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Abstract
Myocyte enhancer-binding factor 2B (MEF2B) has been implicated as a transcriptional regulator for BCL6. However, details
about the interaction between MEF2B and BCL6 during expression, as well as the relationship of MEF2B to the expression
of other germinal center (GC) markers, have not yet been fully explained. Using germinal center B-cell-like diffuse large B-
cell lymphoma (GC-DLBCL) and activated B-cell diffuse large B-cell lymphoma (ABC-DLBCL) cell lines, we analyzed the
expression of MEF2B and its associations with BCL6, CD10, and ERK. Furthermore, small interfering RNA (siRNA) was
used to study the possible effects of MEF2B knockdown on these proteins and cell growth. Analysis of the BCL6
transcriptional complex was performed using electrophoretic mobility shift assay. The correlation between MEF2B
expression and the genetic type of DLBCL was assessed using immunohistochemistry on 111 patient samples, and via in
silico analysis of publicly available microarray (Gene Expression Omnibus (GEO)) datasets. Our results indicate that the
expression of MEF2B protein is important for the growth of GC-DLBCL cells, as evidenced by MEF2B knockdown
inhibition of cell growth and the subsequent suppression of BCL6, CD10, and ERK phosphorylation. Analysis of BCL6
transcription factors in nuclear extracts of MEF2-expressing DLBCL cells showed involvement of MEF2B with AP-2α and
BCL6 proteins in the formation of the BCL6 gene transcriptional complex. Indeed, differential expression of MEF2B in the
GC-DLBCL is statistically significant compared to the ABC-DLBCL in the GEO datasets, as well as in tissue microarray, as
indicated via immunohistochemistry (Visco–Young algorithm). Our findings indicate that MEF2B is an essential component
of the BCL6 gene transcriptional complex for the regulation of DLBCL growth via the promotion of BCL6 expression.
Beyond its regulatory role in DLBCL growth, MEF2B expression correlated positively with BCL6 and CD10 expression,
and was preferentially expressed in the GBC-DLBCL group.
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Introduction

Diffuse large B-cell lymphoma (DLBCL) is a morpholo-
gically and genetically heterogeneous disease [1]. Using
gene expression data, DLBCL is classified into cell-of-
origin (COO) categories, primarily including the germinal
center B-cell-like group (GBC) and the activated B-cell
group (ABC) [2]. BCL6 is a master regulator in GC phe-
notype, as it is essential for GC formation [3, 4]. The
expression of wild-type MEF2B is a supposed independent
regulator of BCL6 expression [5]. GC-derived lymphoma
cells are dependent on MEF2B for growth and proliferation,
which is partially related to MEF2B control over BCL6
expression [6]. However, the exact relationship between
MEF2B and BCL6 is still poorly defined; while MEF2B
may bind to the BCL6 promoter region at a site upstream of
the BCL6 transcription start site [6]. MEF2B is not included
in the direct transcriptional targets bound by BCL6 [7].
Mutations in MEF2B are also detected in DLBCL and
follicular lymphoma cases. MEF2B mutations, in particular
homozygous deletions of MEF2B, are detected in DLBCL,
indicating its possible role as a tumor suppressor gene.
More recent data suggest that it acts as an oncogene as well
[8–10]. The limited data concerning the expression of
MEF2B with immunohistochemistry in lymphomas indicate
that MEF2B is expressed in almost all cases of follicular
lymphoma and Burkitt lymphoma, the majority of GC-
DLBCL, and a subset of non-GC-DLBCL [11, 12].

This study is designed to address the mechanistic role of
MEF2B protein in the regulation of BCL6 expression and
subsequent development and progression of DLBCL. We
performed functional analysis of MEF2B in both MEF2B-
expressing and MEF2B-deficient DLBCL lymphoma cell
lines, which revealed that MEF2B binds with AP-2-α and
BCL6 proteins while acting as a transcriptional complex for
BCL6 gene. We further showed that MEF2B induces the
expression of BCL6 when transfected into originally MEF2B-
deficient cells. Knocking down the MEF2B gene ultimately
suppressed BCL6 and CD10 expression, as well as ERK1/2
phosphorylation. We found that MEF2B expression is cor-
related with both BCL6 and CD10 expression, and using
tissue microarray, we found that it is differentially expressed
in the GC-DLBCL group (TMA) and in six Gene Expression
Omnibus (GEO) datasets of DLBCL.

Materials and methods

Human cell lines and treatments

GC-DLBCL cell lines (SU-DHL-4, SU-DHL-5, and
SU-DHL-6) and ABC-DLBCL (OCI-LY 3, HBI-1, and SU-
DHL-2) cell lines were used [13, 14, 15].

Immune blotting analysis

Protein analysis was performed using standard Western
blotting. The following antibodies were used at the indi-
cated dilution: anti-MEF2B (#HPA004734, Atlas Anti-
bodies), 1:1000; anti-BCL6 (#ab8666, Abcam), 1:1000;
anti-CD10 (#ab73409, Abcam), 1:1000; ERK1/2 (Sc-154-
G), 1:2000; and anti-p-ERK (Sc-7383), 1:1000; anti-actin
(Sc-1615), 1:2000, each from Santa Cruz Biotechnology.

Assessment of cell growth rate

The cell lines were seeded in 96-microwell plates (1 × 104

cells per well) (Nunc, Waltham, MA, USA) and allowed to
grow for the indicated time periods. The growth rate of the
MEF2B-deficient cell lines (OCI-LY 3, HBI-1, and SU-
DHL-2) was compared to that of the MEF2B-expressing
cell lines (SU-DHL-4, SU-DHL-5, and SU-DHL-6) using
the colorimetric MTT (3-(4,5-dimethythiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) assay (Roche, Bâle, Swit-
zerland) as previously described [16].

Cell cycle distribution assay

The analysis of cell cycle distribution of GC-DLBCL cell
lines (SU-DHL-4 andSU-DHL-5) and ABC-DLBCL (SU-
DHL-2) cell lines before and after the transfection with
MEF2B-specific small interfering RNA (siRNA) was per-
formed using flow cytometry [17]. Briefly, the cells (1 × 105

cells per well in six-well plate) were washed in warm
phosphate-buffered saline, and then incubated in propidium
iodide (PI, 2.5 µg/mL (Invitrogen, USA)) and RNase 1
(Invitrogen) for 30 min. The cell cycle distribution was
analyzed via flow cytometry. G1, S, and G2 phase per-
centages were recorded.

Analysis of apoptosis using the annexin V/PI

The analysis of apoptosis in GC-DLBCL cell lines (SU-
DHL-4 andSU-DHL-5) and ABC-DLBCL cell lines (SU-
DHL-2) was performed via flow cytometry using annexin
V-FITC/PI (Vybrant; Invitrogen, Karlsruhe, Germany) for
15 min at room temperature with protection from light [18].

RNA silencing

The knockdown of MEF2B and BCL6 genes was performed
according to our established protocol [19]. Briefly, the
MEF2B-expressing cell lines (SU-DHL-4, SU-DHL-5, and
SU-DHL-6) were plated for 24 h before the transfection.
Cells were transfected in serum-free RPMI with 50 nmol/L
control (siRNA negative control #SR-CL000-005
from Eurogentec, Seraing, Belgium), MEF2B siRNAs
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(predesigned Silencer select siRNA #S8650 from Ambion,
Darmstadt, Germany), or BCL6 siRNA (sc-29791, Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA). The
knockdown of MEF2B in MEF2B-expressing cells was
performed via transfection of the siRNAs (5′-CCC TGC
GCC GGC TGC CCT TG-3′ and 5′-GCC GAC GGC TGG
CCC CGG TA-3′) directed to the 3′-terminal region of
MEF2B gene (Eurofins, Germany) using Lipofectamine
2000 (Invitrogen) for the indicated time period [20]. After
assessment of MEF2B knockdown efficiency via Western
blot analysis, the cells then underwent MTT assay.

Electrophoretic mobility shift assay

The DNA-binding activity of the transcription factors was
analyzed as described previously [21]. Briefly, we used
double-stranded synthetic oligonucleotides that represent
the specific binding site of BCL6 promoter to BCL6 protein
(5′-TGT CCT GGA AAG AA-3′) and the transcription
factor AP-2α (Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA) . The double-stranded DNA consensus sequen-
ces were end-labeled with [γ-32P]ATP (Hartmann Analy-
tika, Munich, Germany) using T4 polynucleotide kinase
(Genecraft, Lüdinghausen, Germany). The DNA-binding
activity of each transcription factor was measured via
incubation of 4 µg of nuclear extracts with a labeled probe
of the transcription factor of interest in a total reaction
volume of 30 µl containing electrophoretic mobility shift
assay (EMSA)-binding buffer (10 mM Tris, pH 7.5; 50 mM
NaCl, 1 mM EDTA; 1 mM MgCl2; 0.5 mM DTT, and 4%
glycerol). The supershift assay was performed via incuba-
tion of the corresponding antibodies of AP-2α, BCL6, or
MEF2B with the nuclear extracts for 1 h prior to the incu-
bation with probe. After 30 min of incubation at room
temperature, the DNA-binding activity of the transcription
factors was analyzed via electrophoresis for 3 h at 100 V in
0.5× Tris-borate-EDTA running buffer at room temperature.
The dried gel was visualized via exposure to high-
performance autoradiography film.

Luciferase reporter assays

For the activity of BCL6 promoter assays, SU-DHL-2 and
SU-DHL-6 cells were transiently transfected with 0.25 μg of
either pGL-BCL6 combined with PCMV-MEF2B or with
its transcription-defective mutant with deletion of the DNA-
binding and dimerization domains pCMV-ΔMADSMEF2,
as used previously [6]. After 48 h, the cells were extracted
in 150 ml of luciferase lysis buffer.The collected cell lysates
were then analyzed in a MicroBeta Luminescence counter
(Perkin-Elmer Life Sciences) using a Luciferase Reporter
Assay Kit (Promega). All luciferase activities were nor-
malized to the transfection efficiency [22].

Tissue samples

This study was performed in accordance with the Institu-
tional Review Board policies of the University of Louis-
ville. A TMA was constructed from formalin-fixed,
paraffin-embedded tissue (FFPET) sections of 27 de novo
DLBCL, NOS (not otherwise specified) cases as per the
World Health Organization classification obtained from the
University of Louisville [1]. In addition, previously pre-
pared commercial TMA slides for 102 tissue cores were
acquired from Abcam (#ab178212, Cambridge, MA, USA):
97 cores from DLBCL cases and 5 reactive non-lymphoma
cores. Two board-certified pathologists (SME and ZG)
reviewed the hematoxylin and eosin- and CD20 immuno-
histochemical (IHC)-stained slides from the TMA to verify
that each met the criteria for DLBCL and verified tissue
adequacy in each core. Of these 97 DLBCL cases in the
TMA, 84 cases met the criteria for diagnosis and adequacy.
In total, 111 tissue samples were included in the study (27
FFPETs and 84 TMA cores). We were able to perform
NanoString analysis on 24 of the in-house FFPET cases to
validate the COO classification of DLBCL, as detailed
below.

Validation of the IHC COO classifier using
NanoString gene expression assay

Given the relatively small number of the cases available
to perform the NanoString assay, we elected to use the
cases as a validation set for an IHC-based classifier. We
chose the Visco–Young IHC algorithm, given its highest
concordance rate with gene expression profiling (GEP)
data among IHC algorithms [23]. In a separate study, we
validated the Visco–Young algorithm in our cohort and
profiled 24 of the in-house DLBCL cases using the
research-only version of the NanoString Lymphoma Sub-
typing Test algorithm. This was meant to determine the
COO molecular subtype. We measured the coefficient of
agreement between the NanoString and the Visco–Young
IHC classifier [24, 25].

Immunohistochemistry

IHC staining was performed on Leica Bond III autostainer
according to the previously published protocol [26]. Sec-
tions from each of the TMAs were cut and immunostained
with CD20, CD10, BCL6, and FOXP-1 (Table 1) to classify
according to Visco–Young algorithm [23]. We repeated the
IHC staining for CD20, CD10, and BCL6 on the TMA from
the 27 in-house cases to remain consistent during technical
procedures and while interpreting the commercial TMA
cases. As discussed, MEF2B is a nuclear transcription
factor with nuclear localization by immunohistochemistry
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[12, 27]. We found that the polyclonal rabbit antibody from
Atlas antibodies (HPA004734; Stockholm, Sweden) is more
suitable than the monoclonal mouse antibody from Abnova
(M24/clone 4B5; Taipei, Taiwan), the latter showed back-
ground staining in stromal cells, plasma cells, and inter-
follicular lymphocytes. With benign tonsils used as positive
controls, MEF2B is expressed strongly in the GCs with
similar staining patterns to those of CD10 and BCL6 in the
control slides (Fig. 5a).

Staining assessment and scoring for MEF2B

For MEF2B IHC evaluation in this study, we used a slightly
modified Histoscore (H-score) system which is a semi-
quantitative approach to score for each tissue core, con-
sidering both the intensity and proportion of the staining
[28, 29]. A final H-score was calculated via adding the sum
of scores obtained for each intensity (I) and proportion (P)
of each respective tumor. The intensity score is based on a
scale of three levels (0—negative, 1—weakly positive, and
2—strongly positive). A formula of H= I1 × P1+ I2 × P2+
I3 × P3 is used. The cutoff point for MEF2B stain positivity
was calculated using the online tool Cut-off Finder (http://
molpath.charite.de/cutoff/) [30]. In summary, GC-DLBCL
cases were the supposed defining variable in a receiver
operating characteristic (ROC) curve, which plotted
MEF2B sensitivity versus 1-specificity by calculating the
respective area under the ROC (AUROC). The optimal
cutoff point of MEF2B expression for the diagnosis of GC-
DLBCL is when both sensitivity and specificity are the
highest [31].

GEO gene expression profile datasets and analysis

Six gene expression profile datasets from the GEO database
(http://www.ncbi.nlm.nih.gov/geo) were analyzed for com-
parison of MEF2B expression in GC-DLBCL versus ABC-
DLBCL cases. The datasets used included GSE32918,
GSE19246 [32], GSE23501 [33], GSE4475 [34],
GSE22470 [35], and GSE31312 [23] (Table 2). We used
the GEO2R tool to assess the differential expression of
MEF2B in the two DLBCL subgroups in each dataset,
applying p value calculation without adjustment.

Statistical analysis

Statistical analysis was performed using PRISM (GraphPad
Software, La Jolla, CA, USA) and IBM SPSS Statistics
Subscription (Armonk, NY, USA). Spearman’s ρ test was
used to evaluate the correlation of MEF2B positivity with
the expression of BCL6 and CD10 via immunohistochem-
istry. Cohen's κ coefficient was used to study the agreement
between Visco–Young IHC and NanoString COO DLBCL
subgroups. Paired t tests were used to assess the statistical
significance of MEF2B expression in the TMA IHC and
NanoString DLBCL subgroups. Non-paired t test was used
to assess the differential expression of MEF2B in the GEO
datasets.

Results

Analysis of MEF2B expression in ABC- and GC-
DLBCL-derived cell lines

We analyzed the MEF2B expression in the GC-DLBCL cell
lines (SU-DHL-4, SU-DHL-5, and SU-DHL-6) and the
ABC-DLBCL cell lines (OCI-LY-3, HBL-1, and SU-DHL-
2) using Western blot. The cell lines were allowed to grow
under normal conditions. Seventy-two hours later, the cells
were harvested and the total cell lysates were prepared.
Analysis of the cell lysates using Western blot revealed that
MEF2B is expressed in GC-DLBCL cells, but not in ABC-
DLBCL cells (Fig. 1a). We also noted that the expression of
MEF2B, BCL6, and CD10 was associated with the phos-
phorylation of the ERK1/2 proteins, suggesting the invol-
vement of MEF2B protein in the regulation of BCL6 and
CD10 expression and the activation of ERK pathway.

MEF2B promotes the growth of DLBCL cell lines

To demonstrate whether the growth rate of human lymphoma
cells is associated with the expression of MEF2B, the human
lymphoma MEF2B-deficient (ABC-DLBCL) (OCI-LY-3,
HBI-1, and SU-DHL-2) and MEF2B-expressing (GC-
DLBCL) (SU-DHL-4, SU-DHL-5, and SU-DHL-6) cell lines
were allowed to grow for regulated time intervals up to 72 h.
Cell viability was then assessed via MTT assay. Analysis of
the MTT assay data (Fig. 1b) displayed a growth advantage in
the cells expressing MEF2B as compared to the MEF2B-
deficient cells after 24 h.

We noted that the growth rate of SU-DHL-4, SU-DHL-5,
and SU-DHL-6 cells increased thereafter at 48 h to reach a
maximum at 72 h when compared with OCI-LY-3, HBI-1,
and SU-DHL-2 cells. This suggests that MEF2B protein
helps to modulate DLBCL cell growth. Next, we confirmed
the growth advantage of MEF2B-expressing cells over the

Table 1 Immunohistochemistry antibodies

Antibody Manufacturer Clone Dilution Retrieval

CD20 Leica L26 Prediluted ER1(20)

BCL6 Dako PG-B6p 1:20 H2(20)

CD10 Cell Marque PG-56C6 1:40 H2(20)

FOXP-1 Ventana SP133 Prediluted H2(20)

MEF2B Atlas Antibodies Polyclonal 1:250 H2(20)
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MEF2B-deficient cells using two independent techniques,
namely cell cycle assay and apoptosis-specific assay. We
tested the cell cycle distribution in SU-DHL-2 (MEF2B-
deficient) and SU-DHL-4 (MEF2B-expressing) cells. Ima-
ges from the PI FACS assay displayed a time-dependent
increased percentage of G1 in both cell lines, which was
markedly visible in SU-DHL-4 cells when compared to
those noted in SU-DHL-2 cells (Fig. 2a). While no marked
decrease in the S-phase percentage was noted in SU-DHL-2
cells, there was a marked decrease in the S-phase percen-
tage in SU-DHL-4 cells. Furthermore, the increased per-
centage of the G1 phase in both cell lines was correlated
with the decreased percentage of the G2 phase at all time
periods. Quantified results in Fig. 2a further confirmed the
time-dependent induction of the G1 phase in SU-DHL-4
cells compared to SU-DHL-2 cells. In contrast, FACS
analysis of annexin V/PI (Fig. 2b) did not reveal significant
apoptotic effects in the MEF2B-deficient cells when com-
pared to the MES2B-expressing cells. Our data suggest that
the growth advantage of SU-DHL-4 cells over SU-DHL-2
cells is attributed to the cell cycle delay or growth inhibition

of SU-DHL-2 cells. The noted variation of apoptosis among
SU-DHL-2 cells at different time periods (Fig. 2b) is
expected to result from the physical damage of the cells
during the performance of annexin staining. These results
are somewhat similar to what was observed by Ying et al.
[6].

Expression of MEF2B is vital for GC-DLBCL cell
growth

To address the role of MEF2B in the regulation of lym-
phoma cell growth, the MEF2B-expressing lymphoma cell
lines were transfected with MEF2B-specific siRNA, and
then allowed to grow for regulated time intervals up to 72 h.
First, we analyzed the siRNA efficiency of MEF2B
knockdown expression using Western blot. MEF2B
knockdown is associated with the suppression of BCL6 and
CD10 expression, as well as the suppression of ERK
phosphorylation in SU-DHL4, SU-DHL5, and SU-DHL6
cell lines (Fig. 2c). We then examined whether MEF2B
knockdown is associated with lymphoma cell growth

Table 2 Public DLBCL datasets
Dataset number Total cases GC-DLBCL ABC-DLBCL Unclassified Platform p value

GSE32918 172 82 53 37 GPL8432 0.03

GSE19246 59 27 21 11 GPL570 0.0005

GSE23501 69 40 20 9 GPL570 0.04

GSE4475 155 78 40 28 GPL96 0.0007

GSE22470 102 63 39 41 GPL96 0.0001

GSE31312 475 231 200 44 GPL570 0.02

Fig. 1 a. Western blot analysis of total cell lysates of MEF2B in
MEF2B-deficient cell lines (OCI-LY-3, HBL-1, and SU-DHL-2) and
MEF2B-expressing cell lines (SU-DHL-4, SU-DHL-5, and SU-DHL-
6) demonstrates the expression of BCL6, CD10, and phosphorylation
of ERK1/2 in the MEF2B-expressing cell lines. Actin was used as an
internal control for loading and transfer. Data are representative of
three independent experiments. b Time-course experiment

demonstrates the growth rate of MEF2B-deficient cell lines (OC-LY-3,
HBL-1, and SU-DHL-2) and MEF2B-expressing cell lines (SU-DHL-
4, SU-DHL-5, and SU-DHL-6). MTT assay demonstrated the growth
rate of MEF2B-deficient (OCI-LY-3, HBL-1, and SU-DHL-2) and
MEF2B-expressing cell lines (SU-DHL-4, SU-DHL-5, and SU-DHL-
6) cell lines. The values are expressed as the means ± SD of three
independent experiments performed in duplicate
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inhibition. The same cells underwent MTT assay to analyze
viability. As expected, MEF2B knockdown was found to
inhibit growth of all tested cells (Fig. 2d). Taken together,
the expression of MEF2B is vital for the growth and
maintenance of lymphoma cells in the CG-DLBCL group.
Next, we confirmed the MTT assay data using flow cyto-
metry analysis of cell cycle and apoptosis in SU-DHL-4 and
SU-DHL-5 cells both before and after MEF2B knockdown
(Fig. 3a). PI FACS assay images confirmed that MEF2B
knockdown by its respective siRNA induced time-
dependent decreased percentages of the G1 phase, and
increases in the percentage of S and G2 phases. Quantified
results further confirmed the noted time-dependent reduc-
tion in the G1 phase in response to the knockdown of
MEF2B in both SU-DHL-4 and SU-DHL-5 cells. A minor
time-dependent induction of apoptosis is seen in the same
cell lines (Fig. 3b). Thus, we concluded that the knockdown
ofMEF2B leads to disruption of SU-DHL-4 and SU-DHL-5
cell cycles, with arrest in the G2/S phases and mild apop-
tosis induction.

BCL6 expression is induced by transfecting MEF2B
into MEF2B-deficient cells

We subsequently aimed to determine the inhibitory effect
of the accumulated BCL6 on its expression. We thus
performed a time-course experiment up to 96 h following
the transfection of SU-DHL-2 (MEF2-deficient) with
luciferase reporter BCL6 promoter construct PGL-BCL6-
Luc in combination with construct of the MEF2B-WT
together with siRNA specific to the complementary DNA
region encoding for the C-terminal domain of MEF2B.
First, we assessed the expression level of both MEF2B
and BCL6 by Western blot analysis (Fig. 4b). We suc-
cessfully induced the expression of both MEF2B
and BCL6 at 24 h post transfection, with an increase
thereafter at 48 h. Although no changes were noted on
the induced expression of MEF2B over time, the increase
of BCL6 expression suddenly decreased at both 72-h
and 96-h intervals post transfection (Fig. 4b). This sug-
gests a negative effect for the induced BCL6 expression

Fig. 2 a Cell cycle analysis demonstrates G1, S, and G2 phases in
MEF2B-deficient (SU-DHL-2) and MEF2B-expressing (SU-DHL-4)
cell lines. Cell populations represent each phase of cell cycle for SU-
DHL-2 and SU-DHL-4 cell lines. Data represent the mean±standard
deviation (SD) (n= 3). b Flow cytometry analysis of apoptosis
demonstrates the portion of annexin V-stained cells in SU-DHL-2 and
SU-DHL-4 cell lines. Apoptotic cells are represented in the lower right
corner. Data are representative of three independent experiments per-
formed separately. c Western blot analysis demonstrates that the
knockdown of MEF2B by its specific siRNA in SU-DHL-4, SU-DHL-

5, and SU-DHL-6 cell lines is associated with the inhibition of the
expression of BCL6 and CD10 as well as the phosphorylation of ERK
proteins. Actin was used as an internal control for loading and transfer.
Data are representative of three independent experiments. d MTT
assay demonstrates in a time-course experiment the inhibition of the
growth rate of SU-DHL-4, SU-DHL-5, and SU-DHL-6 cell lines by
the knockdown of MEF2B by its specific siRNA. The values are
expressed as the means ± SD of three independent experiments per-
formed in duplicate
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upon transcriptional activation, a finding in accordance
with previous reports [36–38]. As expected, knocking
down MEF2B using siRNA led to the suppression of

BCL6 protein expression (Fig. 4a). Similar results were
obtained using the defective mutant ΔMADSMEF2
(Fig. 4d).
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MEF2B forms a transcriptional complex with AP-2α
and BCL6 proteins to mediate its effect on the BCL6
gene

Next, we specified the role of MEF2B in BCL6 induction.
First the lymphoma cell lines SU-DHL-6 were allowed to
grow for 72 h.The nuclear extracts were then prepared for
analysis of the transcriptional complex of the BCL6 via
EMSA. Our analysis was based on the potential consensus
sequences of BCL6 promoter reported by Ohashi et al. [39].
We analyzed the DNA-binding sites of AP-2α and BCL6 in
the context of MEF2B as a transcriptional activator of BCL6
[6]. We then analyzed the DNA-binding activity of BCL6
and AP-2α using the nuclear extracts of SU-DHL-6. EMSA
data (Fig. 4c) demonstrated the enhancement of the AP-2α
and BCL6 proteins' DNA activities at their specific DNA-
binding sites. Next, we set out to identify the detected
transcriptional complex. Accordingly, the same nuclear
extract was analyzed further via supershift assay using
antibodies specific for BCL6, AP-2α, and MEF2B to
determine authenticity of the transcriptional complex.
EMSA analysis demonstrated that MEF2B protein is
included in the protein complex binding to the consensus
sequences of both AP-2α and BCL6 (Fig. 4c). However,
given that AP-2α and BCL6 were known members of the
BCL6 transcription complex [39], the detection of MEF2B
along the AP-2α and BCL6 proteins in one complex indi-
cates MEF2B essential role in activating the transcriptional
complex of BCL6.

MEF2B expression is associated with BCL6 and CD10
expression and strongly correlated to GC-DLBCL by
IHC and dataset analysis

Of the 111 DLBCL tissue samples included in the study,
34 samples (30.6%) were classified as GC type according to
the IHC Visco–Young algorithm. Compared to the original
COO classification at the time of diagnosis among in-house
cases, the percentage of concordance was 74%. However, it
should be noted that the original classification at the time of
diagnosis had been performed using the Hans algorithm
rather than the Visco–Young algorithm used in this study
[23, 40]. Interestingly, we are reporting a percentage of GC-

DLBCL lower than general Western data, and very similar
to data reported from Saudi Arabia and Brazil [41, 42].
Total H-scores ranged from 0 to 190 out of a maximum
possible 200. Using the AUROC, we found that the most
relevant H-score value for MEF2B cutoff in the diagnosis of
GC-type DLCBL would be 105, reaching a sensitivity of
87.5% and a specificity of 59.8% (Fig. 5b). With the H-
score of 105, MEF2B is positive in 54 out of 111 samples of
all DLCBL cases in the study (48%). Of the 34 samples in
the GC group, 30 (88%) were positive for MEF2B. Out of
77 samples in the non-GC group, 32 (42%) were positive
for MEF2B. In general, MEF2B expression was positively
associated with BCL6 expression (R value 0.43; p value
<0.01). MEF2B was also associated with CD10 expression,
but to a lesser extent (R value 0.22; p value 0.01). MEF2B
expression in the IHC-classified GC group demonstrates
strong statistical significance (p value <0.0001).

Of the 24 cases used for NanoString analysis, 14 were
found to be GC-DLBCL cell lines and 7 were found to be
ABC-GCDLC cell lines. Three cases were unclassified. The
agreement between the NanoString and IHC classification
was good (r= 0.69; p< 0.05), but the direct relationship
between expression of MEF2B by IHC to the NanoString
subgrouping was not statistically significant (p= 0.3)
(Table 1).

Analysis of the differential expression of the DLBCL
GEO public datasets showed that MEF2B expression was
statistically significant in all datasets (Table 2).

Discussion

In the present study, we analyzed the function and expres-
sion of MEF2B using models of DLBCL cell lines and
TMAs. We addressed the mechanistic role of MEF2B in the
regulation of DLBCL cell lines, where we showed for the
first time that MEF2B induces BCL6 expression by acting
as a BCL6 gene transcriptional co-activator, along AP-2α
and BCL6 proteins. Our results indicate that knocking down
MEF2B suppresses BCL6 and CD10 expression, as well as
ERK1/2 phosphorylation. We also confirmed previous
findings wherein MEF2B promoted the growth and pro-
liferation of GC-derived lymphomas. We further revealed
that MEF2B is preferentially expressed in the GC-DLBCL
cell lines using IHC. Our results support that MEF2B may
act as an oncogene in GC-DLBCL cell lines.

GEP revealed that the DLBCL disease could be classified
into at least two distinct subgroups: GCB type and ABC
type [2]. In addition to their prognostic distinctions, these
molecular subtypes possess important differences in both
their biology and the intracellular oncogenic pathways that
drive their lymphomagenesis. Accordingly, the GCB type is
characterized by the expression of a number of GC markers

Fig. 3 a Cell cycle analysis demonstrates G1, S, and G2 phase in
control (Ctr) and siRNA-transfected MEF2B-expressing (SU-DHL-4
and SU-DHL-5) cell lines. Cell populations represent each phase of
cell cycle for SU-DHL-4 and SU-DHL-5 cell lines before and after the
transfection with siRNA specific to MEF2B. b Flow cytometry ana-
lysis of apoptosis demonstrates the portion of annexin V-stained cell in
SU-DHL-4 and SU-DHL-5 cell lines before and after transfection with
siRNA specific to MEF2B for the indicated time periods. Apoptotic
cells are represented in the lower right corner. Data are representative
of three independent experiments performed separately
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such as BCL6, LMO2, and CD10. Meanwhile, the ABC
type is characterized by suppression of BCL6 expression
and activation of NF-κB pathway [43]. BCL6 is essential
for the development of GCs, as knocking down of BCL6
leads to failure of their development [3, 4]. Several studies
have shown a parallel regulation of both MEF2B and BCL6
proteins in a panel of DLBCL cell lines [5, 6, 10]. Also,
MEF2B was found to regulate BCL6-mediated expression
of GC markers such as MYBL1 and LMO2 [5]. In the
present study, we suggest an essential role for MEF2B
protein as a co-transcriptional activator of BCL6 promoter.
MEF2B protein, together with the transcriptional factor AP-
2α and BCL6 protein, form a transcriptional complex
that can bind to the BCL6 promoter and subsequently
enhance the expression of BCL6. Consequently, the con-
tinuous expression of BCL6 accelerates the growth
rate of GC-DLBCL-derived cell lines. In agreement with
Ying et al. [6], our data revealed that the DLBCL cells
harboring MEF2B protein show growth advantage over the
MEF2B-deficient cells. Also, the knockdown of MEF2B by
its specific siRNA or with a defective mutant resulted
in BCL6 suppression and cell growth inhibition. This sug-
gests the importance of MEF2B-induced BCL6 expression

in the modulation of GC-DLBCL cell growth and
maintenance.

Hideshima et al. [44] demonstrated that BCL6-
expressing cell lines display phosphorylation of ERK1.
Given that ERK is activated in the majority of B-cell
lymphomas [45], it is most likely that the ERK pathway is a
common pathway in lymphomagenesis. Accordingly, the
phosphorylation of ERK1/2 in MEF2B-expressing cell lines
and the suppression of ERK phosphorylation by MEF2B
knockdown implicate that MEF2B-induced BCL6 expres-
sion may activate the ERK pathway.

In this study, IHC data revealed that the majority of
GC-DLBCL cell lines were positive for MEF2B (88%)
and that the association between MEF2B expression and
GC phenotype using IHC was statistically significant.
However, we were unable to show such significance when
executing the DLBCL subgrouping using NanoString
analysis. That may be attributed to the small number of
cases included in the NanoString analysis (24 cases). We
also showed a positive correlation between MEF2B and
BCL6 expression, and a positive (yet weaker) correlation
between MEF2B and CD10 expression. While Krenács
et al. [12] previously reported the correlation between

Fig. 4 a Western blot demonstrates the expression level of BCL6 in
SU-DHL-6 (MEF2B-positive) before and after the knockdown of
MEF2B by its specific siRNA. b Western blot analysis of MEF2B and
BCL6 proteins using the total cell lysates derived from SU-DHL-2
(MEF2B-deficient) following the transfection with MEF2-WT together
with ΔMADSMEF2 and PGL-BCL6-promoter/Luc before and after
the transfection with siRNA specific to cDNA encoding region of the
C-terminal domain of MEF2B. Actin was used as an internal control
for loading and transfer. c Electrophoretic mobility shift assay (EMSA)
demonstrates the DNA-binding activity of the transcription factors

BCL6 and AP-2α supershift analysis using specific anti-AP-2α, BCL6,
and MEF2B antibodies demonstrates the involvement of MEF2B,
BCL6, and AP-2α proteins in the formation of the transcriptional
complex of BCL6 gene. The competitor was used as a negative control
for the DNA-binding activity of the transcription factors. Data are
representative of three independent experiments. d Lucieferase assay
demonstrates the activity of the BCL6 promoter in response to the
expression of MEF2B-WT or C-terminal truncated MEF2B
(ΔMADSMEF2) in SU-DHL-2 cells
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MEF2B and BCL6 in cases of DLBCL by IHC, they did
not report a correlation between MEF2B and COO in
DLBCL. Likewise, Moore et al. [11] indicated that
MEF2B was not sensitive or specific for GC-DLBCL.
However, it should be noted that this may be attributed to
the fact that, in our study, we used an ROC-determined
cutoff point, whereas Krenács et al. [12] and Moore et al.
[11] used cutoff points of 50 and 20%, respectively, with
no indication of the methodology that was used in
choosing the cutoff percentages. The relationship between
MEF2B and the GC B cells increases the possibility
of MEF2B utilization as a GC marker, and may be useful
as an add-on marker in the IHC algorithms developed
to differentiate cases of GC-DLBCL from non-GC-
DLBCL [46].

In summary, we showed that MEF2B is a member of
BCL6 transcriptional complex and is likely essential for the
regulation of BCL6-mediated DLBCL lymphomagenesis
via the promotion of both BCL6 expression and activation
of the ERK1/2 pathway. These findings indicate that
MEF2B-induced BCL6 expression is essential for GC-
DLBCL development. In addition to its mechanistic role in
the regulation of DLBCL growth, we also confirmed that
MEF2B expression is correlated with the expression of
BCL6 and CD10 proteins, as well as being a potential
marker for GC-DLBCL.
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