
Abstract. Diffuse large B-cell lymphoma (DLBCL) is the
most commonly-occurring type of non-Hodgkin lymphoma
and is considered a curable disease in at least 50% of
patients. Considering that the disease represents a
heterogeneous group of tumors, recent efforts using gene
expression profiling have identified two subgroups, with
significantly different response rates to standard
immunochemotherapy. Nevertheless, multiple factors in the
pathogenesis of this disease remain unclear and continue to
be the focus of further research. MicroRNAs are small non-
coding RNA molecules that regulate gene expression at the
post-transcriptional level. The role of microRNAs in cancer
initiation and progression has been demonstrated in multiple
types of solid cancers and hematological malignancies such
as lymphomas. MicroRNAs also have diagnostic potential,
and therapeutic of microRNAs targeting is actively pursued.
This review provides an overview on the role of microRNAs
in the diagnosis of diffuse large B-cell lymphoma, their role
in molecular pathogenesis and hence their prospective role
in implementing novel future treatment options. 

Diffuse large B-cell lymphoma (DLBCL) is the most
common form of adult lymphoma, accounting for 30 to 40%
of newly-diagnosed non-Hodgkin lymphoma (NHL) (1).
DLBCL represents a heterogeneous group of tumors with a
high variance of genetic abnormalities, clinical features,

response to treatment, and prognosis (2). An
immunochemotherapy regimen, consisting of rituximab,
cyclophosphamide, doxorubicin, vincristine, and prednisone
(R-CHOP) has been established as the standard treatment of
patients with DLBCL (3). With this therapy, even in
advanced stage, DLBCL is considered a curable disease.
Despite improvements in therapy, disease in approximately
one-third of patients with advanced-stage DLBCL is
refractory to therapy or will relapse (4).

Historically, clinicians and investigators have relied on
prognostic schemes that imply clinical risk factors to predict
for risk of disease progression, relapse and death of patients
with DLBCL. One of the most commonly used schemes of
rating, the International Prognostic Index (IPI) for
lymphomas, developed in the 1990s, remains a robust clinical
prognostic index for aggressive lymphomas. It involves five
features: age, tumor stage, serum lactate dehydrogenase
(LDH) concentration, performance status and number of
extranodal disease sites. The IPI distinguishes four risk
groups with different 5-year overall survival, ranging from
26-73% (5). With the application of rituximab, a revised IPI
(R-IPI) has been introduced, and showed superior prediction
in outcome of patients with DLBCL treated with standard
immunochemotherapy. The R-IPI identifies three distinct
prognostic groups, with a very good 4-year overall survival
(OS) 94%, good (OS 79%), and poor (OS 55%) outcome,
respectively (6). Nevertheless, despite using this risk
stratification tool, a large group of patients remains poorly-
characterized and presents with an unfavorable course of
disease despite a good prognostic index.

Gene expression profiling has defined two molecular
subgroups, namely a germinal center (GCB) or activated B-cell
(ABC)-like subtype, which reflect the cell of origin (COO) of
different lymphoid maturation stages (7). These profiling
signatures, independent of IPI stratification, have prognostic
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advantages in determining patient outcomes following standard
immunochemotherapy: The 5-year survival rate is 60% for
patients with the GCB subtype and 40% for patients with the
ABC subtype (8). A differentiation between these subtypes can
also be achieved by immunohistochemistry and provides a
further stratification tool for a COO classification (9, 10).
Nevertheless, even by applying these newer prognostic tools,
there still remain numerous patients with difficult predictable
clinical course. More refined differentiation methods to screen
for patients with poor prognosis are necessary to adapt targeted
therapy for these patients.

MicroRNAs

MicroRNAs are 19-24-nucleotide-long non-coding RNAs that
regulate gene expression through sequence complementarity
with the target genes, mostly 3’-untranslated regions of target
genes (11). MicroRNAs are transcribed as long primary
transcripts, which are then converted into precursor
microRNAs in the nucleus by the RNAse III enzyme
DROSHA (12). Exportin 5 protein arranges the transfer of
precursor microRNAs from the nucleus to the cytoplasm.
Further processing via cutting of the hairpin-structure of
precursor microRNAs by a second RNAse III enzyme, called
DICER, leads to a microRNA duplex (13). The double-
stranded microRNAs unwind and the functional strand is
loaded onto the RNA-induced silencing complex enzyme,
which guides the microRNA to its complementary sequence
on the messenger RNA (14). Dependent on the
complementarity, the binding results in either direct RNA
degradation or inhibition of protein translation (15).

MicroRNAs play a role in various biological processes
including cancer development. Genes coding for microRNAs
are frequently located at fragile sites or genomic regions,
typically associated with cancer (16). In 2002, Calin et al.
identified for the first time a direct association of de-regulation
in miR-15 and miR-16 expression, and the development of
chronic lymphocytic leukemia (17). Following the initial
findings, many other microRNAs have been identified which
participate in cancer development in various tumor types (18).
Additionally, many research groups explored the potential
clinical application of microRNAs as diagnostic or therapeutic
tools for patients with cancer (19-26). The aim of the present
review is to provide a deeper insight into the role of
microRNAs in the pathogenesis of DLBCL, describing their
potential as diagnostic and prognostic markers, and to
delineate their feasibility as future therapeutic targets.

MicroRNAs and the Pathogenesis of DLBCL

In DLBCL, microRNAs, involved in hematopoiesis and
lymphomagenesis, were identified (27-29). Understanding
their exact biological function continues to be a huge

challenge in this specific field, as one microRNA can target
multiple mRNAs and vice versa multiple microRNAs can
influence the same mRNA molecule, making a prediction of
the various effects of a particular microRNA often difficult
(30). Nevertheless, the pathogenetic effects of some
microRNAs in the pathogenesis of DLBCL are well-
characterized. Kim et al. demonstrated that miR-125a and
miR-125b constitutively activate the nuclear factor kappa-
light-chain-enhancer of activated B-cells (NF-kB) pathway,
one of the most de-regulated pathways in DLBCL
pathogenesis. They found that miR-125a and miR-125b, are
frequently gained or overexpressed in DLBCL, target tumor
necrosis factor, alpha-induced protein 3 (TNFAIP3), a
negative regulator of NF-kB, and consequently enhance NF-
kB signaling (31). By ectopic expression and inhibition of
these two microRNAs in cell lines, they demonstrated their
oncogenic role in lymphomagenesis.

The miR-17-92 cluster, encoding for six different
microRNAs, is located at chromosome 13q31-q32, a region
frequently amplified in GCB DLBCL (32). This cluster of
microRNA contributes to survival of early B-cell progenitors,
and thus adds to lymphomagenesis by repressing anti-
apoptotic genes (33).

MiR-155, one of the most studied microRNAs, is
accumulated 10- to 30-fold in several types of B-cell
lymphoma, including DLBCL, compared to normal B-cells
(34). In addition, miR-155 expression levels are higher in the
ABC- compared to the GCB subtype. In mucosa-associated
lymphoid tissue (MALT) lymphoma, an increase of miR-155
was invariably associated with a suppression of the pro-
apoptotic gene tumor protein p53-inducible nuclear protein 1
(TP53INP1) (35). As a proapoptotic stress-induced p53 target
gene, TP53INP1 induces cell-cycle arrest and apoptosis when
overexpressed. MiR-155 also targets human germinal-center
associated lymphoma (HGAL), a new prognostic biomarker
that is indispensable for germinal center formation,
immunoglobulin gene class-switch recombination, and somatic
hypermutation. By mediating the effects of IL-6, it interacts
with the cytoskeleton and cellular motility and migration in
lymphoma (36, 37). Via quantitative genomics, Huang et al.
identified phosphatidylinositol 3-kinase (PIK3R1), a negative
regulator of the phosphatidylinositol 3-kinase (PI3K-AKT)
pathway, as a direct target of miR-155 (38). Costinean et al.
generated Eμ-mmu-miR155 transgenic mice, developing a
lymphoproliferative disease resembling human acute
lymphatic leukemia or high-grade lymphoma when
overexpressing miR-155 (39). This strongly suggests that miR-
155 is directly implicated in the initiation and progression of
these diseases. Furthermore, because of the disease’s
polyclonal character, miR-155 could be the downstream target
of signal transduction pathways activated in cancer (39). A
further target, bone morphogenetic protein (BMP)-responsive
transcriptional factor mothers against decapentaplegic
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homolog 5 (SMAD5), was inhibited and disrupted in its
activity by miR-155 overexpression (40). Overexpression
rendered DLBCL resistant to the growth-inhibitory effects of
both transforming growth factor (TGF-β1) and BMPs, via
defective induction of p21 and impaired cell-cycle arrest. Jiang
and Aguiar further dissected the role of miR-155 in
modulating this pathway (41): In DLBCL cell lines and a
miR-155 knock-out mouse model, they demonstrated that
levels of the transcription factor SMAD5 are elevated in
mature B-lymphocytes, which display an increased sensitivity
to TGFβ1 characterized by suppression of retinoblastoma
protein (RB) phosphorylation and a more pronounced G0/G1
cell-cycle arrest (41).

MiR-34, a pro-apoptotic and growth-suppressive
microRNA executes these functions via the TP53 pathway
(42). Another tumor-suppressive effect attributed to miR-34a

is the de-regulation of its target forkhead box protein P1
(FOXP1), leading to blocked proliferation of DLBCL (43)
(Table I).

MicroRNAs in the Diagnosis of DLBCL

Today, the diagnosis of DLBCL is a histological task,
supplemented by immunohistochemistry and, if available,
gene expression profiling (44). The addition of a microRNA
profile to the diagnosis of lymphoma, especially for sub-
typing, could represent an important novel future tool and
consequently, in uncertain cases microRNA profiling has
attended special interest within the diagnostic procedure.

The extensive effort emerging in this research field is
well-demonstrated by Jima et al., who elucidated the
complete small RNA transcriptome of normal and malignant
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Table I. microRNAs associated with lymphomagenesis.

microRNA Target Method Notes References

Pathogenesis
miR-125a,b TNFAIP3 (A20) qPCR Overexpression in DLBCL 31
miR-17-92 32,33
miR-155 TP53INP1, HGAL, Overexpression in DLBCL, in ABC higher than a 34-41

PIK3R1, SMAD5 in GCB, initiation of ALL and/or high grade lymphom
miR-34 FOXP1 Tumour-suppressive 42,43

Diagnosis
miR-125b - Microarray Up regulated in DLBCL 25
miR-155 - Microarray, qPCR Up regulated in DLBCL, lost in Burkitt lymphoma, in 25, 27, 28, 

ABC higher than in GCB, expression in serum up regulated 48-50, 53
miR-221 - Microarray, qPCR Overexpression in ABC 49
miR-21 - qPCR Overexpression in ABC, expression in 49, 53, 55

serum up regulated, up regulated in CSF
miR17-92 - Microarray, qPCR Overexpression in ABC 48
miR-210 - qPCR Expression in serum up regulated 53
miR15a - qPCR Expression in serum up regulated 54
miR16-1 - qPCR Expression in serum up regulated 54
miR-29c - qPCR Expression in serum up regulated 54
miR-34a - qPCR Expression in serum down regulated 54
miR-19 - qPCR Up regulated in CSF 55
miR-92a - qPCR Up regulated in CSF 55

Prognosis
miR-21 - Microarray, qPCR High levels correlate with better OS 49
miR-155 - - No prognostic impact 49,56
miR-18a - qPCR High levels correlate with better OS 57
miR-181a - qPCR High levels correlate with better OS 57
miR-222 - qPCR High levels correlate with better OS 57

Therapy
miR-155 SHIP1 qPCR Withdrawing leads to tumour repression 59
miR-15a Cyclin D1 qPCR Reinduce apoptosis 60
miR-16 Cyclin D1 qPCR Reinduce apoptosis 60

TNFAIP3: Tumor necrosis factor, alpha-induced protein 3; qPCR: quantitative real-time polymerase chain reaction; DLBCL: Diffuse large B-cell
lymphoma; TP53INP1: Tumor protein p53-inducible nuclear protein 1; HGAL: human germinal-center associated lymphoma; PIK3R1:
phosphatidylinositol 3-kinase; SMAD5: Mothers against decapentaplegic homolog 5; ABC: activated B-cell like; GCB: germinal center B-cell; ALL:
acute lymphocytic leukemia; FOXP1: Forkhead box protein P1; CSF: cerebrospinal fluid; OS: overall survival; SHIP1: src homology 2 containing
inositol 5-phosphatase.



B-cells through deep sequencing of 31 normal and malignant
human B-cell samples that comprise the entire spectrum of
B-cell differentiation and their common malignant
phenotypes (45). They were able to evaluate the expression
of 333 known microRNAs, and to further measure the
expression of 286 candidate novel microRNAs in normal and
malignant B-cells. Since their study in 2010, every year,
hundreds of new microRNAs are identified and added to the
analysis (46).

Of most important diagnostic relevance is the
differentiation between normal lymphatic tissue and the
presence of a lymphoid neoplasm. Lawrie et al. identified 40
differentially-regulated microRNAs in B-cell lymphoma
samples, compared to normal B-lymphocyte subsets (25).
Using the 20 most de-regulated microRNAs, they were able
to predict the malignant nature of the samples with a success
rate of 99%. This microRNA signature also included miR-
125b and miR-155, which were significantly up-regulated in
DLBCL (25).

A further research focus is the distinction between the
various lymphoma subtypes. Di Lisio et al. proposed a
model of 128 microRNAs enabling the discrimination of
various lymphoid malignancies, including Burkitt lymphoma,
chronic lymphocytic leukemia, DLBCL, follicular lymphoma
(FL), marginal zone lymphoma, and mantle cell lymphoma.
For the distinction between DLBCL and Burkitt lymphoma,
often a twilight zone, a signature of 19 microRNAs including
miR-155, was sufficient to discriminate these entities with
93% accuracy (28).

Another point of interest is the discrimination between de
novo DLBCL and transformed FL, which is indistinguishable
in histology, but of eminent importance for prognosis (47).
Lawrie et al. addressed this issue by identifying a cluster of
14 microRNAs, relevant for this distinction, however only in
a small cohort of 16 samples of transformed FL (25).

By immunohistochemistry and gene expression profiling,
the presence of two distinct subtypes of DLBCL, reflecting
the cellular origin, has been revealed (7, 9). Several recent
reports focused on the differentiation of these subtypes by
applying a microRNA signature (25, 27, 48, 49). In 2007,
Lawrie et al. performed a microarray analysis of 225
microRNAs in four different DLBCL cell lines (48). They
were able to identify miR-155, miR-221, and miR-21 as
being more highly expressed in ABC compared to GCB cell
lines. Confirmation was performed in primary 49 DLBCL
samples. In a later study, Culpin et al. broadened the sample
cohort, as well as the amount of individual microRNAs used
for calculation and established a series of nine differentially-
expressed microRNAs being able to differentiate between the
two subtypes (49). Interestingly, none of the above-
mentioned microRNAs detected by Lawrie et al., but four
microRNAs of the miR-17-92 cluster were among the nine
discriminative microRNAs (49). In two recent publications,

miR-155 was confirmed to be differentially de-regulated in
DLBCL subtypes, in conjunction with a series of five and
eight microRNAs, respectively (27, 50).

In most of the studies mentioned above, the specimens
were derived from frozen tumor samples. Formalin-fixed
paraffin-embedded tissue (FFPET) is often more widely-
available in clinical practice. Culpin et al. demonstrated the
equality of FFPET and frozen samples results with respect
to microRNA expression measurements (51).

Beyond the recognition of novel markers for
histopathological diagnosis, some studies suggest the
evaluation of serum microRNA expression levels as a non-
invasive method for rapid diagnosis or monitoring of
minimal residual disease (52). The expression level of three
DLBCL-associated microRNAs (miR-155, miR-210, and
miR-21) was shown to be significantly higher in serum
derived from DLBCL patients compared to normal control
sera (53). In another study, a total of seven microRNAs was
analyzed in serum samples from patients with DLBCL and
healthy controls (54): The expression levels of miR-15a,
miR-16-1, miR-29c, and miR-155 were significantly
elevated, whereas miR-34a was significantly down regulated
in DLBCL sera samples, suggesting a potential future tool
for this non-invasive diagnostic (54). The diagnosis of
primary central nervous system lymphoma (PCNSL), so far
diagnosed by brain biopsy, microRNAs have also been
shown to play an important role as disease markers in the
cerebrospinal fluid (CSF). Three microRNAs, namely miR-
21, miR-19, and miR-92a, showed a significant presence in
the CSF of patients with PCNSL. Diagnostic accuracy for
these miRNAs in diagnosing PCNSL was high, with 95.7%
sensitivity and 96.7% specificity (55) (Table I).

In summary, regarding the above-mentioned analyses,
miRNA evaluation in routine diagnostics could significantly
improve diagnostic precision and contribute to a more
personalized and targeted treatment approach.

MicroRNAs in the Prognosis of DLBCL

Studies suggest that microRNAs, besides their usefulness in
improving diagnosis, also possess a prognostic potential for
cancer patients.

MiR-21, already established as differentiator between the
GCB and ABC subtypes, also plays a role as a prognostic
indicator (48). High expression levels were found to be
associated with longer relapse-free survival in patients with
DLBCL in a multivariate Cox analysis (48). The other
microRNAs identified in that study, used for predicting
COO-subtypes (miR-155 and miR-221) showed no
prognostic impact. A confirmatory study by Jung et al.
demonstrated no correlation in their cohort of 129 DLBCL
patients of expression level miR-155 and OS (56).
Interestingly, a marked trend towards a better survival for
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patients with the ABC subtype with high expression of miR-
155 was found.

Alencar et al. identified three (miR-18a, miR-181a, and
miR-222) out of 11 microRNAs as being independent
predictors of outcome in DLBCL (57). They integrated these
microRNAs in a combined model, including the IPI and a 6-
gene mortality predictor score, and demonstrated the
predictive power of these microRNAs on the 5-year OS and
progression-free survival (PFS) (57). Interestingly, miR-155
was also analyzed in this study and again was not associated
with prognostic significance.

A further predictive model was created by Montes-Moreno
et al. (58) for 36 patients by employing a microarray to
identify differentially-expressed microRNAs, based on OS:
57 microRNAs were correlated positively or negatively with
overall OS, none of them were able to discriminate between
the ABC and GCB subtype. A set of nine microRNAs was
further evaluated in the entire test group of 240 patients.
With these data, a microRNA expression-based model for
prediction of OS and PFS was applied. Low expression
levels of these nine microRNAs were found to be
significantly associated with better OS and PFS. Further
accuracy could be improved by the combination of the
microRNA-based model and the IPI score (58).

MiR-155 perfectly reflects the difficulties frequently
occurring in the analysis of microRNAs. Various studies
found a de-regulation of miR-155 in lymphoma samples (25,
28, 49) but, because of discordant findings, a final
assessment about its role as prognostic parameter is still a
matter of an ongoing debate (56, 57) (Table I).

To summarize, overwhelming evidence suggests that
microRNAs are a valuable tool to accurately predict therapy
response. Using multi-microRNA expression models instead
of a single marker, the predictability can significantly be
improved. Further, incorporation into already existing
predictive models like the IPI should also be encouraged.

MicroRNAs in (Future) Therapy

Identifying the role of various microRNAs in the
pathogenesis of lymphomas has raised the question of their
use in therapies. In general, two ways exist of employing
microRNA targets for therapeutic use: the down-regulation
of oncogenic microRNAs by for instance antagomiRs, or
the replacement of suppressed microRNAs, important for
normal cell development (26). In a mouse model, Babar et
al. demonstrated a rapid regression of lymphadenopathy in
mice with established lymphoma by suppressing miR-155
(59). They further demonstrated that tumor regression was
partly caused by apoptosis and that nanoparticle delivery
of anti-miR-155 embedded in polylysine-conjugated
peptide nucleic acids (PNAs) inhibited miR-155 expression
in vitro.

Since microRNAs are down-regulated in the majority of
lymphoma cases, microRNA replacement therapy appears to
be a promising treatment approach. Although no data about
microRNA replacement in DLBCL are available, promising
results exist for chronic lymphocytic leukemia. Therein, the
correction of down-regulated miR-15a and miR-16 induced
apoptosis in vitro and led to a restoration of cell cycle control
by arresting cells in the G1 phase (60) (Table I).

The paramount importance of microRNAs in the treatment
of human disease has been recently demonstrated in patients
with hepatitis C (HCV) infection in whom miravirsen, an anti-
miR-122 component, showed a prolonged dose-dependent
reduction in HCV RNA levels (61). Nevertheless, many
questions related to microRNA-based treatment approaches
are still unanswered and requires a large amount of continuous
research. One challenge is certainly the evaluation of the
safety of microRNA therapeutics: The potential immune
response, toxicity or unexpected side effects, related to the fact
that one microRNA can affect hundreds of target genes is still
the focus of research. Also the successful delivery of the agent
to the target tissues or overcoming tissue barriers remains
unacknowledged yet (62).

In conclusion, microRNAs are a promising novel field of
research, providing interesting insights into the pathogenesis
and diagnosis of lymphomas. In the future even targeted
treatment approaches in DLBCL could be accomplished by
influencing expression levels of oncogenic or tumor
suppressive microRNAs. However, in the meantime further
efforts are needed to precisely elucidate the miRNAs’ role in
the development and progression of DLBCL in order to
create targets for future therapy.  

References

1 Campo E, Swerdlow SH, Harris NL, Pileri S, Stein H and Jaffe
ES: WHO classification of tumours of hematopoietic and
lymphoid tissues. Blood 117(19): 5019-5032, 2011.

2 Lossos IS and Morgensztern D: Prognostic biomarkers in diffuse
large B-cell lymphoma. J Clin Oncol 24(6): 995-1007, 2006.

3 Sehn LH, Donaldson J, Chhanabhai M, Fitzgerald C, Gill K,
Klasa R, MacPherson N, O'Reilly S, Spinelli JJ, Sutherland J,
Wilson KS, Gascoyne RD and Connors JM: Introduction of
combined CHOP plus rituximab therapy dramatically improved
outcome of diffuse large B-cell lymphoma in British Columbia.
J Clin Oncol 23(22): 5027-5033, 2005.

4 Friedberg JW: New strategies in diffuse large B-cell lymphoma:
translating findings from gene expression analyses into clinical
practice. Clin Cancer Res 17(19): 6112-6117, 2011.

5 No authors listed: The International Non-Hodgkin’s Lymphoma
Prognostic Factor Project: A predictive model for aggressive
Non-Hodgkin’s Lymphoma. N Engl J Med 329(14): 987-994,
1993.

6 Sehn LH, Berry B, Chhanabhai M, Fitzgerald C, Gill K, Hoskins
P, Klasa R, Savage KJ, Shenkier T, Sutherland J, Gascoyne RD
and Connors JM: The revised International Prognostic Index 

Troppan et al: MicroRNAs in DLBCL (Review)

561



(R-IPI) is a better predictor of outcome than the standard IPI for
patients with diffuse large B-cell lymphoma treated with R-
CHOP. Blood 109(5): 1857-1861, 2007.

7 Alizadeh AA, Eisen MB, Davis RE, Ma C, Lossos IS,
Rosenwald A, Boldrick JC, Sabet H, Tran T, Yu X, Powell JI,
Yang L, Marti GE, Moore T, Hudson J Jr., Lu L, Lewis DB,
Tibshirani R, Sherlock G, Chan WC, Greiner TC, Weisenburger
DD, Armitage JO, Warnke R, Levy R, Wilson W, Grever MR,
Byrd JC, Botstein D, Brown PO and Staudt LM: Distinct types
of diffuse large B-cell lymphoma identified by gene expression
profiling. Nature 403(6769): 503-511, 2006.

8 Rosenwald A, Wright G, Chan WC, Connors JM, Campo E,
Fisher RI, Gascoyne RD, Muller-Hermelink HK, Smeland EB,
Giltnane JM, Hurt EM, Zhao H, Averett L, Yang L, Wilson WH,
Jaffe ES, Simon R, Klausner RD, Powell J, Duffey PL, Longo
DL, Greiner TC, Weisenburger DD, Sanger WG, Dave BJ, Lynch
JC, Vose J, Armitage JO, Montserrat E, López-Guillermo A,
Grogan TM, Miller TP, LeBlanc M, Ott G, Kvaloy S, Delabie J,
Holte H, Krajci P, Stokke T and Staudt LM: The use of
molecular profiling to predict survival after chemotherapy for
diffuse large-B-cell lymphoma. N Engl J Med 346(25): 1937-
1947, 2002.

9 Hans CP, Weisenburger DD, Greiner TC, Gascoyne RD, Delabie
J, Ott G, Müller-Hermelink HK, Campo E, Braziel RM, Jaffe
ES, Pan Z, Farinha P, Smith LM, Falini B, Banham AH,
Rosenwald A, Staudt LM, Connors JM, Armitage JO and Chan
WC: Confirmation of the molecular classification of diffuse
large B-cell lymphoma by immunohistochemistry using a tissue
microarray. Blood 103(1): 275-282, 2004.

10 Choi WW, Weisenburger DD, Greiner TC, Piris MA, Banham
AH, Delabie J, Braziel RM, Geng H, Iqbal J, Lenz G, Vose JM,
Hans CP, Fu K, Smith LM, Li M, Liu Z, Gascoyne RD,
Rosenwald A, Ott G, Rimsza LM, Campo E, Jaffe ES, Jaye DL,
Staudt LM and Chan WC: A new immunostain algorithm
classifies diffuse large B-cell lymphoma into molecular subtypes
with high accuracy. Clin Cancer Res 15(17): 5494-5502, 2009. 

11 Bartel DP: MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell 116(2): 281-297, 2004.

12 Fabbri M, Croce CM and Calin GA: MicroRNAs. Cancer J
14(1): 1-6, 2006.

13 Chendrimada TP, Gregory RI, Kumaraswamy E, Norman J,
Cooch N, Nishikura K and Shiekhattar R: TRBP recruits the
Dicer complex to Ago2 for microRNA processing and gene
silencing. Nature 436(7051): 740-744, 2005.

14 Zeng Y: Principles of micro-RNA production and maturation.
Oncogene 25(46): 6156-6162, 2006.

15 Pillai RS, Bhattacharyya SN and Filipowicz W: Repression of
protein synthesis by miRNAs: How many mechanisms? Trends
Cell Biol 17(3): 118-126, 2007.

16 Calin GA, Sevignani C, Dumitru CD, Hyslop T, Noch E,
Yendamuri S, Shimizu M, Rattan S, Bullrich F, Negrini M and
Croce CM: Human microRNA genes are frequently located at
fragile sites and genomic regions involved in cancers. Proc Natl
Acad Sci USA 101(9): 2999-3004, 2004.

17 Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S, Noch E,
Aldler H, Rattan S, Keating M, Rai K, Rassenti L, Kipps T,
Negrini M, Bullrich F and Croce CM: Frequent deletions and
down-regulation of micro-RNA genes miR15 and miR16 at
13q14 in chronic lymphocytic leukemia. Proc Natl Acad Sci
USA 99(24): 15524-15529, 2002.

18 Calin GA and Croce CM. MicroRNA signatures in human
cancers. Nat Rev Cancer 6(11): 857-866, 2006.

19 Pichler M, Winter E, Ress AL, Bauernhofer T, Gerger A,
Kiesslich T, Lax S, Samonigg H and Hoefler G: miR-181a is
associated with poor clinical outcome in patients with colorectal
cancer treated with EGFR inhibitor. J Clin Pathol. doi:
10.1136/jclinpath-2013-201904, 2013.

20 Schwarzenbacher D, Balic M and Pichler M: The role of
microRNAs in breast cancer stem cells. Int J Mol Sci 14(7):
14712-14723, 2013.

21 Bach D, Fuereder J, Karbiener M, Scheideler M, Ress AL,
Neureiter D, Kemmerling R, Dietze O, Wiederstein M, Berr F,
Plaetzer K, Kiesslich T and Pichler M: Comprehensive analysis
of alterations in the miRNome in response to photodynamic
treatment. J Photochem Photobiol B 120: 74-81, 2013.

22 Al-Ali BM, Ress AL, Gerger A and Pichler M: MicroRNAs in
renal cell carcinoma: implications for pathogenesis, diagnosis,
prognosis and therapy. Anticancer Res 32(9): 3727-3732, 2012.

23 Pichler M, Winter E, Stotz M, Eberhard K, Samonigg H, Lax S
and Hoefler G: Down-regulation of KRAS-interacting miRNA-143
predicts poor prognosis but not response to EGFR-targeted agents
in colorectal cancer. Br J Cancer 106(11): 1826-1832, 2012.

24 Ling H, Fabbri M and Calin GA: MicroRNAs and other non-
coding RNAs as targets for anticancer drug development. Nat
Rev Drug Discov 12(11): 847-865, 2013.

25 Lawrie CH, Chi J, Taylor S, Tramonti D, Ballabio E, Palazzo S,
Saunders NJ, Pezzella F, Boultwood J, Wainscoat JS and Hatton
CS: Expression of microRNAs in diffuse large B-cell lymphoma
is associated with immunophenotype, survival and
transformation from follicular lymphoma. J Cell Mol Med 13(7):
1248-1260, 2009.

26 Garzon R, Marcucci G and Croce CM : Targeting microRNAs
in cancer: Rationale, strategies and challenges. Nat Rev Drug
Discov 9(10): 775-789, 2010.

27 Caramuta S, Lee L, Ozata DM, Akçakaya P, Georgii-Hemming
P, Xie H, Amini RM, Lawrie CH, Enblad G, Larsson C,
Berglund M and Lui WO: Role of microRNAs and microRNA
machinery in the pathogenesis of diffuse large B-cell lymphoma.
Blood Cancer J 3: e152, 2013.

28 Di Lisio L, Sánchez-Beato M, Gómez-López G, Rodríguez ME,
Montes-Moreno S, Mollejo M, Menárguez J, Martínez MA,
Alves FJ, Pisano DG, Piris MA and Martínez N: MicroRNA
signatures in B-cell lymphomas. Blood Cancer J 2(2): e57, 2012.

29 Lawrie CH: MicroRNAs and lymphomagenesis: A functional
review. Br J Haematol 160(5): 571-581, 2013.

30 Garzon R and Marcucci G: Potential of microRNAs for cancer
diagnostics, prognostication and therapy. Curr Opin Oncol 24(6):
655-659, 2012.

31 Kim SW, Ramasamy K, Bouamar H, Lin AP, Jiang D and Aguiar
RC: MicroRNAs miR-125a and miR-125b constitutively activate
the NF-κB pathway by targeting the tumor necrosis factor α-
induced protein 3 (TNFAIP3, A20). Proc Natl Acad Sci USA
109(20): 7865-7870, 2012.

32 Lenz G, Wright GW, Emre NC, Kohlhammer H, Dave SS, Davis
RE, Carty S, Lam LT, Shaffer AL, Xiao W, Powell J, Rosenwald
A, Ott G, Muller-Hermelink HK, Gascoyne RD, Connors JM,
Campo E, Jaffe ES, Delabie J, Smeland EB, Rimsza LM, Fisher
RI, Weisenburger DD, Chan WC and Staudt LM: Molecular
subtypes of diffuse large B-cell lymphoma arise by distinct genetic
pathways. Proc Natl Acad Sci USA 105(36): 13520-13525, 2008.

ANTICANCER RESEARCH 34: 557-564 (2014)

562



33 Ventura A, Young AG, Winslow MM, Lintault L, Meissner A,
Erkeland SJ, Newman J, Bronson RT, Crowley D, Stone JR,
Jaenisch R, Sharp PA and Jacks T: Targeted deletion reveals
essential and overlapping functions of the miR-17 through 92
family of miRNA clusters. Cell 132(5): 875-886, 2008.

34 Eis PS, Tam W, Sun L, Chadburn A, Li Z, Gomez MF, Lund E
and Dahlberg JE: Accumulation of miR-155 and BIC RNA in
human B cell lymphomas. Proc Natl Acad Sci USA 102(10):
3627-3632, 2005.

35 Saito Y, Suzuki H, Tsugawa H, Imaeda H, Matsuzaki J, Hirata
K, Hosoe N, Nakamura M, Mukai M, Saito H and Hibi T:
Overexpression of miR-142-5p and miR-155 in gastric mucosa-
associated lymphoid tissue (MALT) lymphoma resistant to
Helicobacter pylori eradication. PLoS One 7(11): e47396, 2012.

36 Lu X, Chen J, Malumbres R, Cubedo Gil E, Helfman DM and
Lossos IS: HGAL, a lymphoma prognostic biomarker, interacts
with the cytoskeleton and mediates the effects of IL-6 on cell
migration. Blood 110(13): 4268-4277, 2007.

37 Dagan LN, Jiang X, Bhatt S, Cubedo E, Rajewsky K and Lossos
IS: miR-155 regulates HGAL expression and increases
lymphoma cell motility. Blood 119(2): 513-520, 2012.

38 Huang X, Shen Y, Liu M, Bi C, Jiang C, Iqbal J, McKeithan TW,
Chan WC, Ding SJ and Fu K: Quantitative proteomics reveals
that miR-155 regulates the PI3K-AKT pathway in diffuse large
B-cell lymphoma. Am J Pathol 181(1): 26-33, 2012.

39 Costinean S, Zanesi N, Pekarsky Y, Tili E, Volinia S, Heerema N
and Croce CM: Pre-B cell proliferation and lymphoblastic
leukemiahigh-grade lymphoma in Eμ-miR155 transgenic mice.
Proc Natl Acad Sci USA 103(18): 7024-7029, 2006.

40 Rai D, Kim SW, McKeller MR, Dahia PL and Aguiar RC:
Targeting of SMAD5 links microRNA-155 to the TGF-beta
pathway and lymphomagenesis. Proc Natl Acad Sci USA 107(7):
3111-3116, 2010.

41 Jiang D and Aguiar RC: MicroRNA-155 controls RB
phosphorylation in normal and malignant B lymphocytes via the
non-canonical TGFβ1-SMAD5 signaling module. Blood 2013.
[Epub ahead of print].

42 He L, He X, Lim LP, de Stanchina E, Xuan Z, Liang Y, Xue W,
Zender L, Magnus J, Ridzon D, Jackson AL, Linsley PS, Chen
C, Lowe SW, Cleary MA and Hannon GJ: A microRNA
component of the p53 tumour suppressor network. Nature
447(7148): 1130-1134, 2007.

43 Craig VJ, Cogliatti SB, Imig J, Renner C, Neuenschwander S,
Rehrauer H, Schlapbach R, Dirnhofer S, Tzankov A and Müller
A: Myc-mediated repression of microRNA-34a promotes high-
grade transformation of B-cell lymphoma by dysregulation of
FoxP1. Blood 117(23): 6227-6236, 2011.

44 Tilly H, Vitolo U, Walewski J, Gomes da Silva M, Shpilberg O,
André M, Pfreundschuh M, Dreyling M and on behalf of the
ESMO Guidelines Working Group: Diffuse large B-cell
lymphoma (DLBCL): ESMO Clinical Practice Guidelines for
diagnosis, treatment and follow-up. Ann Oncol 23(Suppl 7):
vii78-82, 2012.

45 Jima DD, Zhang J, Jacobs C, Richards KL, Dunphy CH, Choi
WW, Au WY, Srivastava G, Czader MB, Rizzieri DA, Lagoo AS,
Lugar PL, Mann KP, Flowers CR, Bernal-Mizrachi L, Naresh
KN, Evens AM, Gordon LI, Luftig M, Friedman DR, Weinberg
JB, Thompson MA, Gill JI, Liu Q, How T, Grubor V, Gao Y,
Patel A, Wu H, Zhu J, Blobe GC, Lipsky PE, Chadburn A and
Dave SS: Deep sequencing of the small RNA transcriptome of

normal and malignant human B cells identifies hundreds of
novel microRNAs. Blood 116(23) :e118-127, 2010.

46 Di Leva G, Garofalo M and Croce CM: MicroRNAs in Cancer.
Annu Rev Pathol. 2013 [Epub ahead of print].

47 Kridel R, Sehn LH and Gascoyne RD: Pathogenesis of follicular
lymphoma. J Clin Invest 122(10): 3424-3431, 2012.

48 Lawrie CH, Soneji S, Marafioti T, Cooper CD, Palazzo S,
Paterson JC, Cattan H, Enver T, Mager R, Boultwood J,
Wainscoat JS and Hatton CS: MicroRNA expression
distinguishes between germinal center B cell-like and activated
B cell-like subtypes of diffuse large B cell lymphoma. Int J
Cancer 121(5): 1156-1161, 2007.

49 Culpin RE, Proctor SJ, Angus B, Crosier S, Anderson JJ and
Mainou-Fowler T: A 9-series microRNA signature differentiates
between germinal centre and activated B-cell-like diffuse large
B-cell lymphoma cell lines. Int J Oncol 37(2): 367-376, 2010.

50 Roehle A, Hoefig KP, Repsilber D, Thorns C, Ziepert M, Wesche
KO, Thiere M, Loeffler M, Klapper W, Pfreundschuh M,
Matolcsy A, Bernd HW, Reiniger L, Merz H and Feller AC:
MicroRNA signatures characterize diffuse large B-cell
lymphomas and follicular lymphomas. Br J Haematol 142(5):
732-744, 2008.

51 Culpin RE, Sieniawski M, Proctor SJ, Menon G and Mainou-
Fowler T: MicroRNAs are suitable for assessment as biomarkers
from formalin-fixed paraffin-embedded tissue, and miR-24
represents an appropriate reference microRNA for diffuse large
B-cell lymphoma studies. J Clin Pathol 66(3): 249-252, 2013.

52 Heneghan HM, Miller N and Kerin MJ: Circulating miRNA
signatures: Promising prognostic tools for cancer. J Clin Oncol
28(29): e573-574, 2010.

53 Lawrie CH, Gal S, Dunlop HM, Pushkaran B, Liggins AP,
Pulford K, Banham AH, Pezzella F, Boultwood J, Wainscoat JS,
Hatton CS and Harris AL: Detection of elevated levels of
tumour-associated microRNAs in serum of patients with diffuse
large B-cell lymphoma. Br J Haematol 141(5): 672-675, 2008.

54 Fang C, Zhu DX, Dong HJ, Zhou ZJ, Wang YH, Liu L, Fan L,
Miao KR, Liu P, Xu W and Li JY: Serum microRNAs are
promising novel biomarkers for diffuse large B cell lymphoma.
Ann Hematol 91(4): 553-559, 2012.

55 Baraniskin A, Kuhnhenn J, Schlegel U, Chan A, Deckert M,
Gold R, Maghnouj A, Zöllner H, Reinacher-Schick A, Schmiegel
W, Hahn SA and Schroers R: Identification of microRNAs in the
cerebrospinal fluid as marker for primary diffuse large B-cell
lymphoma of the central nervous system. Blood 117(11): 3140-
3146, 2011.

56 Jung I and Aguiar RC: MicroRNA-155 expression and outcome
in diffuse large B-cell lymphoma. Br J Haematol. 144(1): 138-
140, 2009.

57 Alencar AJ, Malumbres R, Kozloski GA, Advani R, Talreja N,
Chinichian S, Briones J, Natkunam Y, Sehn LH, Gascoyne RD,
Tibshirani R and Lossos IS: MicroRNAs are independent
predictors of outcome in diffuse large B-cell lymphoma patients
treated with R-CHOP. Clin Cancer Res 17(12): 4125-4135, 2011.

58 Montes-Moreno S, Martinez N, Sanchez-Espiridión B, Díaz
Uriarte R, Rodriguez ME, Saez A, Montalbán C, Gomez G, Pisano
DG, García JF, Conde E, Gonzalez-Barca E, Lopez A, Mollejo M,
Grande C, Martinez MA, Dunphy C, Hsi ED, Rocque GB, Chang
J, Go RS, Visco C, Xu-Monette Z, Young KH and Piris MA:
miRNA expression in diffuse large B-cell lymphoma treated with
chemoimmunotherapy. Blood 118(4): 1034-1040, 2011.

Troppan et al: MicroRNAs in DLBCL (Review)

563



59 Babar IA, Cheng CJ, Booth CJ, Liang X, Weidhaas JB, Saltzman
WM and Slack FJ: Nanoparticle-based therapy in an in vivo
microRNA-155 (miR-155)-dependent mouse model of
lymphoma. Proc Natl Acad Sci USA 109(26): E1695-1704,
2012.

60 Salerno E, Scaglione BJ, Coffman FD, Brown BD, Baccarini A,
Fernandes H, Marti G and Raveche ES: Correcting miR-15a/16
genetic defect in New Zealand Black mouse model of CLL
enhances drug sensitivity. Mol Cancer Ther 8(9): 2684-2692,
2009.

61 Janssen HL, Reesink HW, Lawitz EJ, Zeuzem S, Rodriguez-
Torres M, Patel K, van der Meer AJ, Patick AK, Chen A, Zhou

Y, Persson R, King BD, Kauppinen S, Levin AA and Hodges
MR: Treatment of HCV infection by targeting microRNA. N
Engl J Med 368(18): 1685-1694, 2013.

62 Ling H, Fabbri M and Calin GA: MicroRNAs and other non-
coding RNAs as targets for anticancer drug development. Nat
Rev Drug Discov 12(11): 847-865, 2013.

Received November 30, 2013
Revised December 20, 2013

Accepted December 23, 2013

ANTICANCER RESEARCH 34: 557-564 (2014)

564


