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INTRODUCTION
The BCL6 proto-oncogene encodes a tran-
scriptional repressor required for germinal cen-
ter (GC) formation. In mature B cells, BCL6 
expression is restricted to the GC stage by a tightly 
controlled transcriptional and posttranscrip-
tional regulation (Basso and Dalla-Favera 2012). 
Deregulation of BCL6 expression has been im-
plicated in lymphomagenesis via multiple mech-
anisms, including chromosomal translocations 
that prevent its transcriptional repression (Ye  
et al., 1995; Chen et al., 1998), defective protein 
degradation caused by inactivating mutations 
and deletions in the FBXO11 gene (Duan  
et al., 2012), and reduced acetylation-mediated 
inactivation caused by genetic alterations in 
acetyltransferase genes (CREBBP and EP300; 
Pasqualucci et al., 2011). The deregulated ex-
pression of BCL6 has been shown to contrib-
ute to lymphomagenesis in mice (Cattoretti  
et al., 2005).

The identification of the BCL6 transcrip-
tional network is an essential step toward the 
understanding of the role of BCL6 in normal 
B cell development and in lymphomagenesis. 

Recent genome-wide analyses have identified 
a large number of BCL6 direct target genes 
and have shown that BCL6 represses critical 
pathways for GC development including the 
response to DNA damage, cell activation, and 
differentiation (Ci et al., 2009; Basso et al., 
2010). Nonetheless, much less is known about 
the role of BCL6 in regulating microRNA 
(miRNA) expression, a mechanism by which 
BCL6 would be able to positively regulate, as 
opposed to only repress, gene expression in 
GC B cells.

In this paper, we identify a set of miRNAs 
whose expression is repressed by BCL6, lead-
ing to a positive regulation of their target genes. 
In particular, we characterize the direct repression 
of miR-155 and miR-361 by BCL6 and inves-
tigate the downstream consequences of these 
interactions. MiR-155 is produced from the 
nonprotein coding transcript of the MIR155HG 
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The BCL6 proto-oncogene encodes a transcriptional repressor that is required for germinal 
center (GC) formation and whose de-regulation is involved in lymphomagenesis. Although 
substantial evidence indicates that BCL6 exerts its function by repressing the transcription 
of hundreds of protein-coding genes, its potential role in regulating gene expression via 
microRNAs (miRNAs) is not known. We have identified a core of 15 miRNAs that show 
binding of BCL6 in their genomic loci and are down-regulated in GC B cells. Among BCL6 
validated targets, miR-155 and miR-361 directly modulate AID expression, indicating that 
via repression of these miRNAs, BCL6 up-regulates AID. Similarly, the expression of addi-
tional genes relevant for the GC phenotype, including SPI1, IRF8, and MYB, appears to be 
sustained via BCL6-mediated repression of miR-155. These findings identify a novel mech-
anism by which BCL6, in addition to repressing protein coding genes, promotes the expres-
sion of important GC functions by repressing specific miRNAs.
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2010). The results revealed that the predicted targets of 6 of 
the 15 miRNAs were significantly enriched among genes 
up-regulated concurrently with BCL6, suggesting that the 
negative modulation of BCL6 on the miRNAs contributes to 
release the expression of their targets (Fig. 1 b and Table S1). 
Consistent with a positive correlation between the miRNA 
targets and BCL6, none of the 15 miRNAs displayed enrich-
ment of its targets among genes that are up-regulated upon 
BCL6 silencing (Fig. 1 b and Table S1). Among the six miRNAs 
highlighted by this analysis, two (miR-155 and miR-361-5p) 
had their targets displaying a significant enrichment among 
genes up-regulated in the presence of BCL6 in both the 
BCL6 silencing assay and in the GC versus non-GC B cell 
comparison, thus identifying them as the top candidates for 
further investigation (Fig. 1 b and Table S1). Thus, miR-155 and 
miR361-5p control a set of targets that are significantly enriched 
for genes coexpressed with BCL6, consistent with a physio-
logical role as mediators of BCL6 activity in GC B cells.

(previously known as BIC) gene, which was originally iden-
tified as a recurrent site of integration of the avian leukosis 
virus in chicken lymphomas (Clurman and Hayward 1989; 
Tam et al., 1997; Tam, 2001). In B cells, miR-155 has been 
shown to modulate the expression of AICDA (also known as 
AID; Dorsett et al., 2008; Teng et al., 2008), as well as of 
other genes important for the GC reaction, including those 
involved in differentiation, such as SPI1 (Vigorito et al., 
2007) and CEBPB (Costinean et al., 2009), in B cell migra-
tion, such as HGAL (Dagan et al., 2012), in TGFB1 and 
BMP signal transduction, such as SMAD5 (Rai et al., 2010), 
and in BCR and PI3K signaling, such as SHIP1 (Costinean 
et al., 2009; Pedersen et al., 2009). Accordingly, mice lacking 
miR-155 display a reduced number of GC B cells and com-
promised affinity maturation (Rodriguez et al., 2007; Thai  
et al., 2007), whereas mice engineered to constitutively express 
miR-155 in mature B cells show an increase in GC B cells and 
an enhanced antibody response (Thai et al., 2007). Conversely, 
much less is known about miR-361, which is embedded in the 
CHM gene. CHM encodes a subunit of a Rab geranylgeranyl 
transferase and is known for its genetic inactivation in choroi-
deremia (van den Hurk et al., 1997), but neither CHM nor 
miR-361 have a defined function in B cells.

Here we show that, via direct repression of miR-155 and 
miR-361, BCL6 positively regulates the expression of their tar-
get genes, including AID and other factors involved in the 
maintenance of the GC phenotype. The results identify a 
broader role of BCL6 in GC formation and lymphomagenesis.

RESULTS
BCL6 transcriptionally modulates  
miRNA expression in GC B cells
To identify BCL6 target genes in normal GC B cells, we pre-
viously used an integrated approach combining genome-
wide chromatin immunoprecipitation (ChIP; ChIP-on-chip) 
analysis to identify promoter regions bound by BCL6, and 
gene expression profiling to detect protein-coding genes down-
regulated in GC (Basso et al., 2010). Here, we undertook a 
similar approach to identify, in normal GC B cells, candidate 
BCL6 targets among miRNA genes. Toward this goal, ChIP-
on-chip data (Basso et al., 2010) were integrated with miRNA 
expression profiling (Basso et al., 2009), leading to the identifi-
cation of 15 miRNA down-regulated in GC B cells compared 
with naive and/or memory B cells and displaying evidence of 
BCL6 binding in their regulatory regions (Fig. 1 a).

To identify miRNAs of physiological relevance for the 
BCL6 program, we analyzed whether the genes computation-
ally predicted as targets of these 15 miRNAs were dynamically 
connected with BCL6, i.e., up-regulated in GC B cells as a 
consequence of miRNA repression. Genes predicted, by both 
TargetScan (Lewis et al., 2005) and Miranda-mirSVR (John  
et al., 2004; Betel et al., 2010) algorithms, to be modulated by 
the 15 miRNAs were investigated by gene set enrichment analy-
sis (GSEA; Subramanian et al., 2005) in the expression profiles 
of a B cell line subjected to BCL6 silencing and in the expression 
profiles of normal GC versus non-GC B cells (Basso et al., 

Figure 1. Identification of miRNAs that are candidate targets 
of BCL6 repression in GC B cells. (a) Identification of 15 miRNAs down-
regulated in GC B cells, as detected by miRNA expression profiling 
(miREP), and displaying binding of BCL6 in their promoters (by genome-
wide ChIP-on-chip). (b) GSEA was performed on the miRNA targets  
predicted by both the TargetScan and SVR algorithms. miR-155 and  
miR-361-5p display a significant enrichment of their targets in genes  
up-regulated in presence of BCL6 in a B cell line subject to BCL6 silencing 
and in normal GC compared with non-GC B cells.

http://www.jem.org/cgi/content/full/jem.20121387/DC1
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et al., 2003; Thai et al., 2007). Furthermore, previous studies 
have shown that miR-155 is induced by BCR signaling (van 
den Berg et al., 2003), whereas CD40 and BCR engagement 
leads to BCL6 down-regulation both at RNA and protein 
level (Niu et al., 1998; Basso et al., 2004). Initial experiments 
showed that although miR-361 was not induced by CD40 
and BCR engagement in GC-derived cell lines, miR-155 
expression was positively affected by these signals (unpub-
lished data). Thus, we engineered a Burkitt lymphoma cell 
line (Raji) to inducibly express a BCL6 mutant (BCL6PEST) 
insensitive to down-regulation by combined CD40/BCR 
signaling (Niu et al., 1998), and we tested the effect of con-
stitutive BCL6 expression on the induction of the miRNA 
by the activation stimuli. CD40 and BCR engagement posi-
tively affected miR-155 expression, whereas its induction was 
abrogated in the presence of BCL6PEST (Fig. 2, e and f), 
indicating that constitutive BCL6 expression negatively modu-
lates the induction of endogenous miR-155.

Taken together, these results demonstrate that BCL6 
directly trans-represses miR-155 in GC B cells. Although we 
cannot conclusively prove that miR-361 is a direct BCL6 tran-
scriptional target, the binding of BCL6 in the miR-361 locus 
and the down-regulation observed in normal GC B cells 
(followed by a slight induction in the light zone GC B cells, in 
association with BCL6 down-regulation in the same cells) 
suggest that miR-361 expression is modulated by BCL6.

BCL6-mediated miRNA repression leads to positive 
regulation of miRNA target genes
The trans-repressive activity of BCL6 on its miRNA targets 
becomes physiologically relevant if it is able to sustain the  
expression of genes that are negatively modulated by these 
miRNAs. To test this hypothesis, we first identified miR-
155 and miR-361 candidate targets using the TargetScan 
(Lewis et al., 2005) and Miranda-mirSVR (John et al., 2004; 
Betel et al., 2010) algorithms and considered only the com-
mon predictions (Table S3). Several candidates, selected 
based on their relevance for GC biology, were then tested for 
their responsiveness to miR-155 and/or miR361 in the 
Burkitt lymphoma cell lines P3HR1 and Raji engineered to 
inducibly express miR-155 or miR-361. This approach al-
lowed us to validate in human B cells miR-155 targets previ-
ously reported in mouse, including AID and SPI1 (Vigorito 
et al., 2007; Dorsett et al., 2008; Teng et al., 2008), and to iden-
tify novel GC-relevant candidates such as IRF8 and MYB 
(Fig. 3 a). Notably, AID was also identified as a candidate tar-
get of miR-361-5p (Fig. 3 b). As expected for miRNA tar-
gets, these candidates display a very modest down-regulation 
at the transcriptional level but a significant reduction in pro-
tein levels upon miRNA induction in B cells (Fig. 3, a and b). 
The direct inhibition of AID by both miRNAs was further 
demonstrated by 3-UTR reporter assay in which the pres-
ence of the full-length AID 3-UTR downstream of a re-
porter gene was associated with a dose-dependent reduction 
of the reporter activity in presence of miR-361 or miR-155 
(Fig. 3c). Mutation of the predicted miR-155 (consistent 

BCL6 binds to and represses transcription  
of the miR-155 and miR-361 loci
To conclusively elucidate the mechanism of miR-155 and 
miR-361 regulation by BCL6, we first confirmed, by qChIP 
analysis, the binding of BCL6 detected by ChIP-on-chip at 
these loci in normal GC B cells. ChIP-on-chip analysis 
mapped BCL6 binding in intron 2 of the miR-155 host gene 
(MIR155HG), but its promoter region was not represented 
on the array used for this analysis. Investigation of the 5 re-
gion of MIR155HG by qChIP detected an additional region 
of BCL6 binding within a 300 bp segment 5 of the TSS 
(Fig. 2 a). Similarly, BCL6 binding was detected by ChIP-
on-chip and confirmed by qChIP in the promoter of the 
miR-361 host gene CHM (region D; 432/+168 bp) and in 
its intron 9 (region E) 4 Kb upstream of miR-361coding 
region (Fig. 2 b). In conclusion, ChIP analyses showed that 
BCL6 is bound in normal GC B cells to the MIR155HG and 
CHM promoters and to intronic regions upstream of the 
miR-155 and miR-361 coding sequences.

The BCL6-bound genomic regions included a substantial 
number (range 8–11) of predicted BCL6 binding sites, 92% 
of which appeared to be conserved in mammals (Table S2). 
To determine whether BCL6 binding to miR-155 and miR-
361 loci could result in transcriptional repression, the relevant 
regions bound by BCL6 (Fig. 2, a and b) were subcloned up-
stream of a luciferase reporter gene, and their responsiveness 
to BCL6 was tested in transient transfection/reporter assays. 
The MIR155HG promoter region (region A) and the CHM 
intron 9 region (region E) displayed a significant dose- 
dependent BCL6 repression, whereas BCL6 mutants lacking 
the ability to bind DNA (BCL6ZF) or to recruit corepressor 
complexes (BCL6ZF) were impaired in their repression 
(Fig. 2, c and d), indicating that trans-repression was depen-
dent on DNA binding and BCL6 corepressor complex for-
mation. The MIR155HG intronic region (region B) and the 
CHM promoter (region D) were also modestly responsive to 
BCL6 repression activity in this reporter assay (Fig. 2, c and d). 
These results indicate that BCL6 can repress miR-155 and 
miR-361 by binding to regulatory regions in their loci.

To demonstrate that BCL6-mediated repression of its 
miRNA targets can occur in physiological conditions, we 
tested whether variations in the levels of BCL6 can affect the 
expression of the endogenous miRNA loci. Toward this end, 
we first investigated the effects of BCL6 silencing in GC-
derived lymphoma cell lines characterized by high BCL6 and 
low miR-155 and miR-361 expression. Because no or very 
modest derepression of miR-155 and miR-361 was detected 
upon BCL6 silencing (unpublished data), we reasoned that 
removal of repression might be insufficient for target induc-
tion in the absence of activating stimuli. This hypothesis was 
supported by the observation that the expression of both 
miR-155 and miR-361 is increased in GC B cells located in 
the light zone (unpublished data), the site of extensive signal-
ing from the GC microenvironment (Victora et al., 2010, 
2012), and by previous studies on high expression of miR-
155 in activated B cells but not in resting cells (van den Berg 

http://www.jem.org/cgi/content/full/jem.20121387/DC1
http://www.jem.org/cgi/content/full/jem.20121387/DC1
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Figure 2. BCL6 binds to regulatory regions in MIR155HG and CHM loci and transcriptionally regulates miR-155 and miR-361 expression. 
(a) Schematic representation of the MIR155HG locus and relative fold enrichment as detected by ChIP for BCL6 followed by quantitative PCR (qChIP) 
analyses. The bound regions, A and B, are located in the promoter and in intron 2 of the MIR155HG locus, respectively; a region of not binding in the 
same locus (region C) was used as a negative control. The results are displayed as means and SD of two independent experiments, each performed in 
triplicates. Region A, P = 0.0006; region B, P = 0.005, Student’s t test. (b) Schematic representation of the CHM locus and relative fold enrichment as 
detected by qChIP analysis. The bound regions, D and E, are located in the promoter and in intron 9 of the CHM locus, respectively; a region of not binding  
in the same locus (region F) was used as a negative control. BCL6 binding to its own promoter (BCL6) and in the actin locus were used as positive and 
negative controls, respectively. The results are displayed as means and SD of two independent experiments, each performed in triplicates. Region D,  
P = 0.02; region B, P = 0.003, Student’s t test. (c and d) Promoter luciferase assays were performed to test the responsiveness to BCL6 repression of the 
bound regulatory regions in the MIR155HG (c) and in the CHM genes (d). The results are displayed as relative luciferase activity of the reporter constructs 
in presence of increasing amount of wild-type BCL6, or the maximum amount of its mutants (BCL6-ZF and BCL6ZF), compared with the reporter basal 
activity, normalized to renilla activity. The displayed means and SD are from three independent experiments, each performed in duplicates. Statistically 
significant changes were measured for the reporter constructs subjected to the highest dose of BCL6 compared with the reporter vector lacking the 
tested regions (empty) and to the same setting using the BCL6 mutants (region A vs. empty, P = 0.04, vs. BCL6ZF, P = 0.01, vs. BCL6ZF, P = 0.02; region 
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of three each of wild-type and I-HA-BCL6 littermate mice 
and subjected to protein and RNA analyses. Protein expres-
sion of AID was indeed modestly, but significantly, increased 
in the I-HA-BCL6 mice in the absence of changes in its 
mRNA levels (Fig. 5, b and c). Similarly, a significant in-
crease in protein expression was observed for MYB and 
IRF8, whereas SPI1 showed a trend that did not reach statis-
tical significance (Fig. 5, b and c).

Thus, deregulated BCL6 expression leads to transcrip-
tional repression of miRNAs, which, in turn, is associated 
with the up-regulation of their target genes in vivo. Although 
it cannot be excluded that these relationships are more indi-
rect and depend upon other BCL6-induced changes in GC 
biology, these data are consistent with a miR-155–mediated 
effect of BCL6.

DISCUSSION
A first result of this study is the demonstration that the 
BCL6 transcriptional repressor can directly target and repress 
miRNA expression. This function is mechanistically consis-
tent with its demonstrated activity as a transcriptional modu-
lator of hundreds of genes in the GC (Ci et al., 2009; Basso 
et al., 2010) and significantly broadens the BCL6 biological 
program both quantitatively and qualitatively. In fact, via re-
pression of a specific subset of miRNAs, BCL6 can influence 
the expression of a much larger set of genes and therefore GC 
cellular pathways. In addition, the transcriptional repression 
of miRNAs allows BCL6 to contribute to the GC pheno-
type, not only through repression of direct targets but also by 
positively influencing the expression of a wholly distinct set 
of genes. Given the one-step indirect mechanism linking 
BCL6 to its miRNA-modulated targets, BCL6 may act to 
sustain, rather than to induce, the expression of those genes 
that are negatively regulated by the miRNAs. Although the 
results shown here provide a paradigm for this novel BCL6 
function by identifying a subset of 15 candidate miRNA tar-
gets and by focusing on the validation of two such candidates, 
they represent the basis for a comprehensive investigation of 
the miRNA-mediated gene regulation program of BCL6.

The identification of miR-155 as a direct BCL6 target has 
several important implications for GC biology. First, by mod-
ulating the expression of this miRNA, BCL6 contributes to a 
fine tuning of its level of expression, a critical function during 
the GC reaction given that deregulation of miR-155 in mouse 
GC B cells can interfere with the selection of B cells express-
ing high affinity antigen receptors (Rodriguez et al., 2007; 
Thai et al., 2007). Second, the specific modulation of AID 
by miR-155 and miR-361 suggests a coordinated activity of 

with previous studies [Dorsett et al., 2008; Teng et al., 2008]) 
and/or miR361 binding sites in the AID 3-UTR rescued 
the repression induced by the miRNAs (Fig. 3 c), demon-
strating that both miR-155 and miR-361-5p directly target 
AID. The direct repression of IRF8 and MYB by miR-155 
was demonstrated in an analogous assay (Fig. 4, d and e).

To further investigate the physiological relevance of the 
direct relationship between BCL6 and the targets of miR-
155 and miR-361, we examined whether BCL6 and selected 
miRNA target genes were coexpressed in normal human 
lymphoid tissues by immunofluorescence analysis. Consistent 
with the modulation of miR-155 and miR-361 by BCL6, 
the miRNA targets AID, SPI1, and IRF8 were largely co-
expressed with BCL6 in GC B cells (Fig. 4; coexpression 
of BCL6 and MYB could not be assessed because of the 
unavailability of suitable antibodies). Notably, the subset of 
B cells located in the GC light zone that down-regulate BCL6 
expression and induce the plasmablastic marker IRF4 dis-
played absent or reduced expression of the miRNA targets 
(Fig. 4). Overall, these data show a direct and specific rela-
tionship in GC B cells between BCL6 and the targets of 
miR-361 and/or miR-155, consistent with a BCL6-mediated 
contribution to their expression via miRNA inhibition.

BCL6 deregulation affects the expression  
of miR-155 and its targets in vivo
To further investigate the relationship between BCL6 and its 
miRNA targets in vivo, we analyzed the expression levels of 
miR-155 and miR-361 in transgenic mice constitutively ex-
pressing the BCL6 oncogene in GC B cells (I-HA-BCL6 
mice; Cattoretti et al., 2005). In these mice, the constitutive 
expression of the BCL6 gene, placed under the control of the 
immunoglobulin I promoter to mimic a translocation found 
in human diffuse large B cell lymphoma (DLBCL), leads to 
increased GC formation, perturbed post-GC differentiation, 
and, ultimately to DLBCL development (Cattoretti et al., 
2005). Analysis of purified GC B cells from these mice at a 
young age (3 mo old, 1 yr before tumor development) re-
vealed a significant reduction of miR-155 expression consis-
tent with the slight increase in BCL6 levels (Fig. 5, a and b). 
MiR-361 expression was undetectable in GC B cells from 
littermate wild-type mice and, therefore, de-regulated BCL6 
expression provided no further repressive effect. These results 
showed that in vivo de-regulation of BCL6 is associated with 
reduced miR-155 expression in GC B cells.

To test whether the reduced miR-155 levels in I-HA-
BCL6 mice would be associated with changes in the expres-
sion of miR-155 targets, GC B cells were isolated from pools 

B vs. empty, P = 0.03, vs. BCL6ZF P = 0.0004, vs. BCL6ZF, P = 0.0008; region D vs. empty, P = 0.5 n.s., vs. BCL6ZF, P = 0.006, vs. BCL6ZF, P = 0.02;  
region E vs. empty, P = 0.002, vs. BCL6ZF, P = 0.0004, vs. BCL6ZF, P = 0.001, Student’s t test). (e) miR-155 qRT-PCR performed in Raji cells engineered to 
inducibly (upon doxycycline treatment, Dox) express an empty vector (EV) or the BCL6PEST mutant and treated as indicated. The results are displayed as 
miR-155 fold change relative to the IgM/CD40-untreated cells (mean ± SD, n = 3). The miR-155 expression changes upon stimulation are significantly 
different in presence of BCL6PEST (P = 1.5 × 107, Student’s t test). (f) Detection of BCL6 (endogenous, endo; exogenous, exo) and -actin by immuno-
blotting in the BCL6PEST inducible cell lines displayed in e.
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Figure 3. miR-155 and miR-361 target GC-relevant genes, including AICDA. (a) The effect of induction of miR-155 by doxycycline (Dox) treat-
ment in engineered Burkitt’s lymphoma cell lines (P3HR1 and Raji) on the expression of AICDA, SPI1, IRF8, and MYB, as detected by immunoblotting (left). 
The right panel represents the relative fold changes obtained in three independent experiments (mean ± SD, n = 3; *, P ≤ 0.05, Student’s t test). (b) Effects 
of miR-361 induction on AICDA protein levels. Normalized relative fold change in protein levels are reported below each lane. The right panel represents 
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the miR-155 targets suggests that in addition to its well 
characterized repression functions, BCL6 contributes to the 
establishment and/or maintenance of the GC phenotype by 
sustaining specific biological programs. Notably, the expres-
sion of BCL6 and miR155 appears to be modulated coordi-
nately as part of a broader regulatory circuit in which the 
stimuli that down-regulate BCL6 in the light zone of the GC, 

BCL6 in sustaining high levels of AID expression in GC  
B cells undergoing somatic hypermutation and class-switch 
recombination of their immunoglobulin genes (Victora and 
Nussenzweig 2012). Third, the presence of transcription fac-
tors important for GC development, such as IRF8 (Lee et al., 
2006), SPI1 (Garrett-Sinha et al., 1999; Vigorito et al., 2007), 
and MYB (Thomas et al., 2005; Lefebvre et al., 2010), among 

the relative fold changes obtained in three independent experiments (mean ± SD, n = 3; *, P ≤ 0.05, Student’s t test). (c) AICDA-3UTR reporter assay in 
response to increasing amount of miR-155 and miR-361. On the right, schematic representation of the regions in the AICDA-3UTR (AICDA-3UTR WT) 
that are targeted by miR-155 and miR-361 and their alignments with the miRNA sequences. The mutations introduced in the mutant UTRs (AICDA-3UTR 
Mut) are displayed below (mutated nucleotides are in capital letters). The results are displayed as relative luciferase activity of the reporter construct in 
presence of increasing amount of miRNA compared with its basal activity, upon normalization by renilla activity (mean ± SD, n = 3). Statistically signifi-
cant changes were analyzed only for the wild type compared with the mutated UTRs in the presence of the highest dose of miRNA (miR-361, P = 0.001; 
miR-155, P = 1 × 105, Student’s t test). (d) IRF8-3UTR reporter assay in response to increasing amount of miR-155. On top, schematic representation is 
shown of the region in the IRF8-3UTR (IRF8-3UTR WT) that is targeted by miR-155 and its alignments with the miRNA sequence. The mutations intro-
duced in the mutant UTRs (IRF8-3UTR Mut) are displayed below (mutated nucleotides are in capital letters). The results are displayed as relative lucifer-
ase activity of the reporter construct in presence of increasing amount of miRNA compared with its basal activity, upon normalization by renilla activity 
(mean ± SD, n = 3). Statistically significant changes were analyzed only for the wild type compared with the mutated UTRs in the presence of the highest 
dose of miRNA (*, P < 0.05, Student’s t test). (e) MYB-3UTR reporter assay in response to increasing amount of miR-155. On top, schematic representa-
tion is shown of the regions in the MYB-3UTR (MYB-3UTR WT) that are targeted by miR-155 and their alignments with the miRNA sequence. The muta-
tions introduced in the mutant UTRs (MYB-3UTR Mut) are displayed below (mutated nucleotides are in capital letters). The results are displayed as 
relative luciferase activity of the reporter construct in presence of increasing amount of miRNA compared with its basal activity, upon normalization by 
renilla activity (mean ± SD, n = 3). Statistically significant changes were analyzed only for the wild type compared with the mutated UTRs in the presence 
of the highest dose of miRNA (*, P < 0.05, Student’s t test).

 

Figure 4. BCL6 is coexpressed with miR-155 
and miR-361 targets in normal lymphoid tissue. 
Immunofluorescence costaining of BCL6 and AICDA, 
SPI1, or IRF8 in normal lymphoid tissue. A represen-
tative GC is displayed. IRF4 is used to identify late GC 
cells that have down-regulated BCL6; CD20 is used as 
a B cell marker. Arrows point to representative cells 
that show coexpression (yellow arrows) or lack of 
expression (white arrows) for BCL6 and the miRNA 
targets. Scale bars: (top) 100 µm; (insets) 10 µm.
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cause the accumulation of genetic damage and promote 
BCL6-driven lymphomagenesis in mice (Pasqualucci et al., 
2008). Furthermore, the same mechanism supports the con-
tinued expression of transcription factors that interfere with 
plasma cell differentiation (Carotta et al., 2010), a second pro-
cess involved in malignant transformation. Based on these  
observations, the miRNA-mediated function of BCL6 in 
sustaining gene expression may be a relevant component of 
its action as an oncogene in lymphomagenesis.

MATERIALS AND METHODS
Primary cells, cell lines, and treatments. Purification of GC B cells was 
performed as previously reported (Klein et al., 2003) using magnetic cell 
sorting of mononucleated cells obtained from human tonsils. GC dark zone 
and light zone subpopulations were isolated from tonsillar mononucleated 
cells as previously reported (Victora et al., 2012). Murine GC cells were iso-
lated from splenic mononucleated cell suspension by flow cytometric cell 
sorting upon staining with CD45R/B220-PercP (BD), PNA-FITC (Vector 
Laboratories), and CD95-PE (BD) antibodies. P3HR1 and Raji (Burkitt 
lymphoma cell lines) and HEK-293T (human embryonic kidney cell line) 
were obtained from American Type Culture Collection and maintained at 
the recommended concentration in IMDM and DMEM medium, respec-
tively, supplemented with 10% fetal bovine serum and antibiotics. CD40 and 
BCR stimulation was performed using 5 µg/ml anti-CD40 (G28.5) and 
10 µg/ml IgM (SouthernBiotech) antibodies for 24 h. P3HR1 and/or Raji 
cell line with inducible expression of miR-155, miR-361, or BCL6-PEST 
were established by electroporation of the corresponding pRTS1-expressing 
vectors. The stable inducible cell lines were obtained upon selection with 
puromycin. The pRTS1 vector includes a bidirectional promoter, which al-
lows simultaneous expression of the gene of interest along with GFP. Induc-
ibility was assessed 24 and 48 h upon doxycycline treatment by measuring 
GFP levels flow cytometrically and miR-155, miR-361, or BCL6 expres-
sion by qRT-PCR and immunoblotting, respectively.

Plasmids and reporter assays. DNA fragments encoding a mutant BCL6 
lacking the PEST domain (BCL6-PEST; Niu et al., 1998), as well as the 
miR-155– or the miR-361–encoding genomic regions were inserted in the 

namely BCR and CD40 signaling, also induce the expression 
of miR-155 (Niu et al., 1998; van den Berg et al., 2003; Basso 
et al., 2004; Saito et al., 2007). This circuit allows the coordi-
nated switching off of GC-specific players, such as BCL6 and 
AID, as well as the down-regulation of transcription factors 
(e.g., IRF8 and SPI1) that maintain the GC phenotype while 
preventing plasma cells differentiation.

Finally, these results have implications for the role of both 
BCL6 and miR-155 in lymphomagenesis. The observations 
that the MIR155HG locus is a recurrent site of integration of 
the avian leukosis virus in chicken lymphomas (Clurman and 
Hayward 1989; Tam et al., 1997; Tam, 2001) and that several 
types of cancer, including a subset of DLBCL, have high levels 
of miR-155 expression (Eis et al., 2005; Volinia et al., 2006), 
have led to the hypothesis that miR-155 may act as a dominant 
oncogene. Indeed, E-miR-155 transgenic mice display a block 
at the pre–B cell stage of differentiation and develop acute 
lymphoblastic leukemia (Costinean et al., 2009), demonstrating 
that miR-155 de-regulation in early B cell development can be 
oncogenic. However, the results presented here suggest that 
miR-155 may have oncosuppressive functions in GC B cells, at 
least through its negative modulation of AID. In support of this 
notion, mice carrying mutations in their AID 3UTR impair-
ing miR-155–mediated repression display an increased number 
of AID-induced translocations (Dorsett et al., 2008).

Although multiple genetic and epigenetic mechanisms 
have been identified to deregulate BCL6 expression in  
DLBCL and follicular lymphoma, their common functional 
denominator is the prevention of the physiological suppres-
sion of BCL6 expression at the end of the GC reaction 
(Basso and Dalla-Favera 2012). Thus, aberrant BCL6 activ-
ity contributes, via miR-155 and miR-361 repression, to sustain 
the expression of AID, an event which has been shown to 

Figure 5. BCL6 de-regulation affects 
the expression of miR-155 and its targets 
in vivo. (a) miR-155 expression in GC B cells 
purified from I-HA-BCL6 transgenic mice 
compared with wild-type (WT) littermate mice 
as shown by qRT-PCR (P = 0.04, Student’s  
t test). Means and SD are calculated from five 
pools of wild-type and seven pools of  
I-HA-BCL6 mice (each pool includes GC B cells 
isolated from two to three mice). (b) Immuno-
blotting for miR-155 targets in purified GC  
B cells isolated from three independent pools of 
wild-type (WT) and I-HA-BCL6 littermate 
mice (each pool includes three mice). Relative 
protein fold changes, normalized by actin  
expression, are reported below each lane.  
(c) Protein (top) and mRNA (bottom) fold change 
relative to the wild-type mice are displayed 
upon normalization by actin expression (mean ± 
SD, n = 3). mRNA levels were detected by 
quantitative RT-PCR on the same samples 
displayed in b. (*, P < 0.05, Student’s t test).
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(N3; Santa Cruz Biotechnology, Inc.), anti-IRF4 (M17; Santa Cruz Bio-
technology, Inc.), anti-AICDA (mAID-2; eBioscience), anti-IRF8 (sc-6058; 
Santa Cruz Biotechnology, Inc.), anti-CD20 (Ab-1; NeoMarkers), anti-
SPI1 (sc-352; Santa Cruz Biotechnology, Inc.), PE-conjugated anti-BCL6 
(BD), CyTM-3–conjugated donkey anti–rabbit IgG (DARb-Cy3; Jackson 
ImmunoResearch Laboratories), biotin donkey anti–goat IgG (DAGt-bio; 
Jackson ImmunoResearch Laboratories), biotin donkey anti–rat IgG (South-
ern Biotech), biotin horse anti–mouse IgG (Vector Laboratories); Alexa 
Fluor 350–conjugated avidin (Life Technologies), fluorescein-conjugated 
avidin (Life Technologies), and peroxidase-labeled avidin (Avidin-HRP; 
Vector Laboratories). IRF8 and SPI1 were detected using the TSA Plus Fluor-
escein kit (Perkin Elmer) according to the manufacturer’s instructions. 
Paraffin-embedded formalin-fixed 3–5 µm sections were dewaxed in xylene 
and rehydrated in decreasing concentration of ethanol. Antigens were un-
masked by heat-induced antigen retrieval in citrate buffer, pH 6.0, or EDTA 
buffer, pH 8.0. Stainings were performed as previously described (Cattoretti 
et al., 2006). Endogenous peroxidase and biotin were blocked as reported. 
Primary antibodies were incubated overnight at 4°C. Stained tissues were 
imaged using a fluorescence microscope (Eclipse E400; Nikon).

Statistical analysis. The statistics provided in the GSEA (including  
p-value, normalized p-value, and false discovery rate) were calculated using 
the GSEA software (Subramanian et al., 2005).

Online supplemental material. Table S1 reports the results of the 
GSEA in a cell line subjected to BCL6 silencing and in normal GC 
versus non-GC B cells for the miRNA targets commonly predicted by 
Miranda-SVR and TargetScan. Table S2 displays the BCL6 binding motifs  
identified in the BCL6 bound regions displayed in Fig. 2. Table S3  
includes the miR-155 and miR-361-5p targets predicted by both Miranda-
SVR and TargetScan algorithms. The primers used in this work are listed 
in Table S4. Online supplemental material is available at http://www.jem 
.org/cgi/content/full/jem.20121387/DC1.
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