell differentiation by targeting the transcription factor c-Myb[END_REF] . It can be seen how miR-150 disruption could lead to maturation arrest of B cells and contribute to abnormal lymphogenesis.

miR-17~92

The miRNA cluster miR-17~92 (comprising miR-17, miR-18a, miR-19a, miR-20a, miR- 

miR-34

The most recently identified miRNA with a significant role in B cell development is miR-34a, a transcriptional target of p53 [START_REF] He | A microRNA component of the p53 tumour suppressor network[END_REF][START_REF] Chang | Transactivation of miR-34a by p53 broadly influences gene expression and promotes apoptosis[END_REF] . Overexpression of miR-34a causes a partial block in B cell development at the pro-B cell to pre-B-cell transition, leading to a reduction in mature B cells. This has been shown to be mediated primarily by inhibited expression of the transcription factor Foxp1, a direct target of miR-34a [START_REF] Rao | MicroRNA-34a perturbs B lymphocyte development by repressing the forkhead box transcription factor Foxp1[END_REF] .

Dicer

The [START_REF] Eis | Accumulation of miR-155 and BIC RNA in human B cell lymphomas[END_REF]33 . It was the first oncogeneic miRNA to be identified and plays a significant role in carcinogenesis being up-regulated in various haematological and solid malignancies. However, it also plays a pivotal role in normal haematopoietic cell differentiation [START_REF] Georgantas | CD34+ hematopoietic stemprogenitor cell microRNA expression and function: a circuit diagram of differentiation control[END_REF] being expressed in both myeloid and lymphoid lineages. Higher levels of miR-155 expression are observed in activated B, T cells and macrophages [START_REF] Eis | Accumulation of miR-155 and BIC RNA in human B cell lymphomas[END_REF][START_REF] Van Den Berg | High expression of B-cell receptor inducible gene BIC in all subtypes of Hodgkin lymphoma[END_REF] at critical points for normal lymphocyte development and immune function. BIC/miR-155 deficient mice display defective B and T cell immunity and abnormal function of antigenpresenting cells. [START_REF] Rodriguez | Requirement of bic/microRNA-155 for normal immune function[END_REF] In a comparable mouse model, Thai et al [START_REF] Thai | Regulation of the germinal center response by microRNA-155[END_REF] showed that miR-155 mutant mice displayed reduced numbers of GCs and impaired T cell dependent antibody response due to impaired cytokine production. TNF production was reduced in the B cells whilst T cells showed significantly increased IL-10 production. Furthermore, miR-155 has been shown to play a key role in antigen-driven B cell maturation and is required for the normal production of isotype-switched, high-affinity antibodies and a memory response [START_REF] Vigorito | microRNA-155 regulates the generation of immunoglobulin class-switched plasma cells[END_REF] . A potential mechanism for miR-155 functionality has been identified through direct regulation of the transcription factor Pu.1. miR-155 is required for the downregulation of Pu.1, and, in the absence of miR-155, excessive Pu.1 results in reduced numbers of IgG1 switched cells [START_REF] Vigorito | microRNA-155 regulates the generation of immunoglobulin class-switched plasma cells[END_REF] . The activation induced cytidine deaminase (AID) enzyme responsible for deaminating cytosine to produce U:G mismatches in DNA and thus initiate Ig gene diversity in activated B cells is a direct target of miR-155. In this way miR-155 acts as a negative regulator of AID downmodulating expression [START_REF] Dorsett | MicroRNA-155 suppresses activation-induced cytidine deaminase-mediated Myc-Igh translocation[END_REF][START_REF] Teng | MicroRNA-155 is a negative regulator of activation-induced cytidine deaminase[END_REF] .

Consequently miR-155 can act as a tumour suppressor by reducing potentially oncogenic translocations generated by AID [START_REF] Dorsett | MicroRNA-155 suppresses activation-induced cytidine deaminase-mediated Myc-Igh translocation[END_REF] .

microRNAS in B cell lymphomas (summarised in Table 1)

Following identification of disease specific signatures, studies are now being undertaken to develop specific miRNAs for classification and to determine whether these can replace standard immunohistochemical techniques. Whilst many studies have looked for global changes in miRNA expression, the evidence from mouse models for a causal role of specific miRNAs in lymphomagenesis is more limited. The miR-15a/16-1 cluster at chromosome 13q14, within the most commonly deleted region in CLL, was found to be downregulated in 68% of cases with the deletion 14 .

Chronic Lymphocytic

Subsequently these miRNAs have been shown to target Bcl-2 and remove the suppressor influence on antiapoptotic Bcl-2 [START_REF] Cimmino | miR-15 and miR-16 induce apoptosis by targeting BCL2[END_REF] which is consistently overexpressed in CLL. These observations have not, however, been confirmed by subsequent studies [START_REF] Fulci | Quantitative technologies establish a novel microRNA profile of chronic lymphocytic leukemia[END_REF][START_REF] Ouillette | Integrated genomic profiling of chronic lymphocytic leukemia identifies subtypes of deletion 13q14[END_REF] . Following this original report, a number of groups [START_REF] Fulci | Quantitative technologies establish a novel microRNA profile of chronic lymphocytic leukemia[END_REF][START_REF] Calin | MicroRNA profiling reveals distinct signatures in B cell chronic lymphocytic leukemias[END_REF] have undertaken genome wide expression profiling studies to identify a miRNA signature for CLL compared to normal B lymphocytes as well as to characterise a signature associated with the different prognostic sub-groups of CLL (V H mutation status, ZAP70, 13q14 deletion, 11q22-23 deletion and 17p13/TP53 deletion). There is, however, significant variation in terms of the miRNAs identified as being differentially expressed between the studies. These discrepancies can be attributed to the differences in methodology between the studies (northern blot in early studies, miRNA cloning and RQ-PCR / array analysis in more recent) as well as the use of different controls used (CD5+ cells from tonsils 14 and CD5+ cells from cord blood [START_REF] Fulci | Quantitative technologies establish a novel microRNA profile of chronic lymphocytic leukemia[END_REF] ).

In addition the miRdatabase has expanded rapidly since the earlier studies with ongoing identification of novel miRNA sequences.

Unique miRNA signatures have been generated dependent upon V H gene mutation and ZAP70 status [START_REF] Fulci | Quantitative technologies establish a novel microRNA profile of chronic lymphocytic leukemia[END_REF][START_REF] Calin | MicroRNA profiling reveals distinct signatures in B cell chronic lymphocytic leukemias[END_REF][START_REF] Calin | A microRNA signature associated with prognosis and progression in chronic lymphocytic leukemia[END_REF] . The miR-29 family and miR-223 have been consistently found to be down-regulated in association with unmutated V H genes [START_REF] Fulci | Quantitative technologies establish a novel microRNA profile of chronic lymphocytic leukemia[END_REF][START_REF] Calin | MicroRNA profiling reveals distinct signatures in B cell chronic lymphocytic leukemias[END_REF][START_REF] Calin | A microRNA signature associated with prognosis and progression in chronic lymphocytic leukemia[END_REF][START_REF] Stamatopoulos | microRNA-29c and microRNA-223 down-regulation has in vivo significance in chronic lymphocytic leukemia and improves disease risk stratification[END_REF] and are dramatically decreased in poor prognostic patients independently of the prognostic marker classification used [START_REF] Stamatopoulos | microRNA-29c and microRNA-223 down-regulation has in vivo significance in chronic lymphocytic leukemia and improves disease risk stratification[END_REF] .

Similarly, miRNA expression data have been analysed to distinguish the subtypes of CLL with the most common genomic aberrations. Although Calin et al identified low levels of miR-15-a/16-1 in patients with the 13q deletion 14 , further work suggests that approximately 15% of CLL cases display marked reductions in miR15-a/miR16-1 expression often but not invariably associated with bi-allelic 13q14 loss [START_REF] Ouillette | Integrated genomic profiling of chronic lymphocytic leukemia identifies subtypes of deletion 13q14[END_REF] . Although there has been discordance over the significance of miR-15a/16-1 loss in CLL [START_REF] Ouillette | Integrated genomic profiling of chronic lymphocytic leukemia identifies subtypes of deletion 13q14[END_REF] , mice with a conditional knockout of miR-15a/16-1 develop a lymphoproliferative phenotype analogous to CLL confirming a tumour suppressor role for miR-15a/16-1 in CLL [START_REF] Klein | The DLEU2/miR-15a/16-1 cluster controls B cell proliferation and its deletion leads to chronic lymphocytic leukemia[END_REF] . Possibly of as much importance in CLL associated with the very poor prognostic genotype, 17p13/TP53 deletion, is the consistently associated downregulation of miR-34a [START_REF] Zenz | miR-34a as part of the resistance network in chronic lymphocytic leukemia[END_REF][START_REF] Mraz | miR-34a, miR-29c and miR-17-5p are downregulated in CLL patients with TP53 abnormalities[END_REF][START_REF] Zenz | Detailed analysis of p53 pathway defects in fludarabine-refractory chronic lymphocytic leukemia (CLL): dissecting the contribution of 17p deletion, TP53 mutation, p53-p21 dysfunction, and miR34a in a prospective clinical trial[END_REF][START_REF] Dijkstra | 17p13/TP53 deletion in B-CLL patients is associated with microRNA-34a downregulation[END_REF][START_REF] Visone | Karyotype-specific microRNA signature in chronic lymphocytic leukemia[END_REF][START_REF] Asslaber | microRNA-34a expression correlates with MDM2 SNP309 polymorphism and treatment-free survival in chronic lymphocytic leukemia[END_REF][START_REF] Rossi | microRNA fingerprinting of CLL patients with chromosome 17p deletion identify a miR-21 score that stratifies early survival[END_REF][START_REF] Merkel | Interdependent regulation of p53 and miR-34a in chronic lymphocytic leukemia[END_REF] . Members of the miR-34 family have been discovered to be direct p53 targets and mediate some of the p53-dependent effects. Whilst miR-34 b/c are not expressed in CLL cells, low miR-34a levels are a sensitive indicator of the activity of the p53 axis in B-CLL [START_REF] Rossi | microRNA fingerprinting of CLL patients with chromosome 17p deletion identify a miR-21 score that stratifies early survival[END_REF][START_REF] Moussay | Determination of genes and microRNAs involved in the resistance to fludarabine in vivo in chronic lymphocytic leukemia[END_REF] and are associated with p53 inactivation and chemotherapy-refractory disease irrespective of 17p deletion/TP53 mutation status [START_REF] Zenz | Detailed analysis of p53 pathway defects in fludarabine-refractory chronic lymphocytic leukemia (CLL): dissecting the contribution of 17p deletion, TP53 mutation, p53-p21 dysfunction, and miR34a in a prospective clinical trial[END_REF] . Amongst patients harboring a 17p deletion, low expression of miR-223, miR-29c, miR-29b, and miR-181 family were strongly associated with disease progression [START_REF] Rossi | microRNA fingerprinting of CLL patients with chromosome 17p deletion identify a miR-21 score that stratifies early survival[END_REF] confirming the adverse effect of low levels of miR-29 and miR-223 in CLL progression [START_REF] Stamatopoulos | microRNA-29c and microRNA-223 down-regulation has in vivo significance in chronic lymphocytic leukemia and improves disease risk stratification[END_REF] . In a separate study the 17p deleted miRNA signature comprised high levels of miR-15a, miR-21,and miR-155 and low levels of miR-34a and miR-181b [START_REF] Rossi | microRNA fingerprinting of CLL patients with chromosome 17p deletion identify a miR-21 score that stratifies early survival[END_REF] . In addition, miR-21 expression stratified survival in patients with 17p deleted CLL and amongst cohorts of patients with CLL with a variety of chromosomal aberrations [START_REF] Rossi | microRNA fingerprinting of CLL patients with chromosome 17p deletion identify a miR-21 score that stratifies early survival[END_REF] . Amongst both the good-and poor-prognosis subgroups, miR-181b levels identified patients who required early therapy and who thus need a closer follow-up [START_REF] Rossi | microRNA fingerprinting of CLL patients with chromosome 17p deletion identify a miR-21 score that stratifies early survival[END_REF] . Further to this, studies have identified miRNAs that may predict clinical resistance of CLL to fludarabine and a similar expression profile emerges with miR-29a, miR-181a and miR-221 amongst those being differentially expressed [START_REF] Moussay | Determination of genes and microRNAs involved in the resistance to fludarabine in vivo in chronic lymphocytic leukemia[END_REF] .

Despite the variation between studies, a number of miRNAs have been have been identified as being consistently and differentially expressed (Table 1) in CLL cells. The miR-15a/16-1 cluster lies at 13q14, targets Bcl-2 and is down regulated in a proportion of patients. It is clear from in vivo studies that loss of miR-15a/16-1 accelerates the proliferation of both human and mouse B cells by modulating the expression of genes controlling cell-cycle progression [START_REF] Klein | The DLEU2/miR-15a/16-1 cluster controls B cell proliferation and its deletion leads to chronic lymphocytic leukemia[END_REF] although it is not necessarily CLL specific and is deleted in other low grade lymphomas [START_REF] Ferreira | Comparative genome profiling across subtypes of low-grade B-cell lymphoma identifies type-specific and common aberrations that target genes with a role in B-cell neoplasia[END_REF] . miR-34a is a surrogate for p53 inactivation and predicts for a shorter time to treatment [START_REF] Zenz | Detailed analysis of p53 pathway defects in fludarabine-refractory chronic lymphocytic leukemia (CLL): dissecting the contribution of 17p deletion, TP53 mutation, p53-p21 dysfunction, and miR34a in a prospective clinical trial[END_REF] . Downregulation of miRs-29c and -223 are associated with unmutated VH genes providing a surrogate marker of mutational status. It is not possible from the published data as it stands to define a consensus miRNA signature for all CLL that can be useful for diagnosis and prognosis but some clarity is appearing that may be tested prospectively to fully understand their potential utility. miR-155 was the first oncogenic miRNA to be described following the observation that this miRNA is increased in several types of B cell lymphomas [START_REF] Eis | Accumulation of miR-155 and BIC RNA in human B cell lymphomas[END_REF]33 . Studies from transgenic mice confirm the oncogenic role of this miRNA in lymphoma. Mice overexpressing miR-155 in B cells consistently developed polyclonal pre-B cell proliferation followed by B cell malignancy [START_REF] Costinean | Pre-B cell proliferation and lymphoblastic leukemia/high-grade lymphoma in E(mu)-miR155 transgenic mice[END_REF] . On the other hand, sustained expression in haemopoietic stem cells causes a myeloproliferative disorder with a phenotype consistent with AML [START_REF] O'connell | Sustained expression of microRNA-155 in hematopoietic stem cells causes a myeloproliferative disorder[END_REF] . These observations suggest miR-155 is a significant regulator of haematopoetic cell development from an early stage.

Whilst its elevated expression is not specific to DLBCL [START_REF] Eis | Accumulation of miR-155 and BIC RNA in human B cell lymphomas[END_REF][START_REF] Roehle | MicroRNA signatures characterize diffuse large B-cell lymphomas and follicular lymphomas[END_REF] , significantly higher levels are present in DLBCLs with an activated B cell-like (ABC) phenotype in comparison with the germinal center B cell-like (GCB) phenotype [START_REF] Eis | Accumulation of miR-155 and BIC RNA in human B cell lymphomas[END_REF][START_REF] Pedersen | Onco-miR-155 targets SHIP1 to promote TNFalpha-dependent growth of B cell lymphomas[END_REF][START_REF] Lawrie | MicroRNA expression distinguishes between germinal center B cell-like and activated B cell-like subtypes of diffuse large B cell lymphoma[END_REF] . SHIP1 has been identified as a target of miR-155 and is downregulated by miR-155 in DLBCL as a consequence of autocrine stimulation by TNFα [START_REF] Pedersen | Onco-miR-155 targets SHIP1 to promote TNFalpha-dependent growth of B cell lymphomas[END_REF] . Another target of miR-155 is SMAD which is suppressed by high levels of miR-155 and protects DLBCL cells from the growthinhibitory effects of TGF beta [START_REF] Rai | Targeting of SMAD5 links microRNA-155 to the TGF-beta pathway and lymphomagenesis[END_REF] .

High resolution profiling integrating genome-wide copy number analysis with geneexpression by the Staudt group identified amplification of the miR-17~92 cluster in GCB DLBCL but not in ABC type [START_REF] Lenz | Molecular subtypes of diffuse large B-cell lymphoma arise by distinct genetic pathways[END_REF] having been previously identified as over-expressed in DLBCL [START_REF] Ota | Identification and characterization of a novel gene, C13orf25, as a target for 13q31-q32 amplification in malignant lymphoma[END_REF] . Data from mice confirm the transforming potential of this miRNA in lymphoma whereby microRNAs from the miR-17~92 cluster cooperate with MYC to transform mouse B cells, and lymphomas that develop with miR-17~92 overexpression have less apoptosis than those expressing MYC alone [START_REF] O'donnell | c-Myc-regulated microRNAs modulate E2F1 expression[END_REF] . Further work investigating the targets of miR-17~92 in lymphomagenesis demonstrated that CDKN1A/p21 is an essential target but that miR-17~92 can regulate different subtypes of B-cell lymphomas through down-regulation of different target genes (eg, Bim or/and p21) [START_REF] Inomata | MicroRNA-17-92 down-regulates expression of distinct targets in different B-cell lymphoma subtypes[END_REF] .

Profiling studies have continued to look for ways of differentiating GCB and ABC DLBCL based on miRNA expression. Lawrie et al identified three miRNAs, miR-155, miR-21 and miR-221 that were more highly expressed in ABC-type than GCB-type cell lines [START_REF] Lawrie | MicroRNA expression distinguishes between germinal center B cell-like and activated B cell-like subtypes of diffuse large B cell lymphoma[END_REF] . In a much larger series a 5-miRNA (miR-182, miR-150, miR- [START_REF] Li | Copy number abnormalities, MYC activity, and the genetic fingerprint of normal B cells mechanistically define the microRNA profile of diffuse large B-cell lymphoma[END_REF] where an alternative classifier has been put forward which robustly segregated DLBCL into three groups based on transcriptional activity of MYC. Of those miRNAs previously identified as dysregulated in DLBCL were the miR-17~92 cluster but this was unable to differentiate between GCB and ABC DLBCL in this series. Some of these differences may be explained by the derivation of the miRNA signature from cell lines 20 rather than primary patient material [START_REF] Li | Copy number abnormalities, MYC activity, and the genetic fingerprint of normal B cells mechanistically define the microRNA profile of diffuse large B-cell lymphoma[END_REF] . Further work and analysis of larger sample series is clearly needed before a reproducible diagnostic miRNA score exists that can be put forward for routine practice.

In terms of a correlate of outcome, miR-222 has been shown to predict survival in DLBCL treated with R-CHOP chemotherapy where high levels of expression were associated with inferior outcome [START_REF] Malumbres | Differentiation stage-specific expression of microRNAs in B lymphocytes and diffuse large B-cell lymphomas[END_REF] . The prognostic role of other miRNAs is not as yet defined. There remains considerable potential for miRNA biomarkers to be examined in clinical trials as a better marker of disease stratification.

Follicular Lymphoma (FL)

The published literature defining a miRNA signature for FL is limited. miR-155, miR-221 and miR-21 are similarly overexpressed in FL as they are in DLBCL with no significant differences between expression levels in these different lymphomas [START_REF] Lawrie | MicroRNA expression distinguishes between germinal center B cell-like and activated B cell-like subtypes of diffuse large B cell lymphoma[END_REF] .

A signature of four miRNAs (miR-330, -17-5p, -106A, -210) has been proposed as a diagnostic classifier to discriminate FL, DLBCL and non-neoplastic lymph node 60 but this has not been confirmed by other series.

Mantle Cell Lymphoma (MCL)

The first description of miRNA involvement in MCL came from the observation that miR-16-1 regulates the expression of cyclin D1 (CCND1) [START_REF] Chen | Truncation in CCND1 mRNA alters miR-16-1 regulation in mantle cell lymphoma[END_REF] . This control is lost in cases with truncated CCND1 mRNA and associated with a poor prognosis [START_REF] Wiestner | Point mutations and genomic deletions in CCND1 create stable truncated cyclin D1 mRNAs that are associated with increased proliferation rate and shorter survival[END_REF] was found to be a direct target of miR-29.

miRNAs as new diagnostic and prognostic markers in lymphoma

The majority of early reports detailing miRNA expression changes were performed by Southern blot analysis with probes specific for the miRNA. Array platforms subsequently developed using oligonucleotides optimized for detection have progressed with the expansion of the database. As the field has exploded, so the methods of detection have provides the opportunity for the first time of a lymphoma biomarker to monitor the progression and response to therapy that can be measured from a peripheral blood sample. However, it is important to bear in mind that the expression profile of circulating miRNA may change depending on the condition of the patient and that large studies will be needed to provide the evidence. Thus miRNA has the potential to change the diagnostic methodology available and opens up the door to rapid diagnosis and prognostic analysis from a blood sample in the near future. 
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  evolutionarily conserved non-protein-coding sequences of between 19-23 nucleotides that control gene expression at the post-transcriptional level by binding to the 3' untranslated region (UTR) of target messenger RNA (mRNA) through

  nucleus by RNA polymerase II, and that the transcripts are capped and polyadenylated[START_REF] Kim | MicroRNA biogenesis: coordinated cropping and dicing[END_REF] . Following cleavage by the microprocessor complex, Drosha, to form the hairpin structure pre-mir of 60-70 nucleotides, this is exported by the cytoplasmic exporter Exportin5 and cleavage occurs by Dicer and accessory proteins to produce the mature miRNA. The mature miRNA is loaded onto the miRNA-induced silencing complex (RISC) and together recognize complementary sequences in the 3'UTR of the target gene resulting in either degradation of the mRNA or inhibition of translation (reviewed in Kim

  specifically up-regulated in centroblasts and almost two-thirds belonged to several clusters whose miRNA members demonstrated similar temporal changes during B-cell differentiation. Moreover, paralog groups of miRNA clusters also exhibited similar profiles of expression in distinct cell subpopulations, suggesting the presence of common regulatory networks controlling distinct paralogs.A more quantitative RT-PCR (RQ-PCR) approach to miRNA analysis for B cells has produced two interesting studies. Dave's group[START_REF] Zhang | Patterns of microRNA expression characterize stages of human B-cell differentiation[END_REF] used a 384-well multiplexed RQ-PCR assay containing 365 miRNAs (based on miRBase 9.2) and detected a total of 113 unique miRNAs in the B cell populations. Similarly, Tan et al[START_REF] Tan | miRNA profiling of B-cell subsets: specific miRNA profile for germinal center B cells with variation between centroblasts and centrocytes[END_REF] determined a miRNA profile of naïve, GC and memory B cells sorted from normal tonsils and verified their RQ-PCR results of differentially expressed miRNAs using in situ hybridisation in tonsil tissue sections. A total of 86 miRNAs were found to be expressed amongst the 3 normal B cell subsets and 16 miRNAs showed at least 4.5-fold difference between GC and non-GC B cells, suggesting these are important throughout the GC response. More than 4.5-fold changes in the expression levels of miR-17-5p, miR-106a, miR-146a, miR-150 and miR-181b were found in GC B cells as compared with naïve and memory B cells.
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 6 number of specific miRNAs have been identified in controlling early B cell and peripheral B cell development as well as defined by studies of the signature pattern for normal cells[START_REF] Zhang | Patterns of microRNA expression characterize stages of human B-cell differentiation[END_REF][START_REF] Basso | Identification of the human mature B cell miRNome[END_REF][START_REF] Malumbres | Differentiation stage-specific expression of microRNAs in B lymphocytes and diffuse large B-cell lymphomas[END_REF] demonstrating a highly unique miRNA profile. Certain critical miRNAs have been identified during normal B cell differentiation and warrant greater consideration as outlined below.
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 1 miR-92a-1) promotes survival of early B cell progenitors. Absence of miR-17~92 leads to inhibition of B cell development at the pro-B cell to pre-B cell transition.Ventura et al[START_REF] Ventura | Targeted deletion reveals essential and overlapping functions of the miR-17 through 92 family of miRNA clusters[END_REF] demonstrated that expression of miR-17~92 is tightly regulated during B cell development, reaching a maximum at the pre-B cell stage and then rapidly returning to basal levels at later stages. It acts by repressing the expression of pro-apoptotic genes including Bim, whose levels increase in miR-17~92 deficient murine cells[START_REF] Ventura | Targeted deletion reveals essential and overlapping functions of the miR-17 through 92 family of miRNA clusters[END_REF] . Conversely, overexpression leads to a lymphoproliferative phenotype probably as a consequence of tumour suppressor gene PTEN and Bim[START_REF] Xiao | Lymphoproliferative disease and autoimmunity in mice with increased miR-17-92 expression in lymphocytes[END_REF] . It is of note that Bim inhibition is notable in CLL and could indicate aberration of the miR-17~92 pathway.

  Dicer molecule plays a pivotal part in miRNA processing to its active form by means of cleavage and processing of the miRNA molecule. The effects of miRNAs in B cell development have been assessed globally as well as in terms of specific miRNAs with analysis of aberrant expression/activity of the components of the miRNA biosynthetic machinery. The deletion of Dicer at the earliest stages of B cell development leads to a block in development at the pro-B cell to pre-B cell transition 31 . Koralov and others explored the effects of deleting the Dicer gene (dcr-1) conditionally at the earliest stage of B cell development. This led to a dramatic block in this process at the pro-B cell stage but could be partially overcome by genetically promoting B cell survival either through the enforced expression of the prosurvival gene BCL2 or ablation of BIM[START_REF] Koralov | Dicer ablation affects antibody diversity and cell survival in the B lymphocyte lineage[END_REF] . Deregulated control of cell survival is at least partly responsible for the developmental block imposed by Dicer deficiency, and Bim is a major player in this context consistent with its key role in the control of lymphocyte survival. Upregulated genes in Dicer deleted cells shared a signature consistent with gene-expression control by three miRNA families related to the miR-17 92 cluster which includes Bim. Their results also established that the basic mechanism of V(D)J recombination is independent of Dicer, although Dicer has an impact on the antibody repertoire expressed following V(D)J recombination[START_REF] Koralov | Dicer ablation affects antibody diversity and cell survival in the B lymphocyte lineage[END_REF] .The germinal centre response miR-155miR-155 is processed from an exon of a non-coding RNA transcribed from the B-cell Integration Cluster (BIC), originally identified through its aberrant expression in various

  advanced to enable large scale detection in small sample sizes, with more reliance on RQ-PCR based techniques. Whilst the early means of detection required large amounts of total RNA, more recently developed techniques now allow smaller archival material to be used. Although extraction techniques still require solvent based methodology, it is possible to obtain reproducible and reliable miRNA profiles from FFPE tissue, comparable to fresh paired samples. The PCR based assays are widely available and only require picogram amounts of RNA making them suitable for diagnostic assays on very small amounts of tumour material. For lymphoma diagnostics this raises the possibility of detecting malignant cells from the peripheral blood if a unique miRNA signature can be , detection of lymphoma miRNA profiles from serum samples[START_REF] Lawrie | Detection of elevated levels of tumourassociated microRNAs in serum of patients with diffuse large B-cell lymphoma[END_REF] 

20 Figure 1 21 Figure 2

 201212 Figure 1 Distinct miRNA profiles of mature B cells. Consensus data are shown from global profiling studies. Only miRNAS whose expression is confirmed in two or more studies are included. Blue = upregulation, Red = downregulation.

  

  [START_REF] Kim | MicroRNA biogenesis: coordinated cropping and dicing[END_REF] 

  ). miR genes are either present as single units scattered throughout the genome located within introns and intergenic regions or organized as gene clusters. A typical miR gene cluster is miR-17~92 which comprises 6 miRNAs (miR-17, miR-18a,

	study of murine bone marrow, miR-181 was one of three miRNAs specifically expressed
	in hematopoietic cells and found to regulate the differentiation of the multipotent
	progenitor in the lymphoid lineage 17 . Involvement of miRNAs in B cell development
	have been assessed globally using high throughput based technologies (microarrays and
	F o
	r
	P
	lymphocytic leukaemia when in 2002 Croce's group demonstrated two microRNAs, e e r miR-15a and miR-16-1 from within the commonly deleted region 13q14 to be down-regulated in the majority of cases 14 . Following this discovery, further evidence of a link between miRNAs and cancer pathogenesis stemmed from the identification of a genome-wide correlation between the genomic location of miRNAs and regions including areas frequently involved in deletion, amplification, chromosomal breakpoint and loss of heterozygosity in malignancy 15 . miRNAs appear to play a direct role in oncogenesis and can function as both oncogenes (eg. miR-155 and members of the miR-17~miR-92 R e v i e w
	cluster) and tumour suppressors (eg. miR-15a and miR-16-1) in all cancer types. The
	definition of a cellular miRNA signature ('miRNome') has been shown to permit
	diagnostic differentiation of normal from malignant tissue and definition of subsets
	within a tumour type 16 with improved accuracy over traditional gene expression analysis.
	microRNAs in normal B cell development
	miRNAs play a critical role in lymphocyte development by exerting control of lineage-
	specific transcription factors crucial to haemopoietic differentiation 17 . In the first such
	4

miR-19a, miR-20a, miR-19b-1, miR-92a-1)

[START_REF] Olive | miR-19 is a key oncogenic component of mir-17-92[END_REF] 

. miRNA clusters are typically transcribed together in polycistronic transcripts and usually control mRNAs with related functions.

It is clear that miRNAs control several pathways including developmental timing, haematopoiesis, organogenesis, apoptosis, cell proliferation as well as oncogenesis. A role in cancer by aberrant or failure of expression was first postulated for chronic

  It was in CLL that a role for miRNAs in cancer was first reported byCalin et al in 2002. 
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	Leukaemia (CLL)
	9

  Two subsequent studies have performed global profiling in an attempt to identify the miRNA signature of MCL. In the first study 86 mature miRNAs were analysed, chosen by their location at the most frequently altered chromosomal regions in MCL[START_REF] Navarro | MicroRNA expression, chromosomal alterations, and immunoglobulin variable heavy chain hypermutations in Mantle cell lymphomas[END_REF] . Based on the miRNA expression profile they identified two distinct sub-sets of

	MCL is altered. MCL showing significant differences in the IgV H mutational status, proliferation
	signature, and number of chromosomal alterations. miR-17-5p/miR-20a from the miR-
	17~92 cluster were expressed at high levels concomittantly with MYC and associated
	with poor prognosis disease 71 . Subsequently Zhao et al have performed miRNA using a
	platform of 515 miRNAs 72 . They found that eighteen miRNAs were down-regulated and
	21 were up-regulated in MCL compared with normal B lymphocytes with the most F o frequent alterations being decrease of miR-29a/b/c, miR-142-3p/5p, and miR-150 and
	r increase of miR-124a and miR-155. Expression levels of miR-29 family were associated
	with prognosis and patients with significantly down-regulated miR-29 had a shorter P survival compared with those who expressed relatively high levels of miR-29. Down-e r e regulation of the miR-29 family was associated with CDK6 overexpression and CDK6
	R e v i e w
	13

whereby miR-16-1 binding sites within the CCND1 mRNA 3' UTR are deleted and miRNA regulation of

Table 1 microRNAs consistently altered in B cell lymphomas

 1 miRNAs written in blue are known to be commonly altered in lymphoid malignancies and are not disease specific.

	o
	r
	P
	e e r
	R e v i e w

Published on behalf of the British Division of the International Academy of Pathology Histopathology