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Role of microRNAs and microRNA machinery in the
pathogenesis of diffuse large B-cell lymphoma
S Caramuta1,2, L Lee1,2, DM Özata1,2, P Akçakaya1,2, P Georgii-Hemming3, H Xie1,2, R-M Amini3, CH Lawrie4,5, G Enblad6, C Larsson1,2,
M Berglund6 and W-O Lui1,2

Deregulation of microRNA (miRNA) expression has been documented in diffuse large B-cell lymphoma (DLBCL). However, the
impact of miRNAs and their machinery in DLBCL is not fully determined. Here, we assessed the role of miRNA expression and their
processing genes in DLBCL development. Using microarray and RT-qPCR approaches, we quantified global miRNAs and core
components of miRNA-processing genes expression in 75 DLBCLs (56 de novo and 19 transformed) and 10 lymph nodes (LN).
Differential miRNA signatures were identified between DLBCLs and LNs, or between the de novo and transformed DLBCLs. We also
identified subsets of miRNAs associated with germinal center B-cell phenotype, BCL6 and IRF4 expression, and clinical staging. In
addition, we showed a significant over-expression of TARBP2 in de novo DLBCLs as compared with LNs, and decreased expression of
DROSHA, DICER, TARBP2 and PACT in transformed as compared with de novo cases. Interestingly, cases with high TARBP2 and
DROSHA expression had a poorer chemotherapy response. We further showed that TARBP2 can regulate miRNA-processing
efficiency in DLBCLs, and its expression inhibition decreases cell growth and increases apoptosis in DLBCL cell lines. Our findings
provide new insights for the understanding of miRNAs and its machinery in DLBCL.
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INTRODUCTION
Diffuse large B-cell lymphoma (DLBCL) is a highly aggressive B-cell
lymphoma. The majority of cases are diagnosed de novo (primary
DLBCL), whereas a subset is transformed from a previous indolent
lymphoma. This disease is very heterogeneous with significantly
different clinical outcomes,1–3 and advanced knowledge of the
biology of DLBCL is crucial for future advances in treatment
management. Considerable clinical heterogeneity and broad
survival variation among DLBCL patients and investigations for
identifying new prognostic markers that predict the clinical
behavior of such tumors with greater accuracy than is currently
possible are warranted. While there has been progress in
understanding the molecular genetics of these tumors,1,2,4 the
detailed network of events leading to DLBCL development and
progression has yet to be elucidated. Here, we aimed to determine
the role of microRNAs (miRNAs) and their processing factors in
DLBCL development, as well as their clinical implications.

miRNAs are a class of short non-coding RNAs involved in gene
regulation through binding to 30-untranslated regions of target
genes.5 miRNAs are transcribed as long primary transcripts
(pri-miRNAs), which are subsequently processed by the miRNA
machinery. Pri-miRNAs are converted in the nucleus to B70
nucleotides (nt) stem-loop structures called precursor miRNAs
(pre-miRNAs) by the RNase-III enzyme DROSHA (or RNASEN) and
its binding partner DGCR8.6 Pre-miRNAs are further processed in
the cytoplasm to B22 nt mature miRNAs by a second RNase-III

enzyme known as DICER. DICER associates with dsRNA-binding
proteins such as TARBP2 and PACT (or PRKRA).7,8

miRNAs have key roles in many cellular processes including
differentiation of hematopoietic lineages.5,9 Thus, miRNAs are
thought to have important roles in hematological malignancies.
In line with such notions, several miRNAs such as miR-15a,
miR-16-1, miR-155 and miR-17-92 cluster have been implicated in
leukemogenesis and lymphomagenesis.10–12 miRNA expressions
are altered in DLBCL.11,13,14 Interestingly, DLBCL shows the most
heterogeneous miRNA profiles among various lymphoma
types15 and, concordantly with mRNA profilings, distinct
miRNA signatures are associated with molecular subtypes of
DLBCL.13,16

It has also been shown that certain miRNAs have prognostic
and diagnostic value in some cancer types including lymphomas
and leukemia.17,18 Despite miRNA profiling being reported in
DLBCLs, their clinical impact is not fully understood. Besides
miRNAs, the miRNA machinery genes have also been associated
with cancer development, progression and prognosis in several
cancer types including ovarian,19 colorectal,20 melanoma21 and
T-cell lymphoma.22 However, the role of miRNA machinery genes
in DLBCL has yet to be determined.

In this study, we investigated the expression of miRNAs and
their machinery genes in DLBCLs, their expression association with
clinical and histopathological features, and the functional role of
TARBP2 in DLBCL.
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MATERIALS AND METHODS
Clinical samples
Cohort 1 includes a total of 75 frozen tumor biopsies from primary DLBCL
(56 de novo and 19 transformed) collected at Uppsala University Hospital,
Sweden. Cohort 2 includes total RNA extracted from 47 DLBCL FFPE-
specimens (38 de novo and 9 transformed) collected from the John
Radcliffe Hospital, Oxford, as previously described.14 In addition, 15
anonymized samples of histopathologically verified reactive lymph nodes
(LNs) (10 frozen and 5 FFPE) collected at the Karolinska University Hospital
or Uppsala University Hospital were included as references of non-
neoplastic lymphatic tissue.

The clinical, histopathological and follow-up details of all DLBCL cases
from both cohorts are given in Supplementary Tables S1 and S2 and
summarized in Table 1.

Ethical permission for the use of all samples was obtained from the local
ethics committee.

DLBCL cell lines
Three de novo DLBCL cell lines OCI-Ly-1, OCI-Ly-7 and OCI-Ly-3 were kindly
provided by Dr Mark Minden (University Health Network, Toronto, ON,
Canada). OCI-Ly-1 and OCI-Ly-7 are germinal center B-cell (GCB)-subtype
and OCI-Ly-3 is activated B-cell (ABC)-subtype.1 OCI-Ly-1 and OCI-Ly-3 were
cultured in Iscove’s modified Dulbecco’s medium (IMDM) with 20% fetal
bovine serum. OCI-Ly-7 was grown in IMDM with 2-Mercaptoethanol
(1:10 000) and 10% fetal bovine serum. All cells were supplemented with
1% penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA) and cultured at
37 1C and 5% CO2 in a humidified incubator.

Immunohistochemistry
Twenty-five de novo DLBCL cases without immunophenotype classification
from cohort 1 were analyzed for expression of CD10, BCL6, IRF4 and BCL2 by
immunohistochemistry as previously described.3,4 In brief, antigen retrieval
was performed using heat treatment with Target Retrieval Solution (pH 9.0)
(S2367, Dako, Glostrup, Denmark) at 95–99 1C for 20 min. Sections were
incubated with anti-CD10 (1:25; M7308, Dako), anti-BCL6 (1:10; M7211, Dako),
anti-IRF4 (1:25; M7259, Dako) or anti-BCL2 (1:50; M0887, Dako) at 4 1C
overnight. An anti-mouse HRP-conjugated secondary antibody was applied
and signal detection was performed using DAB chromogen (K5007, EnVision
Detection System, Dako). The expression was scored as positive if 430% of
the tumor cells were immunoreactive for CD10, BCL6 or IRF4 and 450% for
BCL2. The immunostaining was evaluated by a hematopathologist (R-M A).

RNA extraction
Total RNA was isolated from tissues and cell lines using the mirVana miRNA
Isolation Kit (Applied Biosystems/Ambion, Austin, TX, USA) and quantified
with NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA).

miRNA microarray
Agilent human miRNA microarray system (miRBase release 9.1; Agilent,
Santa Clara, CA, USA) was adopted to evaluate miRNA profiles in 45 DLBCLs
(32 de novo DLBCL and 13 DLBCL-t) from cohort 1 and 10 LNs. Microarray
experiments were performed as previously described.23 Cluster 3 software
was used for normalization and arrays median centering.24 Normalized
miRNA probes with o50% missing values across the samples were used
for clustering and statistical analyses. Hierarchical clustering was
performed using Cluster 3.0 and visualized with Treeview v1.60 (http://
rana.lbl.gov/EisenSoftware.htm). Significance analysis of microarrays (SAM)
and prediction analysis of microarrays (PAM) were used to identify
differentially expressed miRNAs between sample groups (http://
www-stat.stanford.edu/Btibs/). The microarray data have been deposited
at NCBI Gene Expression Omnibus (GEO accession number, GSE42906).

Reverse transcription quantitative PCR for mature miRNAs and mRNAs
Reverse transcription quantitative PCR (RT-qPCR) was performed to
evaluate expression of mature miRNAs and mRNAs using an Applied
Biosystems 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA). For miRNA quantification, 25 ng of total RNA was converted
into cDNA using Taqman MicroRNA Reverse Transcription Kit (Applied
Biosystems). Predesigned TaqMan miRNA assays were purchased
from Applied Biosystems for quantification of miR-155 (ID 002623),
miR-21 (ID 000397), miR-150 (ID 000473), miR-494 (ID 002365), miR-638

(ID 001582), miR-145 (ID 002278), miR-143 (ID 002249), miR-103 (ID 000439),
miR-107 (ID 000443), miR-142-3p (ID 000464), miR-142-5p (ID 002248),
miR-29a (ID 002112), miR-29b (ID 000413), miR-146a (ID 000468), miR-140
(ID 002234), let-7i (ID 002221), miR-16 (ID 000391), miR-195 (ID 000494) and
miR-497 (ID 001043). RNU6B (ID 001093) was used for the normalization of
miRNA quantification. For mRNA expression analysis, 100 ng of total
RNA (250 ng for FFPE samples) were used to synthesize cDNA with High
Capacity cDNA Reverse Transcription kit (Applied Biosystems), and
RT-qPCR was performed using specific TaqMan assays (Applied Biosystems)
for DICER (ID 00998578), DROSHA (ID 01095029), TARBP2
(ID 00998379), DGCR8 (ID 00987089) and PACT (ID 00269379). Normal-
ization of mRNA expression was performed against 18S (ID 99999901).
For both mRNA and miRNA analyses, relative expression was determined
using the comparative CT method and reported as 2�DCT. All reactions
were performed in triplicate.

SYBR-Green RT-qPCR assay for primary and precursor miRNAs
SYBR-Green RT-qPCR was performed to evaluate the relative expression of
primary and precursor forms of miR-155 and miR-146a. In brief, cDNA was
reverse transcribed from 100 ng of total RNA using 10mM of a specific
reverse primer (miR-155-reverse: 50-GCTAATATGTAGGAGTCAGTTGGA-30 or
miR-146a-reverse: 50-GCTGAAGAACTGAATTTCAGAG-30) and subsequently
quantified by SYBR-Green RT-qPCR, as previously described.25 RT-qPCR was
performed using the following primers for miR-155: 50-GTTAATGCTAATCGT
GATAGGG-30 (priþ pre-forward) or 50-GAAGGGGAAATCTGTGGTTTA-30

(pri-forward) and the miR-155-reverse primer; for miR-146a: 50-TTGAGAAC
TGAATTCCATGG-30 (priþpre-forward) or 50-TCTTTGCACCATCTCTGA-30

(pri-forward) and the miR-146a-reverse primer. RNU6B was used as a
reference gene. The expression level of pre-miRNA was calculated as follows:

Pre-miR¼ 2�DCT (pri-miRNAþpre-miRNA)� 2�DCT (pri-miRNA)

The miRNA processing efficiency is presented as ‘relative processing
efficiency’, which was calculated as the ratio of mature to precursor miRNA.

Transfection experiments
TARBP2 siRNA or non-targeting control siRNA (sc-106846 and sc-36869,
respectively; Santa Cruz Biotechnology Inc.) was transiently transfected
into DLBCL cell lines (OCI-Ly-1 and OCI-Ly-3) using Nucleofector
technology (Lonza, Basel, Switzerland). A total of 1� 106 cells were
resuspended in Nucleofector solution T mixed with 200 nM of siRNA and
electroporated using program G-16. Cells were then seeded in T-25 flasks
with IMDM media and cultured for 48 h. The expression levels of TARBP2
were assessed by western blot. All transfection experiments were repeated
at least three times and used for cell growth and apoptosis assays.

Western blot analysis
Western blots were performed as previously described.26 Primary
antibodies included anti-DROSHA (1:400; ab12286; Abcam), anti-DICER
(1:200; ab14601), anti-TARBP2 (1:1000; ab72547), anti-DGCR8 (1:2000;
ab90579) and anti-PACT (1:400; ab75749). Secondary antibodies were
either anti-mouse IgG-HRP (1:10 000; sc-2005; Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA) or anti-rabbit IgG-HRP (1:3000; 170-6515; Bio-Rad
Laboratories, Hercules, CA, USA). Subsequent incubation with a GAPDH
antibody (1:5000; sc-47724; Santa Cruz Biotechnology Inc.) was performed
for normalization. Protein levels were quantified on X-ray films from
immunoblots using ImageJ software (http://rsb.info.nih.gov/ij/).

WST-1 colorimetric assay
Cell viability was assessed in OCI-Ly-1 and OCI-Ly-3 cells using WST-1
colorimetric assay (Roche Applied Science, Mannheim, Germany), as
previously described.26 All transfections and WST-1 assays were repeated
independently three times and six replicates were performed during each
experiment. Cell viability was calculated by comparing the absorbance
values of the samples after background subtraction. The fraction of viable
cells was normalized to siRNA control-treated cells.

Apoptosis caspase-3/CPP32 colorimetric assay
Apoptosis was evaluated 48 h post-transfection using the Caspase-3/CPP32
Colorimetric Assay Kit (K106-25; BioVision, Mountain View, CA, USA).26

Apoptosis was calculated by comparing the absorbance values of the
siTARBP2-treated cells with the respective negative control-treated cells.
All experiments were replicated three times.
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Statistical analyses
All analyses were conducted using Statistica 8.0 (StatSoft, Inc., Tulsa, OK,
USA) or MS Office Excel. The patient population was divided in two groups
based on high or low expression of DICER, DROSHA, TARBP2, DGCR8 and
PACT according to the median expression levels. The comparison between
miRNA/mRNA expressions among or between different groups was
conducted using one-way ANOVA or unpaired student’s t-test. Paired
student’s t-test was performed to analyze transfection experiments. The
association between miRNA machinery genes expression levels and clinical
parameters was analyzed using w2 test. Kaplan–Meier analysis was carried
out to analyze different factors potentially associated with overall or
disease-free survival. For overall survival, patients who were still alive at the
end of the follow-up were considered as censored. In disease-free survival,

censored group included patients who did not show any sign of disease or
died of unknown or DLBCL-unrelated reasons. Survival curves for each
group of patients were compared using log-rank test. All the analyses were
two-tailed and P-values o0.05 were regarded as significant.

RESULTS
miRNA profilings in DLBCLs and LNs
We determined global miRNA expression profiles in 45 DLBCLs
and 10 LNs using a microarray approach. After data normalization
and filtering, we performed unsupervised clustering of 177 filtered
miRNAs among all the DLBCLs and LNs. The analysis revealed

Table 1. Summary of clinical and molecular features of the DLBCL casesa

Parameter Cohort 1 Cohort 2

De novo Transformed De novo Transformed

No. of
informative

No. of
cases

No. of
informative

No. of
cases

No. of
informative

No. of
cases

No. of
informative

No. of
cases

Gender 56 19 37 9
Male 31 10 13 3
Female 25 9 24 6

Age at diagnosis (median) 56 (68 years) 19 (66 years) 37 (63 years) 9 (69 years)
p median 30 11 19 5
4 median 26 8 18 4

Stage 53 19 36 7
I 13 1 17 3
II 16 5 7 0
III 10 6 9 2
IV 14 7 3 2

Regime treatment 48 18 36 9
CHOP 22 7 5 3
R-CHOP 17 7 17 4
No treatment 1 0 5 0
Others 8 4 9 2

IPI score 51 19 36 6
Low (0-1-2) 36 13 27 4
High (3-4-5) 15 6 9 2

GCB phenotype 54 16 35 9
GCB 20 13 18 5
non-GCB 34 3 17 4

BCL2 expression 55 0 20 3
Negative 17 — 9 1
Positive 38 — 11 2

BCL6 expression 54 16 35 9
Negative 30 5 15 3
Positive 24 11 20 6

IRF4 expression 54 16 35 9
Negative 22 11 16 4
Positive 32 5 19 5

CD10 expression 54 16 35 9
Negative 35 3 23 5
Positive 19 13 12 4

Follow-up 56 0 35 8
Alive 24 — 26 4
Dead 10 — 1 0
DOD 22 — 8 4

Abbreviation: DOD¼dead of disease. aData partly published in previous studies.3,4,13,14
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several distinct clusters (Figure 1). Nine of the 10 LNs were
grouped together in a distinct cluster and the remaining LN (that
is, LN 2) was loosely clustered with the majority of DLBCLs in a
separate sub-tree. Among the DLBCLs, we observed several
distinct clusters, without distinction between de novo and
transformed DLBCLs.

We performed SAM analysis to identify the most significant
miRNAs that could distinguish DLBCLs from LNs. The analysis
identified 55 deregulated miRNAs with a false-discovery rate of
o20% (Supplementary Table S3). We further used the PAM to
determine the minimal number of miRNAs that could distinguish
all DLBCLs from LNs. The analysis identified a signature of 23
deregulated miRNAs that best discriminate the two groups with a
prediction accuracy of 96% as determined by 10-fold cross-
validation (Supplementary Figure S1). Similarly, a minimal number
of 25 miRNAs could correctly classify the de novo DLBCLs from LNs
with an accuracy of 98%, and a set of 32 miRNAs for distinguishing
transformed DLBCLs from LNs with 93% accuracy (Supplementary
Figure S1).

By comparing the miRNA classifiers of the de novo DLBCLs vs
LNs and transformed DLBCLs vs LNs, we found 22 common
miRNAs between the two subgroups (Supplementary Figure S2).
We also found several deregulated miRNAs that could be specific
for each tumor subgroups. To identify a miRNA classifier to
distinguish the two tumor subgroups, we compared directly the
de novo and transformed DLBCLs using SAM analysis. The analysis
identified 10 miRNAs (miR-29b, miR-155, miR-16, miR-146a, miR-
142-5p, let-7i, miR-107, let-7f, miR-34a and miR-103) with higher
expression and one (miR-140) with lower expression in de novo as
compared with transformed DLBCLs (false-discovery rateo20%;
Figure 2).

Validation of the miRNA expression signatures by RT-qPCR
To validate the microarray results, we measured 19 miRNAs by
RT-qPCR in an extended cohort of 75 tumors from cohort 1 and
6 LNs. The miRNAs were selected based on their high scores in the
SAM or PAM analyses for different comparisons or because their
involvement in DLBCL or other tumor types. Thirteen miRNAs
(miR-150, miR-29b, miR-29a, miR-142-3p, miR-142-5p, miR-145,
miR-143, miR-494, miR-638, miR-21, miR-195, miR-497 and miR-155)
were significantly deregulated between DLBCLs and LNs
(Supplementary Figure S1; Supplementary Table S3), whereas the
remaining six miRNAs (miR-103, miR-107, miR-146a, miR-140, let-7i
and miR-16) were differentially expressed between the de novo and
transformed DLBCLs (Figure 2). Of note, the three deregulated
miRNAs (miR-29b, miR-155 and miR-142-5p) found in the
comparison between all DLBCLs and LNs were also differentially
expressed between the two tumor subgroups (Figure 2).

Concordantly with the microarray findings, all 13 candidate
DLBCL-associated miRNAs were significantly deregulated in the
tumor samples and seven of the subgroup-associated miRNAs
were also significant as determined by RT-qPCR (Figure 3;
Supplementary Tables S4 and S5). The expression levels of
miR-16 and miR-29b were not significantly different between the
two subgroups by RT-qPCR (Figure 3; Supplementary Table S5). On
the other hand, miR-494 was significantly over-expressed in de novo
as compared with transformed DLBCLs by RT-qPCR (Figure 3).

miRNAs associated with clinico-histopathological features of
de novo DLBCLs
We investigated miRNA expression in relation to clinico-histo-
pathological parameters such as GCB/non-GCB phenotype,
staging, IPI score (International Prognostic Index) and immuno-
histochemical expressions of CD10, BCL6, IRF4 or BCL2 in de novo
DLBCLs.

Based on the microarray data, we identified a subset of six
miRNAs (let-7g, miR-155, miR-29c, miR-146a, miR-451 and miR-16)

that could discriminate GCB from non-GCB cases using SAM
(Supplementary Table S6). Three of the six GCB/non-GCB-
associated miRNAs (miR-155, miR-146a and miR-16) were chosen
for validation using RT-qPCR. The results support significant over-
expression of miR-155 and miR-146a in the non-GCB group
(Figure 4a), whereas miR-16 did not show any significant
difference between the two groups (data not shown).

Given that CD10, BCL6, IRF4 or BCL2 are commonly deregulated
in DLBCLs and have prognostic impact of this tumor type,27 we
sought to determine whether miRNA expression profiles
correlated with expression levels of these factors. SAM analyses
identified four and seven miRNAs associated with BCL6-positive
and IRF4-positive DLBCLs, respectively (Supplementary Table S6).
Interestingly, decreased expression of miR-142-3p and miR-142-5p
were associated with both BCL6-positive and IRF4-positive DLBCLs
(Figure 4b; Supplementary Table S6). However, no significant
association between miRNA profile and CD10 or BCL2 expression
was found (data not shown).

Next, we investigated whether miRNAs were associated with
disease stage of de novo DLBCLs. Comparing miRNA profiles of
stage I–II vs III–IV tumors, we identified a single miRNA (miR-494)
that was upregulated in stage III–IV (Supplementary Table S6). The
result was further confirmed by RT-qPCR in 53 de novo cases
(P¼ 0.03, unpaired t-test; Figure 4c).

We also examined the relationship between miRNAs and IPI
score, which is widely used for risk stratification of lymphoma
patients with significantly different responses to therapy and
survival. The DLBCL cases were divided into two groups with low
(0–2) or high IPI score (3–5). However, we could not identify any
miRNA that could distinguish these two groups of patients (data
not shown).

Expression of miRNA processing factors in DLBCLs
The deregulation of miRNA expression observed in DLBCLs could
be caused by abnormal regulation of the miRNA-processing
factors. Thus, we evaluated the mRNA expression levels of the
main components of miRNA machinery, including DROSHA, DICER,
DGCR8, PACT and TARBP2, in 75 DLBCLs (cohort 1) and 10 LNs
using RT-qPCR (Supplementary Figure S3). Our results show a
significant over-expression of TARBP2 in all DLBCLs or de novo
DLBCLs in comparison to LNs (Po0.001, unpaired t-test) but not
for the other four genes (Figures 5a and b). However, comparison
between de novo and transformed DLBCLs revealed a decreased
expression of TARBP2, DICER, PACT and DROSHA in transformed
DLBCLs (P¼ 0.004, P¼ 0.021, P¼ 0.016, P¼ 0.033, respectively;
unpaired t-test) (Figure 5b), whereas DGCR8 did not show any
significant difference between the two groups (data not shown).

To validate our results, we analyzed the expression of miRNA
machinery genes in an independent cohort (cohort 2) using
RT-qPCR. We confirmed a statistically significant over-expression
of TARBP2 in all DLBCLs and de novo DLBCLs in comparison to LNs
(Po0.01and Po0.001, respectively; unpaired t-test) and no
changes in expression for the other genes (Figures 5a and b).
Moreover, we did not observe any significant deregulation of
miRNA machinery between the two tumor subtypes (Figure 5b).

We also determined the mRNA expression of DICER, DROSHA,
TARBP2, DGCR8 and PACT in three DLBCL cell lines. The analysis
showed varying levels of expression among the cell lines but we
did not observe any obvious difference for the five genes analyzed
(Supplementary Figure S4a). Furthermore, protein levels analyzed
by western blot were concordant with mRNA expression levels
(Supplementary Figure S4b).

miRNA machinery genes expression associated with clinical data
of de novo DLBCLs
In cohort 1, we found that higher expression levels of DGCR8 were
significantly correlated with high IPI score (3–5) (P¼ 0.012,
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Figure 1. Unsupervised clustering of miRNA expression by microarray analysis among reactive lymph nodes (LNs) and DLBCLs (cohort 1). The
heat maps illustrate unsupervised clustering of miRNA expression profiling in: (a) 10 LN and 45 DLBCLs (including 32 de novo and 13
transformed cases), (b) 10 LNs and 32 de novo DLBCLs, and (c) 10 LNs and 13 transformed DLBCLs. Samples were clustered using the
uncentered correlation and complete linkage. Median centered values for each miRNA are represented. The green and red colors indicate
relatively low and high expression, respectively. Missing values are indicated in gray.
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OR¼ 5.6 (CI95% 1.343–23.358)). Furthermore, patients with high
TARBP2 and DROSHA expression had a poorer response to the
chemotherapy treatment (P¼ 0.02, OR¼ 9.2 (CI95% 1.005–84.259)
and P¼ 0.04, OR¼ 7.3 (CI95% 0.803–65.713), respectively), suggest-
ing that these two genes could be potential predictors of
chemotherapy response in de novo DLBCLs. No significant
associations were observed for age, gender, disease stage, GCB
phenotype, CD10, BCL6, IRF4 or BCL2 expression (Supplementary
Table S7).

In cohort 2, we confirmed that high expression of DROSHA
(P¼ 0.03, OR¼ 10 (CI95% 0.944–105.922)), but not TARBP2, is
associated with a poor response to the treatment. In addition, we
observed a significant association between high levels of
TARBP2 and non-GCB phenotype (P¼ 0.004, OR¼ 8.45 (CI95%

1.843–38.753)) (Supplementary Table S8).
We then performed a univariate analysis to investigate

whether any of the clinical and molecular parameters could
have a prognostic impact among patients with de novo DLBCLs.
We identified high IPI score (3–5), advanced tumor stage (III–IV)
and non-GCB phenotype (P¼ 0.01, P¼ 0.01, P¼ 0.02, respec-
tively) as predictive factors for poorer overall survival
(Supplementary Figure S5a). High IPI score (P¼ 0.03) and
advance tumor stage (P¼ 0.04) were also associated with
shorter disease-free survival (Supplementary Figure S5b).
However, none of the miRNA-processing factors showed a
significant association with survival of DLBCL patients in both
cohorts (data not shown).

Deregulation of miRNA machinery genes affects miRNA
processing in DLBCLs
To investigate whether the deregulation of miRNA-processing
genes affects miRNA biogenesis, we evaluated the processing
efficiency of pre-miR-155 and pre-miR-146a in 5 LNs, 56 de novo
DLBCLs and 13 transformed DLBCLs. These two miRNAs were
selected because of their differential expression between
de novo and transformed DLBCLs. We found a significant
increase in the precursor miRNA processing efficiency
in de novo DLBCLs as compared with LNs and transformed
DLBCLs. However, we did not observe any significant
change in pri-miRNA levels among the three groups
(Figure 6).
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Figure 2. Array-based SAM results for differentially expressed
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Inhibition of TARBP2 reduces cell proliferation and increases
apoptosis in DLBCL cells
The observed over-expression of TARBP2 in de novo DLBCLs
suggests its tumor-promoting activity in this disease. To
investigate the functional role of TARBP2, we silenced TARBP2
expression in two DLBCL cell lines (OCI-Ly-1 and OCI-Ly-3) and
determined its effect on cell growth and apoptosis. Inhibition of
TARBP2 expression significantly decreased cell viability and
increased apoptosis in both cell lines as compared with that in
siRNA control-treated cells (Figure 7).

DISCUSSION
miRNA expression profiles of DLBCLs
miRNAs have an important role in hematopoiesis and lympho-
magenesis. However, the role of miRNAs and their clinical
impact in DLBCL are still not fully understood. Here, we show
that miRNA expression patterns could clearly distinguish
between DLBCLs and LNs, and between de novo and
transformed DLBCLs. Despite the identification of DLBCL
subtype-specific miRNAs, we found a substantial number of
commonly deregulated miRNAs in the two tumor subtypes,
suggesting that both de novo and transformed DLBCLs may
involve overlapping genetic pathways in DLBCL pathogenesis.

Among others, we identified over-expression of miR-21 and
under-expression of miR-150, miR-145, miR-143, miR-142-3p/-5p,
miR-195 and miR-497 in DLBCLs. Notably, deregulation of most
of these miRNAs has been previously reported in DLBCL and/or
other malignancies.

In accordance with our findings, over-expression of miR-21 has
been found in de novo and transformed DLBCLs in comparison to
normal B-cells,13,14 as well as in many other tumor types.28,29 High
level of miR-21 was also found in the serum of DLBCL patients
associated with relapse-free survival,30 suggesting its potential as a
non-invasive prognostic marker for DLBCL. miR-150 has a key role in
hematopoiesis, including the development of B-cell,31 T-cell32 and
NK-cell33 lineages. Downregulation of miR-150 has been described
in leukemias and lymphomas, including DLBCL.13,34 Functionally,
increased expression of miR-150 decreases cell proliferation and
induces apoptosis in NK/T-cell lymphoma lines.35 Given its crucial
role in hematopoiesis, it is tempting to speculate that miR-150 may
function as a general tumor suppressor in hematopoietic
malignancies. Decreased expression of miR-143 or miR-145 has
been shown in many tumor types, including breast cancer, DLBCL,
Burkitt’s lymphoma and EBV-transformed cell lines.36,37 Ectopic
expression of miR-143 and miR-145 reduces cell growth in
lymphoma cell lines.37,38 Furthermore, miR-142-3p/-5p were
among the most downregulated miRNAs in mantle cell
lymphoma,39 whereas low levels of miR-195 and miR-497 were
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recently described in adrenocortical carcinoma26 and breast
cancer.40 We previously showed that miR-195/-497 cluster could
directly regulate TARBP2 expression in adrenocortical carcinoma.41

Noteworthy, miR-195/-497 and TARBP2 showed an inverse
expression pattern in the DLBCL cases (miR-195: Corr¼ � 0,25,

P¼ 0.03; miR-497: Corr¼ � 0.3, P¼ 0.008), suggesting that TARBP2
could also be regulated by miR-195 and miR-497 in DLBCL.

In addition, we identified a miRNA classifier that distinguishes
de novo and transformed DLBCLs. Notably, most of the
differentially expressed miRNAs in our classifier are different from
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the findings reported previously.14 However, in both studies,
transformed DLBCLs were mostly characterized by under-
expressed miRNAs as compared with de novo DLBCLs,
suggesting that miRNA processing efficiency is different
between the two subtypes.

miRNAs associated with pathological and molecular features of de
novo DLBCL
We identified a subset of six miRNAs that could classify GCB and
non-GCB immunophenotypes among the de novo DLBCLs. In
agreement with previous studies, we show higher expression of
miR-155 and miR-146a in non-GCB subtype.11,13,16 Recently,
Thompson et al.42 proposed that high NF-kB activity in the ABC
DLBCLs downregulates CD10 expression partly by miR-155;
CD10 is highly expressed in the GCB subtype and is low or
absent in the ABC subtype.1 In addition, Dagan et al.43

demonstrated that miR-155 targets the germinal center-
specific gene HGAL (Human Germinal center-Associated
Lymphoma) and increases lymphoma cell motility. Taken
together, these observations support a significant oncogenic
role for miR-155 over-expression in non-GCB/ABC tumor
cells.11,13,14,16 Besides these two miRNAs, we also identified
four other miRNAs (that is, let-7g, miR-29c, miR-451 and miR-16)
with higher expression in the non-GCB subtype that have not
been observed in other studies. The discrepancies may be due
to interpretations of immunohistochemical staining, different
microarray platforms or the use of cell lines instead of clinical
samples to identify miRNA signature.

Moreover, the levels of some miRNAs were inversely correlated
with the expression of BCL6 and IRF4. BCL6 is a proto-oncogene
that encodes a transcription repressor; it is frequently translocated
or mutated in DLBCL and is implicated in DLBCL pathogenesis.44,45

BCL6 was shown to promote follicular helper T-cell differentiation
through repression of multiple miRNAs.46 Interestingly, three of
the BCL6-responsive miRNAs (miR-142-3p, miR-142-5p and miR-
101) showed lower expression levels in our BCL6-positive DLBCLs,
indicating that these miRNAs could be directly suppressed by
BCL6 in DLBCL.

Furthermore, we found that DLBCLs in advanced stage
of the disease (stage III and IV) had higher expression of
miR-494. Over-expression of miR-494 has been observed in
follicular lymphoma,47 retinoblastoma48 and Waldenström’s
macroglobulinemia.49 On the other hand, reduced expression
of miR-494 was observed in head and neck squamous cell
carcinoma,50 cholangiocarcinoma51 and gastrointestinal stromal
tumor.52 miR-494 has been shown to target the tumor suppressor
PTEN in myeloid-derived suppressor cells53 and KIT oncogene
in gastrointestinal stromal tumor.52 Decreased expression of
miR-494 inhibits tumor growth and metastasis in murine breast
cancer model,53 whereas its increased expression suppresses
cell proliferation in several cancer cell types including head
and neck squamous cell carcinoma, cholangiocarcinoma and
gastrointestinal stromal tumor.50–52 Despite that miR-494 over-
expression did not affect cell proliferation in the Namalwa
Burkitt’s lymphoma cell line,54 its functional role in DLBCL
remains to be investigated.

Deregulation of miRNA processing factors in DLBCL
Different studies have shown the involvement of miRNA
machinery genes in tumor development.19,20,55,56 Here, we
found a significant over-expression of TARBP2 in de novo DLBCLs
as compared with LNs, and decreased expression of DROSHA,
DICER, TARBP2 and PACT in transformed than de novo DLBCLs.

TARBP2 is known to interact with DICER and is involved in the
processing of precursor miRNAs to mature miRNAs.7 We
therefore investigated whether deregulation of TARPB2
expression affects miRNA biogenesis in DLBCL. Using miR-155
and miR-146a as examples, we showed higher processing
efficiency of pre-miRNAs in de novo DLBCLs in comparison to
LNs and transformed DLBCLs. However, the expression levels of
the pri-miRNA transcripts were similar between the DLBCLs (de
novo and transformed cases) and LNs. In addition, previous
studies have shown that altered TARBP2 expression in colorectal
cancer cell lines could affect, among others, the maturation of
miR-29b and members of let-7 family.20,57 Our findings suggest
that over-expression of TARBP2 in de novo DLBCLs may
contribute to miRNA deregulation.

Furthermore, we showed that inhibition of TARBP2 expres-
sion decreases cell viability and increases cell death in DLBCL
cell lines, implying a tumorigenic role of TARBP2 in this tumor
type. In line with our findings, over-expression of TARBP2
enhances cell proliferation and transformation in both cell
culture systems and mouse models.58,59 On the contrary,
restoration of TARBP2 expression in colorectal cancer cells
reduces cell viability and malignancy in vitro and in vivo,
supporting its role as a tumor suppressor in colorectal
cancer.20 Together, these findings may suggest a tumor
specificity of TARBP2 deregulation and function in different
cancer types.

In summary, we identified miRNA signatures that are specific
for DLBCLs, histological and molecular subtypes. We also show
that deregulation of miRNA-processing factors may be involved
in the development of DLBCL. In particular, we demonstrate a
potential oncogenic role of TARBP2 in DLBCL development.
Our study highlights the clinical impact of miRNAs and the

0

2

4

6

8

0.6

0.5

0.4

0.3

0.2

0.1

0
1
2
3
4
5
6
7
8

0
20
40
60
80

100
120
140
160
180

R
el

at
iv

e 
pr

oc
es

si
ng

 e
ffi

ce
nc

y

R
el

at
iv

e 
pr

oc
es

si
ng

 e
ffi

ce
nc

y
LNs

(n = 5)

miR-146amiR-155

0.0

10

12

14

16

18

DLBCL-t
(n = 13)

de novo
DLBCL
(n = 56)

LNs
(n = 5)

DLBCL-t
(n = 13)

de novo
DLBCL
(n = 56)

One-way ANOVA, P = 0.06 One-way ANOVA, P = 0.06

*** ***
*** **

LNs
(n = 5)

de novo DLBCLs
(n = 56)

DLBCL-t
(n = 13)

0.7
Pri-miR-146a
Pri-miR-155

P
ri-

m
iR

-1
55

 r
el

at
iv

e 
ex

pr
es

si
on

P
ri-

m
iR

-1
46

a 
re

la
tiv

e 
ex

pr
es

si
on

Figure 6. Deregulation of miRNA machinery affects miRNA proces-
sing in DLBCLs (cohort 1). (a) Histograms show a significantly higher
miRNA processing efficiency for both miR-155 and miR-146a in
de novo DLBCLs as compared with transformed DLBCLs and LNs.
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groups and Po0.05 was considered significant. **Po0.01;
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involvement of miRNA machinery factors in the pathogenesis
of DLBCL.
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