Chapter 11
MicroRNAs in Lymphoma

Alba Navarro Lépez and Luis Hernandez Pous

Abstract MicroRNAs (miRNAs) are small regulatory RNAs involved in post-
transcriptional gene regulation of molecular pathways related with differentiation,
proliferation, and survival of cells. Normal lymphocytes are not an exception, and
even relevant molecular pathways involved in the immunologic functions of these
cells are also controlled by miRNAs. These important roles make miRNA alterations
to be oncogenetic mechanisms with multiple targeting roles in lymphomagene-
sis. Among miRNA alterations, mutations in mature and pre-miRNA forms have
been punctually described, but the most well-known miRNA alteration mechanisms
are changes in their expression levels. The origin of these expression abnormali-
ties seems to be diverse regarding the considered particular miRNA and lymphoma
entity. Thus, some miRNAs have been described as targets of genomic instability
affecting miRNA containing chromosomal loci. On the reverse side, other miRNA
expression changes seem to involve epigenetic alterations or other molecular mech-
anisms not related with direct alterations of their loci. Regardless of their alteration
mechanisms, miRNA expression profiles have been shown useful for improvement
of clinical management of the patients, through their good performance in the
diagnosis discrimination among types and subtypes of lymphomas. In addition to
the biological features of these neoplasms, miRNA expression profiles have also
proven to help in the identification of patient subsets with different prognosis out-
comes. Taking together all these findings, we can foresee an increasing importance
of the miRNA-based translational research in practical applications to the lym-
phoma clinical management and hopefully, even help in achieving more specific
treatments.
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11.1 MicroRNAs in the Normal Physiology of Lymphoid Cells

11.1.1 As Regulators of Lymphoid Cell Development
in the Primary Lymphoid Organs

Systematic analyses on microRNA (miRNA) expression in mammalian
hematopoiesis have revealed distinct profiles in the different related cell types, with
specific sets of miRNAs dynamically regulated during T and B cell development
(Chen et al. 2004; Chen and Lodish 2005; Ramkissoon et al. 2006; Sonkoly et al.
2008). Even before the stage of the common lymphoid (B/T) progenitor, several
miRNAs are involved in the generation of these cells from hematopoietic stem cells
in the bone marrow (as miR-221, miR-222, miR-196b, miR-126, and miR-10 family
members) through their action on relevant targets as KIT, PLK2, and several HOX
family members (O’Connell et al. 2010) (Fig. 11.1).

11.1.2 In B Cells

MiRNAs from the miR-17-92 cluster are essential for the pro-B to pre-B transition,
enhancing the survival of the B cells at this stage by targeting transcripts of the pro-
apoptotic protein BIM, and the tumor suppressor PTEN (Xiao et al. 2008). MiR-150
has also a role during the B cell development, but blocks the proB-preB transition
if its expression is forced at this stage, and involving the targeting on the MYB
transcription factor (Xiao et al. 2007; Zhou et al. 2007). Constitutive expression of
miR-34a also have a blocking effect at this stage, as a result of targeting on FoxPI
transcription factor, that regulates the expression of the relevant immunoglobulin
differentiation genes Ragl and Rag2 (O’Connell et al. 2010).

11.1.3 In T Cells

MiR-17-92 cluster expression has been described to be essential for T cell prolifera-
tion and survival, sharing some targets as for B cell development (Xiao et al. 2008).
MiR-181a has been also characterized to regulate relevant signal transduction path-
ways (DUSPS5, DUSP6, SHP2, and PTPN22 genes involved in the TCR response
and CD4* T cell selection) in the T cell development (Li et al. 2007).

11.2 As Regulators of Immunologic Function
of the Mature Lymphoid Cells

As mediators of the acquired immune response, the B and T cell immunological
functions are also modulated by miRNA action in these cells (Tsitsiou and Lindsay
2009). Several relevant examples are highlighted below (Fig. 11.1).
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Fig. 11.1 MiRNA-mediated regulation of B and T cell development and function. MiRNAs are
involved in the regulation of the expression of target coding genes essential for development and
immunologic function of the B and T cells
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11.2.1 In B Cells

MiR-155 participates in many aspects of the B cell functionality and thus, its
expression in these cells is under the control of B cell receptor, CD40 and Toll-
like receptors (Rodriguez et al. 2007; Thai et al. 2007; van den et al. 2003). In
B cells, miR-155 regulate targets like c-MAF, PU.1/Sfpil, and activation-induced
cytidine deaminase (AID) (Dorsett et al. 2008; Rodriguez et al. 2007; Teng et al.
2008; Thai et al. 2007; van den et al. 2003; Vigorito et al. 2007). AID is essen-
tial in the B cell maturation of the antibody response through the induction of
antigen-dependent hypermutations in the immunoglobulin heavy chain (IgH) gene
during the secondary immunologic response. Thus, differentiation of naive B cells
to centroblasts in the germinal center (GC) of lymphoid follicles is character-
ized by marked changes in miRNA expression profile, while naive and memory B
cells showed marked similarities (Malumbres et al. 2009). Among these, miR-125b
repress PRDM 1 and IRF4, two essential factors of the post-GC, but not BCL6, a key
transcription factor of this process (Malumbres et al. 2009). In addition, miR-223
represses LMO2, and miR-9/miR-30 family regulate PRDM 1/BLIMP] gene expres-
sion, a master gene in the GC-plasma cell transition (Calame 2008; Zhang et al.
2009). Finally, in the post-GC B cell maturation either to plasma cell as to memory
B cell, it has been described a modulation of a number of miRNAs. Thus, plasma
cells showed 31 miRNAs highly expressed and 27 in memory B cells compared to
GC cells (Zhang et al. 2009).

11.2.2 In T Cells

MiR-155 is essential for the T cell dependent antibody response in the lymphoid ger-
minal centers (Thai et al. 2007), and it is involved in T cell subpopulation (Tg1/Ty2)
differentiation and Tre; homeostasis through targets like ¢c-MAF and SOCSI in
response to CD3/CD28 and FoxP3 signaling (Lu et al. 2009; Rodriguez et al. 2007).
miR-326 has been described to be involved in the Ty 17 cell subpopulation through
targeting of ETS1 gene (Du et al. 2009).

11.3 Oncomirs with Pathogenetic Implications in Lymphomas
Mechanisms of miRNA alteration:
11.3.1 Expression Deregulation as a Result

of Genomic Instability

11.3.1.1 Involving Gains or Losses of MiRNA Chromosomal Loci

As a deregulation mechanism of miRNA expression levels, imbalances of chro-
mosomal regions have been demonstrated to target miRNAs in several types of
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neoplasm. In addition, several examples also involving lymphomas are explained
below.

MiR-15a/16-1 cluster is located at 13q14.3 locus, the most frequent chromo-
somic alteration (over 65%) in chronic lymphocytic leukemia (CLL), and this
alteration was also present in 50% of mantle cell lymphoma (MCL) and 16-40% of
multiple myeloma (MM). In fact, these miRNAs are the most consistent oncogenic
targets inside this deletion, included in the genomic locus DLEU2 (Klein et al.
2010; Lerner et al. 2009), besides from another recently described cancer-related
locus (DLEU?7) in this chromosomic region (Palamarchuk et al. 2010).

MiR-17-92 cluster comprises six precursor miRNAs that are codified inside
a non-protein-coding gene MIRI7HG/MIRHGI (formerly named as Cl30rf25)
located at 13q31.3. This region is frequently amplified in several types of
lymphomas, including Burkitt lymphoma (BL), diffuse large B cell lymphoma
(DLBCL) and MCL (Bea et al. 2009; Ota et al. 2004; Tagawa and Seto 2005), where
an associated over-expression of the involved miRNAs has also been found, suggest-
ing that high-level amplification is the main source of oncogenic miR-17-92 cluster
over-expression in these lymphomas (Navarro et al. 2009a; Tagawa et al. 2007)
(Fig. 11.2).

Finally, several miRNAs have been described in MM to be associated with loss
of heterozygosity, or copy number alterations at their chromosomal loci (Lionetti
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Fig. 11.2 Box plot representing the relative expression levels in relative units (RU) of several
miRNAs at 1331 and their copy number changes in examined nodal mantle cell lymphoma cases.
All 5 miRNAs showed a significant correlation between the expression levels quantified by reverse
transcriptase-looped quantitative PCR and the gene dosage of this locus according to comparative
genomic hybridization results. Loss (LOSS), wild-type (WT), and amplification (AMP). Circles
and asterisks, extreme values and outliers, respectively. Reprinted with permission from Navarro
et al. (2009a) (corresponding to the original Fig. 4)
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11.3.1.2 Involving Epigenetic Mechanisms Acting on MiRNA Genes

A proportion of miRNA promoters seem to be regulated by epigenetic mechanisms
and related alterations could lead to oncogenic effects (Guil and Esteller 2009).
One example is miR-203, that it has been found down-regulated in T cell lym-
phomas, among other hematological disorders, and targeting the ABL oncogene
(Bueno et al. 2008). The expression down-regulation mechanism found was the
deletion of one allele (at 14q32) and CpG hypermethylation in the promoter of
the remaining allele (Bueno et al. 2008). Another example is miR-124a that it has
been shown to be regulated by CpG methylation in several human tumors, includ-
ing lymphomas (Lujambio et al. 2007). Other examples are also further explained
in the text.

11.3.1.3 Involving Mutation of MiRNA Genes

Mutations in miRNA loci could result in alterations of sequence-specific recogni-
tion of their targets. Germ-line and somatic miRNA mutations were found in 12%
of sequenced miRNAs and in 15% of CLL patients analyzed. Noticeably, no such
mutations could be found in a large series of normal controls, and the majority of
patients showing these mutations in the mR-15a/16-1 locus had a personal or family
history of CLL or other hematopoietic and solid tumors, suggesting a possible role
of this miRNA cluster in familial CLL (Calin et al. 2005). Nevertheless, mutations
of this miRNA have not been found in later studies on sporadic CLL among other
neoplasms (Yazici et al. 2009).

11.3.2 Expression Deregulation as a Result of Virus Infection

Epstein-Barr virus (EBV) infects B cells and after an initial phase establishes an
asymptomatic latent infection. In addition, EBV encoded factors are related with
the oncogenesis of several lymphoid models, although the factors that are condi-
tioning their development are not fully understood (De Falco et al. 2009). MiRNA
expression is involved in this process by EBV-encoded miRNAs through which cel-
lular mRNAs could be manipulated, and also more complex molecular mechanisms
including the interference with endogenous RNAi machinery (Scaria et al. 2007).
The resulting effect of the EBV infection is a global down-regulation of many cel-
Iular miRNAs, although re-expression of some of them occurs when the cells are
immortalized, as described for miR-155 (Godshalk et al. 2008; Lu et al. 2008). This
miRNA is also up-regulated by the EBV-encoded latent membrane protein 1 (LMP1)
in infected Burkitt lymphoma cell lines (Rahadiani et al. 2008; Yin et al. 2008), and
it has been shown that contributes to EBV immortalization and its oncogenic poten-
tial by modulation of the NF-kB signaling (Lu et al. 2008). It also seems to have a
cytostatic activity in BL cells. The underlying molecular mechanisms of the growth
inhibitory property of LMPI seems to involve its ability to down-regulate a major
oncogene, TCLI in DLBCL and BL cells by inducing miR-29b transcript expres-
sion (Anastasiadou et al. 2009). The underlying mechanism for this effect involves
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p38 mitogen-activated protein kinase-activating function of LMPI. As LMPI is
also important for B cell transformation, the final effect on lymphomagenesis may
depend on a combination of levels of its expression, lineage and differentiation of
the target cells and also of the miRNA expression context of the host cells. Another
described miRNA induced by LMP1 in BL cell lines is miR-146a, and the authors
proposed that this miRNA should plays a role in EBV latency by modulating innate
immune responses to the virus-infected cell (Motsch et al. 2007). As it has been
described that miR-146a negatively regulates IRF7, an activator of the LMPI pro-
moter, this miRNA may function as a negative feedback control to modulate the
transforming potential of EBV (Cameron et al. 2008; Li et al. 2010). In addi-
tion, miR-21 is induced by EBV infection in human B cells (Mrazek et al. 2007),
and it has been found over-expressed in a significant proportion of EBV-positive
natural killer (NK)/T cell lymphomas, where targeting over the anti-apoptotic tran-
script PTEN was also demonstrated (Yamanaka et al. 2009). Finally, EBV influence
in the expression of a 10 miRNA host subset could be demonstrated in classical
Hodgkin’s lymphoma (cHL) (Navarro et al. 2008). Regarding EBV-mediated effects
on lymphocyte differentiation program, it has been described altered levels of the
transcription factors BLIMPI and XBP1 by miR-127 in EBV-positive BL.

Regarding miRNA influence of other lymphoma-related viruses, the reticuloen-
dotheliosis virus strain T (REV-T) induces B cell lymphomas through up-regulation
of miR-155 resulted in a prosurvival effect by down-regulation of JARID2/Jumonji,
a cell cycle regulator part of a histone methyltransferase complex (Bolisetty
et al. 2009; Yin et al. 2008). In addition, human herpesvirus 8/Kaposi’s sarcoma-
associated herpesvirus (KSHV) has been characterized as the etiologic agent
associated, among others, with primary effusion lymphoma (PEL). This virus
encodes orthologue miRNAs for the control of relevant host targets, as KSHV miR-
K12-11] that has a common sequence and targets compared to the cellular miR-155
(Gottwein et al. 2007; Skalsky et al. 2007).

11.4 As Regulators of Known Oncogenes
and Tumor Suppressor Genes

Several examples of both miRNA types are explained below and summarized in
Table 11.1.

11.4.1 Tumor Suppressor MiRNAs

MiRNAs encoded by the miR-15a/16-1 cluster are known to act as tumor sup-
pressors and, in fact, it were the first miRNAs to be found experimentally
related to mammalian carcinogenesis. Down-regulation of these miRNAs has been
reported in CLL and other neoplasms (Ageilan et al. 2010). In normal cells,
the expression of these miRNAs inhibits cell proliferation, promotes apoptosis of
cancer cells, and suppresses tumorigenicity through their suppressive action on
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cancer-related targets like BCL2, WT'l, WNT3A, CCND1, MCLI, ETS1, RAB9B, and
PDCDG6IP (Ageilan et al. 2010; Calin et al. 2008). It has been proposed that the high
relevance of miR-15a/16-1 in CLL lymphomagenesis could be mainly resumed by
its causal role in BCL2 over-expression in a proportion of these lymphomas that
harbor 13q14 deletions (Cimmino et al. 2005). The experimental evidence showed
that the expression of BCL2 and these miRNAs are inversely correlated in CLL
tumors, and in vitro apoptosis could be induced by BCL2 repression through these
miRNAs (Cimmino et al. 2005).

As above mentioned, CCND is a validated miR-16-1 target. The over-expression
of this oncogene is the hallmark of MCL. The t(11;14)(q13:q23) is the primary
genetic alteration that induced the CCNDI over-expression by means of the pro-
moting influence of the IgH enhancer onto the CCNDI promoter. It has been also
described in MCL other molecular alterations in additional layers of CCNDI expres-
sion control. One of these mechanisms involves the post-transcriptional regulation
of CCND1 by means of several miRNAs like miR-19a, miR-155, miR-503, miR-424,
miR-195, miR-34a, miR-15a, and miR-16-1 (Jiang et al. 2009). It has been described
that point mutations and genomic deletions affecting the 3'UTR of CCNDI1 resulted
in increased proliferation and shorter survival (Wiestner et al. 2007). A miR-16-
I orientated study has demonstrated in MCL cell lines that these truncated CCND1
forms lack the miR-16-1 binding sequences in the CCNDI 3'UTR (Chen et al. 2008).
The proposed oncogenic effect of this alteration is similar to other described exam-
ples involving different mechanisms that also generate shorter CCND/ transcript
forms which are associated with a higher mRNA stability (Wiestner et al. 2007).

Another lymphoid neoplasm showing down-regulation of miR-15a/miR-16 is
MM (Roccaro et al. 2009). In this model, the mentioned miRNAs regulate pro-
liferation and induced angiogenesis, and the gene targets that could be related with
these miRNAs were AKT3, S6, MAP kinases and the NF-« B-activator MAP3KIP3
(Roccaro et al. 2009). Although, these miRNAs were located in 13q14, a region fre-
quently deleted in MM, their low expression was also detectable in cases without
this chromosome imbalance.

Expression levels of miR-143 and miR-145 have been found decreased in CLL,
DLBCL, EBV-transformed B cell lines, and BL cell lines (Akao et al. 2007). In this
study, introduction of precursor forms of these miRNAs into Raji cells resulted in a
significant growth inhibition that occurred in a dose-dependent manner. One target
gene of miR-143 was determined to be the extracellular signal-regulated kinase 5
(ERKS), involved in mitogen-activated protein kinase proliferation pathways, and
also previously found to be targeted by this miRNA in colorectal carcinomas and
colon cancer cell lines (Akao et al. 2006; 2007). Another work has showed that
DNA methyltransferase 3 (DNMT3A) is another target of miR-143 in colorectal
cancer (Ng et al. 2009), suggesting that the down-regulation of miR-143 could
impair the activation of tumor suppressor genes by demethylation. Thus, it could
be very interesting to confirm the existence of this oncogenic mechanism in the
miR-143-down-regulated lymphomas.

Down-regulation of miR-29 family members (miR-29-a2, miR-29-b2, and miR-
29c¢) have been described associated with the unmutated-I/gH poor prognosis CLL
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subgroup (Calin et al. 2005). This association was also confirmed in other CLL
series (Fulci et al. 2007; Marton et al. 2008; Stamatopoulos et al. 2009). Two demon-
strated oncogenes that are target of several miR-29 family members are TCLI (as
also showed for miR-181b) and MCLI, acting both in PI3K/Akt survival pathways
(Mott et al. 2007; Pekarsky et al. 2006). In addition, TCL! transgenic mice over-
expressing this gene in B cells developed phenotypic changes very similar to that
seen in CLL, supporting the pathogenetic role of this gene, and thus of miR-29b
and miR-181b in CLL (Bichi et al. 2002). Expression down-regulation of miR-29a
and miR-29b-1 were also described to be associated with 7q32 deletion in splenic
marginal zone lymphoma (SMZL). Finally, it has been shown that miR-29a/b/c
down-regulation in MCL involved their targeting on CDK6 (Zhao et al. 2010).

MiR-34 family is composed by miR-34a and miR-34b/c that are tumor suppres-
sor miRNAs induced by p53 (Hermeking 2009). Thus, p53 alterations are one of
the known miR-34 family inactivating mechanisms. Demonstrated target genes for
these miRNAs included many oncogenes (CCNDI, CDK4/6, CCNE, E2F3, and c-
Myc among others) (Hermeking 2010). In addition, chromosomal losses including
the coding region of these miRNAs (miR-34a at 1p36 and miR-34b/c at 11q23) are
another possible mechanism of alteration of their expression. In CLL, it has been
shown that miR-34a is a part of the p53 response network, thus low levels of this
miRNA caused by p53 abnormalities (17p deletion and point mutations) are asso-
ciated with an impaired DNA damage response and chemotherapy resistance (Zenz
et al. 2009). In addition, some CLL cases also showed low basal miR-34a levels in
absence of p53 mutations (Zenz et al. 2009). A possible repression mechanism for
these cases could be mediated by promoter hypermethylation. This mechanism has
been also previously described in many tumor types, also including non-Hodgkin’s
lymphomas like extranodal NK/T (44%) as the most frequent non-Hodgkin’s lym-
phoma with this alteration (Chim et al. 2010). As mentioned before, miR-34b/c are
located at 1123, a chromosomal region deleted in 10-32% of CLL cases and that
it is associated with patients with a poor outcome (Seiler et al. 2006). ATM gene has
been previously characterized as a relevant target of this chromosomal alteration
in CLL. Nevertheless, miR-34b/c locus has also been found frequently deleted in
11g- CLL cases (Cardinaud et al. 2009; Lehmann et al. 2008). This is a remark-
able observation taking in account that the same authors showed that miR-34b-5p
regulates the TCLI expression that is, as already mentioned, a very relevant gene
in CLL pathogenesis (Cardinaud et al. 2009). In addition to gene deletion, it has
been also described that expression of pre-miR-34b/c is also regulated at methy-
lation level, suggesting an alternative inactivation mechanism of these miRNAs in
CLL that deserve further exploration (Toyota et al. 2008).

MiR-135a down-regulation in cHL has been showed to be involved in the JAK2
expression regulation (Navarro et al. 2009b). Concordantly with the pathogenetic
role of this gene in cHL, chromosomal gains and amplifications involving JAK2
gene have been also described in these lymphomas, leading to the same prosurvival
effect of this miRNA alteration.

MiR-26a has been identified to be repressed by c-Myc in primary BL cells and
in a murine B cell c-Myc-over-expressing mouse model (O’Donnell et al. 2005;
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Sander et al. 2008). This miRNA has been showed to directly regulate EZH2 expres-
sion (Sander et al. 2008). EZH?2 is member of the Polycomb repressive complex 2
that resulted in epigenetic silencing of genes involved in tumor suppression and
differentiation (Sander et al. 2009). Thus, c-Myc-dependent repression of this post-
transcriptional repressor of EZH?2 constitutes another transforming mechanism of
¢-Myc in BL. This kind of transforming mechanism involving c-Myc-dependent
repression of miRNA expression has been also described involving miR-23a/b, a
negative regulator of GLS2 that codifies for mitochondrial glutaminase, and result-
ing in a convenient enhancement of energetic metabolism for the proliferating B
cells (Gao et al. 2009).

MiR-127 was shown to regulate BCL6 expression in a BL cell line, suggesting
a possible pathogenetic role in lymphomas of germinal center origin (Saito et al.
2006). Interestingly, the expression of this miRNA has described to have clinical
impact in DLBCL (Roehle et al. 2008). Epigenetic changes are also described to
regulate the expression of this miRNA (Saito et al. 2006). Finally, its expression
seem to be modulated in different anatomic locations of DLBCL, being higher in
testicular than in central nervous system or nodal DLBCL (Robertus et al. 2009).

11.4.2 Oncomirs

The oncogenic role of miR-155 was discovered from the precursor transcript cor-
responding to the BIC locus, that was first observed to cooperate with c-Myc
in chicken B cell lymphomas induced by avian leukosis proviral integrations
(Clurman and Hayward 1989). Its over-expression in transgenic lymphoma prone
mice accelerates the death rate for malignancy (Costinean et al. 2006). In human B-
lymphomas, miR-155 expression is very reduced in BL (Kluiver et al. 2006), but it is
highly over-expressed in cHL and another non-Hodgkin’s lymphomas such primary
mediastinal B cell lymphoma (PMBCL) and DLBCL of poor prognosis activated B
cell (ABC) subtype (Eis et al. 2005; Kluiver et al. 2005). ABC subtypes of DLBCL
are characterized by constitutive activation of NF-xB pathway. Concordantly, this
pathway is also targeted by miR-155 through SMADS5 down-regulation, although
the detailed mechanism by which this alteration contributes to DLBCL pathogen-
esis it is not fully understood (Rai et al. 2008; 2010). In addition, miR-155 is also
frequently over-expressed in NK/T cell lymphomas, where this miRNA targets the
inositol phosphatase transcript SHIP1, that it is involved in Akt signaling, and affect-
ing the apoptotic activity of these cells (Yamanaka et al. 2009). This targeting on
SHIPI was also described in DLBCL, where it could be demonstrated that high
levels of miR-155 were caused by autocrine stimulation by TNFa (Pedersen et al.
2009). Other potential targets of miR-155 have been demonstrated, and many of
them are relevant either for T and B cell functionality.

It has been hypothesized that AID miss-expression could be a source of
oncogenic mutations, and the fact that miR-155 inhibits the expression of AID
suggested a tumor suppressor activity of this miRNA in B cells. In fact, a rela-
tionship of miR-155 levels with AID-induced oncogenic reciprocal chromosomal
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translocations between IgH and c-Myc genes has been described (Dorsett et al.
2008). Nevertheless, as AID activity is essential for B cell maturation, it seems that
the relationship of miR-155 levels with AID or even other targets should be con-
trolled in a certain range to avoid oncogenic effects (Tili et al. 2009). Noticeably,
induced miR-155 levels are higher and transient in physiological situations than
those found in lymphomas. The time limited dynamics of miR-155 up-regulation
found in normal lymphocytes is overcame in lymphoid neoplasms probably due to
the insufficient miRNA levels to generate a putative inhibitory feedback loop (as the
blocking of its own transcription) (Tili et al. 2009).

MiR-17-92 cluster includes six mature miRNAs (miR-17-5p, miR-18a, miR-19a,
miR-20a, miR-19b-1, and miR-92-1). Transfection of the vertebrate-specific miR-
17-miR-19b-1 section showed oncogenic cooperation with c-Myc over-expression
in transgenic mice models (He et al. 2005; Tagawa et al. 2007). Further experiments
have demonstrated that the rationale for this cooperation consisted in the require-
ment of miR-17-92 activity to suppress apoptosis in c-Myc-driven B cell lymphomas
(Mu et al. 2009). Moreover, miR-19a and miR-19b are necessary and sufficient for
this oncogenic prosurvival activity, targeting proapoptotic genes as PTEN (Mu et al.
2009). In addition, BIM proapoptotic gene has also been showed to be targeted by
miR-19 and miR-92 in experimental lymphoid mice models and in primary samples
of MM (Pichiorri et al. 2008; Xiao et al. 2008). In fact, the relationship of miR-17-92
cluster with c-Myc is very complex. First, c-Myc oncogene induces the expression
of miR-17-92 cluster by direct binding to regulatory sequences therein (O’Donnell
et al. 2005). Second, miR-17-5p and miR-20 negatively regulate the c-Myc -target
gene E2F]. In addition, E2F3 and, in a lesser extent, E2F] can also activate the
transcription of the miR-17-92 cluster (Sylvestre et al. 2007; Woods et al. 2007), in
a complex circuitry with an important role in the control of proliferation and apop-
tosis (Aguda et al. 2008). Moreover, the alteration of a miR-17-92 cluster-mediated
E2F] regulation seem to affect the expression timing of this protein along the cell
cycle, and leading to accumulation of DNA double-strand breaks by disruption of
the E2F[-dependent Gl-cell cycle arrest (Pickering et al. 2009). Finally, among
other specific targets of the miR-17-92 components, it could be mentioned that the
G1-S checkpoint cyclin-dependent kinase inhibitor CDKNIA has been found to be
repressed by miR-17-5p and miR-20a (Cloonan et al. 2008; Pickering et al. 2009).
In fact, this target was considered the main oncogenic mechanism underlying the
miR-17-92 over-expression in a MCL cell line (Inomata et al. 2009). miR-17-5p and
miR-20a expression were also found to show oncogenic cooperation with c-Myc in
primary samples of MCL (Navarro et al. 2009a) (Fig. 11.3). In MM, miR-19a and
miR-19b have been shown to target SOCSI, a negative regulator of IL-6R/STAT3
pathway giving a role of this miRNA within the anti-apoptotic signal of IL-6 in
these lymphomas (Pichiorri et al. 2008).

MiR-181a over-expression was found to be associated with the pathogenesis of
several lymphoid neoplasms. First, it was described to belong to a miRNA sig-
nature over-expressed in a subset of CLL patients with a faster development of
clinical features that made need to start treatment, thus suggesting an oncogenic
action of miR-181a in this lymphoma (Calin et al. 2005). However, the oncogenic
zinc-finger transcription factor PLAG1 was found to be one of the repressed targets
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Fig. 11.3 Overall survival of 50 patients with nodal MCL according to the combined expression of
c-Myc and miR-17-5p/miR-20a. Mantle cell lymphoma patients with concomitant high expression
of both c-Myc and miR-17-5p/miR-20a (n =38; line A) have a significant shorter overall survival
than patients with high expression of only one (n=17; fail 5; line B) or none (n=25; fail 10;
line C) of these factors (p =0.025, log-rank test). Reprinted with permission from Navarro et al.
(2009a) (corresponding to the original Fig. 5)

of this miRNA in CLL (Pallasch et al. 2009). Marton et al. (2008) also found down-
regulation of this miRNA in CLL compared to normal B cells. These results stressed
the complex role of this and other miRNAs for which oncogenic and tumor sup-
pressor features seem to coexist, even in a same neoplastic entity. This phenomenon
could also be reflecting the different molecular context in which the miRNA expres-
sion must be considered. Thus, miR-181a expression levels have opposite trends
in the progression of CLL depending on the karyotype, as high expression of this
miRNA was associated with disease progression in CLL patients with trisomy 12,
whereas aggressive CLL forms with 17p deletion corresponded to cases with lower
levels of miR-181a expression (Visone et al. 2009). Over-expression of this miRNA
was also found to be present in MM and oncogenic features could be demonstrated
for this alteration (Pichiorri et al. 2008). In this work, a positive regulator of p53
was established to be an oncogenic target of miR-181a together with other as miR-
181b, miR-32, miR-106b, miR-25, and miR-93 (Pichiorri et al. 2008). This target
was the p300-CBP-associated factor (PCAF) that is a histone acetyl-transferase
involved in acetylation-dependent p53 regulation and that, in addition, affect the
levels of p53 through its intrinsic ubiquitination activity controlling Hdm2 protein
levels (Linares et al. 2007; Schiltz and Nakatani 2000). MiR-181a expression levels
have also been elevated in a distinct biological subset of MCL showing unmutated
IgH genes, higher proliferation status and higher levels of chromosomal instability
(Navarro et al. 2009a). The mechanisms of miR-181a expression modulation in all
these lymphomas are not fully understood. For instance, CpG methylation status
seem to be very different among individual of CLL cases, at least for the miR-181a2
subtype (Pallasch et al. 2009).
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MiR-221 and miR-222 have been found to regulate CDKNIB in CLL in vitro
(Frenquelli et al. 2010). In primary CLL samples, the levels of these miRNAs and
the CDKNIB were inversely correlated and, interestingly, high miR-221/222 lev-
els were found in lymph nodes/bone marrow compared to peripheral blood CLL
samples from the same patients. These findings suggest a relevant role of the miR-
dependent post-transcriptional regulation of CDKNIB in the proliferation status of
CLL (Frenquelli et al. 2010).

MiR-9 and let-7a have been described to down-regulate PRDMI1/BLIMP1 gene
(Nie et al. 2008), the previously mentioned master regulator of plasma cell differen-
tiation, and that it has been often found inactivated by other mechanisms in DLBCL
(Parekh et al. 2007; Pasqualucci et al. 2006). It has been proposed for cHL, that
precursors of the Reed-Sternberg cells (RSC) are initiating a plasma cell differen-
tiation program through initial action of PRDMI/BLIMP] but the up-regulation of
these miRNAs aborted that genetic program by blocking the accumulation of these
transcripts (Nie et al. 2008).

11.5 Oncomirs with Biomarker Implications in Lymphomas

11.5.1 Using MiRNA Expression for Lymphoma
Diagnosis Improvement

11.5.1.1 In B/T Lymphomas

DLBCL is considered to be a highly heterogeneous disease that includes several
subgroups either at biological and pathological levels (Friedberg and Fisher
2008). In addition, FL could also progress to a more aggressive DLBCL form.
Gene-expression profiling allows differentiation into 3 major subgroups: ABC-
DLBCL, germinal center B cell (GCB) DLBCL, and PMBCL. Several studies
have shown that miRNA expression profiling is also different among these
entities. Initially, several miRNAs were found to be differentially expressed
between DLBCL and normal reactive lymph nodes, and between these tumors
and FL (Roehle et al. 2008). The authors conclude that a decision tree using
only 4 miRNAs (miR-330, miR-17-5p, miR-106a, and miR-210) is enough to
differentiate between these three types of lymphoid tissues, although without a
comprehensive consideration of the subtypes that exists inside these lymphomas.
In this way, a later study also included DLBCL cases transformed from FL,
in addition to the de novo DLBCL and other FL cases that did not progressed
(Lawrie et al. 2009). Thus, the comparison between DLBCL and FL was then
performed only considering de novo DLBCL and non-transformed FL. Twenty-six
miRNAs were found to be differentially expressed between these two types of
lymphoma, including 6 miRNAs encoded by the miR-17-92 and/or homologous
clusters (Table 11.2). In addition, other miRNAs were also found to be differen-
tially expressed between de novo and transformed DLBCL (14 miRNAs), and
between non-transformed FL and the cases of this lymphoma type that underwent
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transformation (6 miRNAs) (Table 11.2) (Lawrie et al. 2009). Regarding DLBCL
subtypes, current differentiation between GCB and non-GCB subtype without using
gene expression profiling has been proposed by immuno-phenotyping with CD10,
BCL6, and MUM1 antibodies (Hans et al. 2004), and this classification method was
the used in the miR-related studies. Thus, differential expression of 26 miRNAs
was found between the immuno-phenotyped groups (as GCB or non-GCB-like) was
also found in the above mentioned work (Table 11.2) (Lawrie et al. 2009). However,
even less miRNAs seem to be enough to separate these DLBCL subtypes, as has
been showed in DLBCL-derived cell lines where 9 miRNAs where differentially
expressed between the mentioned DBCL subtypes (Malumbres et al. 2009), includ-
ing miR-155 and miR-21 that were also described to be highly expressed in the
ABC-DLBCL subtypes in other previous works with cell lines (Table 11.2) (Lawrie
et al. 2007; 2009; Rai et al. 2008). Moreover, these miRNAs could be also detected
in the serum of DLBCL patients at significant different levels compared to healthy
controls, suggesting that these types of non-invasive analysis are also possible in
human lymphomas, or at least in DLBCL (Lawrie et al. 2008).

PEL is a unique type of DLBCL, and it has been shown to express a 26 miRNA
signature compared to normal lymphoid tonsils (Table 11.2) (O’Hara et al. 2008).
Among them, it could be found B cell lineage and B cell-lymphoma specific miRs.
Although some genomic alterations were found to be associated with the miRNA
expression changes, no one miRNA locus was consistently lost or amplified in
all cases, thus suggesting that the PEL-specific miRNA signature arise from other
mechanisms.

The oncogenic hallmark of BL is the c-Myc over-expression. As previously men-
tioned, c-Myc induces miR-17-92 expression and it is involved with this miRNA
cluster in a complex regulatory loop that determines the deregulation of E2F]
normal expression with oncogenic impact in proliferation and apoptosis regula-
tion (Sylvestre et al. 2007). In BL, ¢-Myc over-expression is mainly originated
from translocations with immunoglobulin genes, but in a proportion of cases over-
expression of this oncogene was present in c-Myc-translocation negative BL cases.
Interestingly, there was a strong correlation of miR-34b down-regulation only in
these c-Myc translocation-negative cases (Leucci et al. 2008). This result sug-
gested a possible c-Myc expression control by this miRNA that was confirmed
by in vitro increasing of a synthetic miR-34b leading to c-Myc expression mod-
ulation (Leucci et al. 2008). Noticeably, miR-34b down-regulation in the c-Myc
translocation-negative BL cases was independent of p53 status, a previously demon-
strated transcriptional inducer. This observation suggested that other mechanisms
must be causing the miR-34b down-regulation in this subset of BL, probably by epi-
genetic mechanisms, as previously suggested (Toyota et al. 2008). In addition, there
was a down-regulation of the let-7c miRNA in all BL cases analyzed, either with or
without the c-Myc translocation, although it is not clear its pathogenetic meaning.

In CLL, it has been described several miRNAs that are differentially expressed
in comparison with normal B cells (Calin et al. 2004). Using cloning approaches,
miR-150, miR-21, and miR-155 were described to be significantly up-regulated
and miR-92 down-regulated in this neoplasm compared to normal CD19* blood
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cells (Fulci et al. 2007). A later study using a similar quantification technique also
confirmed the over-expression of miR-155 compared to normal peripheral blood
B cells but it could not confirm the remaining mentioned miRNAs (Marton et al.
2008). Another interesting published data about miR-150 and miR-155 in CLL is
their inverse expression pattern in the proliferation centers of the CLL affected
lymph nodes, revealed by in situ hybridization, and with miR-155 expressed in the
proliferation centers whereas miR-150 is expressed outside these areas (Wang et al.
2008).

In MM, several studies have showed differentially expressed miRNAs between
the tumor and normal plasma cells, although with some variations between them.
Thus, over-expression of miR-181a/b in MM was described in two reports (Pichiorri
et al. 2008; Roccaro et al. 2009), similarly to miRNAs of the paralog clusters miR-
17-92, miR-106a-92, and miR-106b-25 (Pichiorri et al. 2008; Unno et al. 2009).
Other miRNAs also showed to be over-expressed are miR-221, miR-222, miR-382
(Roccaro et al. 2009), as well as miR-21 and miR-32, among others (Pichiorri et al.
2008). On the other side, miR-328 (Pichiorri et al. 2008) as well as miR-15a and
miR-16 down-regulation were also observed (Roccaro et al. 2009). In addition,
other down-regulated miRNAs in MM have been also described (Unno et al. 2009).
Finally, the miRNA cluster miR-193b-365 was identified to be expressed exclusively
in MM (Unno et al. 2009).

Also in MM, association of different miRNA expression profiles have been
described in relation with cytogenetic tumor subtypes (TC classification (Hideshima
et al. 2004)), including over-expression of the clustered miR-99b, let-7e, and
miR-125a-5p in the t(4;14) positive TC4 group, over-expression of miR-133b in
t(14;16)/t(14;20) positive TC5 group, and the miR-582-5p over-expression in the
t(11;14) TC1 group (Lionetti et al. 2009). Finally, in another work, miRNA expres-
sion profiles were also studied in different cytogenetic tumor subtypes of MM, but
focusing at their differences regarding which miRNAs are differentially expressed
compared to normal plasma cells (Gutierrez et al. 2010).

In MCL, there are two studies characterizing the miRNA expression in compar-
ison to normal B cells. In the study of Zhao et al. the comparison was performed
between lymph node MCL samples and peripheral blood normal B cells, and only
a few miRNAs were found to be deregulated in more than 50% of cases, including
decrease of miR-150, miR-142-3p/5p, miR-29 family, and increase of miR-124a and
miR-155 (Zhao et al. 2010). However, a previous study using a selected 86 miRNA
set demonstrated significant differences in a longer number of miRNAs either from
peripheral blood or lymph node MCL samples compared with CD5* or CD5~ ton-
sillar normal B cells (Navarro et al. 2009a). These results showed that, as in other
neoplasms, MCL has a characteristic altered miRNA expression profile compared
to normal counterparts, although normal or transformed B cells could also show
expression profiles affected by the microenvironment of these cells. This later con-
sideration was further extended in the MCL scope, as it was shown that tumoral cells
from the same patient showed differential expression of some miRNAs in differ-
ent anatomic environments (peripheral blood and lymph nodes, Fig. 11.4) (Navarro
et al. 2009a). This finding suggests that anatomic source of tumoral samples is a rel-
evant parameter to take in account for consideration of certain miRNAs as potential
biomarkers clinically useful, at least in MCL.
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Fig. 11.4 Heat map representation of the significant miRNA expression differences in paired sam-
ples of purified tumor cells from simultaneous matched peripheral blood (PB) and tumor lymph
nodes (NODE) of two patients (A and B). Eleven miRNAs were found differentially expressed
in the paired significance analysis of microarrays of expression levels between the two tumor cell
populations from these two patients. Relative expression was obtained in reference to CD5* control
cells but, additionally for each miRNA, its expression in the nodal samples has been normalized in
reference to the peripheral blood values for a more clear representation. Reprinted with permission
from Navarro et al. (2009a) (corresponding to the original Fig. 2)

11.5.1.2 In Other Lymphomas

In cHL, miRNA expression profiling allows to differentiate these tumors from reac-
tive lymph nodes through a 25-miRNA signature (Table 11.2) (Navarro et al. 2008).
Moreover, major histological subtypes (nodular sclerosis and mixed cellularity)
could also be differentiated by the expression of a reduced number of miRNAs
(Navarro et al. 2008). Noticeably, this study was performed without tumor cell
purification. On the contrary, a study using quantitative PCR on microdissected RSC
cells described a signature of 12 over-expressed and 3 down-regulated miRNAs in
comparison to normal CD77" progenitor cells, and showing little overlap with the
previous work on whole biopsies (Table 11.2) (Van Vlierberghe et al. 2009). In addi-
tion, absolute miRNA abundance was also measured by direct cloning in two HL
cell lines, and among the most abundant miRNAs were found miR-16, miR-21, miR-
155, and miR-9, concordantly with the previous results of Van Vlierberghe et al. (Nie
et al. 2008).

11.5.2 Using MiRNA Expression for Lymphoma Prognosis
Stratification Improvement

11.5.2.1 In B/T Lymphomas

In DLBCL, the expression of 7 miRNAs was found to be associated with event-free
or overall survival, but only miR-127 expression was associated with both param-
eters, being the expression of this miRNA lower in poor prognosis cases (Roehle
et al. 2008). In another study, de novo DLBCL cases were split into two groups
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with low (0-2) or high (3-5) international prognostic index (IPI), and 13 miRNAs
correctly predicted 85% of the cases (Table 11.2) (Lawrie et al. 2009). Event-free
survival (EFS) was analyzed in the de novo DLBCL uniformly treated with the
chemotherapy combination of rituximab-cyclophosphamide, hydroxydaunorubicin,
oncovin, and prednisone/prednisolone (R-CHOP) and 8 miRNAs were found to
be associated with EFS. These including high expression of miR-142, miR-302b,
miR-519d, and down-regulation of miR-330, miR-425, miR-27a, miR-222, and
miR-199b, being the last one the most significantly associated with poor outcome.
Nevertheless, in a later study using a longer series of R-CHOP uniformly treated
DLBCL patients, only high miR-222 expression (also associated with ABC sub-
type) showed a significant association with overall survival and progression-free
survival (Malumbres et al. 2009). Finally, it must be stressed that the differential
expression that has been shown for several miRNAs between ABC and GCB
subtypes of DLBCL could also have prognostic relevance as ABC subtypes are
more aggressive. Noticeably, this was not the case of miR-155, because it was
not found related to prognosis of the whole series (Rai et al. 2008; Roehle et al.
2008) and surprisingly, it was associated with a subset of ABC-DLBCL with a less
aggressive behavior (Jung and Aguiar 2009).

CLL is characterized by highly variable clinical behavior, with a survival range
from 1 to more than 15 years. A plethora of factors have been showed to influ-
ence survival of CLL patients (Dal Bo et al. 2009). The expression of several
miRNAs has also described to have prognostic value. Thus, loss of 13q14.3, includ-
ing miR-16-1 and miR-15a, is not only the most frequent genomic alteration of this
neoplasm but it is also associated to a good prognosis if it is the sole aberration.
Noticeably, the deletion is often interstitial and is homozygous in up to 15% of
the cases (Haferlach et al. 2007). In addition, other miRNAs related with progno-
sis were found by Calin et al. when analyzing a total of 190 miRNAs (Calin et al.
2005). The prognostic signature found consisted in 13 miRNAs that also included
the above mentioned miRNAs down-regulated in the group of patients with good
prognosis (also characterized by low expression of ZAP-70 and hypermutation of
IgH genes) (Table 11.2). The fact that miR-15a/16-1 levels were higher in the poor
prognosis group points out that these miRNAs are involved in complex regulatory
webs of both oncogenes and tumor suppressor genes and it is difficult to predict
the final effect in vivo. Experimental data also support this complex regulatory
effects of this miRNA cluster in CLL (Calin et al. 2008). In addition, other mi-
RNAs included in this signature with the same prognosis association that the above
mentioned were miR-195, miR-221, miR-23b, miR-155, miR-24-1, miR-146, and
miR-16-2. On the other hand several miRNAs were down-regulated in the poor prog-
nosis CLL group, including miR-223 and miR-29a-2/b-2/c. In another study, using
a different technology for miRNA expression quantification in CLL, lower expres-
sion levels of miR-150, miR-223, and miR29b/c were found to be associated with
the aggressive patient subgroup (Fulci et al. 2007). The majority of these miRNAs
were also found differentially expressed between the two defined CLL prognostic
groups in another miRNA cloning study, although also finding miR-30d and miR-
191 as differentially expressed in the poor prognosis group (Marton et al. 2008).
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In addition, miR-29c and miR-223 were later also showed to be down-regulated in
patients with poor prognosis independently of the prognostic marker classification
used (Stamatopoulos et al. 2009). Moreover, the expression of these miRNAs were
used in an index through which a clear separation of patients into 5 groups with
different median treatment free-survival and into 3 groups with different median
overall survival was obtained (Stamatopoulos et al. 2009). Noticeably, it has been
shown that down-regulation of miR-29a/b/c is also associated with poor prognosis
in MCL (Zhao et al. 2010).

Another relevant clinical parameter of CLL in which expression of several
miRNA has also been associated is the time to initial therapy. Thus, treatment
of CLL begins with the development of symptomatic or progressive disease, and
patients with related shorter interval have been characterized to show high expres-
sion of miR-181a, miR-155, miR-146, miR-24-2, miR-23a/b, miR-222, and miR-221,
and low expression of miR-29c.

Finally, low expression of miR-15a and over-expression of miR-181a/b were
associated with worse prognosis in MM (Roccaro et al. 2009).

11.5.2.2 In Other Lymphomas

In cHL, high expression levels of miR-138 were found to be related with Ann Arbor
stage I-II of these tumors (Navarro et al. 2008), and low expression of miR-135a
was associated with a higher probability of relapse and shorter disease-free survival
(Navarro et al. 2009b).

11.6 Oncomirs as Possible Candidates for Therapeutic
Targeting: A Promise of More Specific Lymphoma
Therapies?

As we have seen in the previous subheadings, miRNAs are relevant regulatory
molecules in the lymphomagenesis. Altered miRNA expression levels through dif-
ferent causal mechanisms constitute the main final pathogenetic effect. In relation
with treatment, it is possible that miRNA expression changes could be contribut-
ing to the cytotoxic effect of some chemotherapeutics. Thus, inhibition of histone
deacetylases induces cell death in CLL cells through up-regulation of miR-106b
by a characterized molecular pathway controlled by this miRNA (Sampath et al.
2009). Nevertheless, an even more interesting approach is the finding of treatments
based on specific expression modulation of relevant miRs, allowing the correction
of pathogenic molecular imbalances. In this sense, different molecular systems have
been experimentally tested to induce specific miRNA expression changes includ-
ing locked nucleic acids (LNA) or 2’-O-methyl-antisense RNA. These molecules
have been used in different tumor models because of their ability to specifically
inhibit the miRNA to target by complementary sequence binding (Frieden and
Orum 2008). In addition, it is possible to synthesize pre-miRNAs that could be
introduced in lymphoma cells to replace low expressed or silenced endogenous
miRNAs. Nevertheless, there are at least two issues that should be resolved for a
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real clinical application: (1) To reach an effective tumor cytotoxicity either alone
or combined with existing chemotherapy; and (2) To obtain specific delivering to
the tumor cells avoiding side effects on other cell populations, although at enough
dose to obtain a physiological effect. Neither of these issues has been resolved yet,
including lymphomas. Nevertheless, the known role of miRNAs in apoptosis reg-
ulation of the lymphoid neoplasms offers interesting candidates that will be surely
targeted in lymphomas as soon as the above mentioned issues will be overcame with
new technological improvements.
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