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The transcription factor, early B cell factor 1 (EBF1) with an atypical zinc-finger and helix-loop-helix
motif, is essential for development and differentiation of lymphocytes. In mice, EBF1 is involved in the
generation of pre-pro B cells (the first specified progenitors of B cells) from common lymphoid progen-
itors (CLPs) and transcription regulations of various genes involved in B cell-development, for instance,
mb-1 and Pax5. During B lymphopoiesis, interestingly, EBF1 is detected throughout from CLPs to mature
B cells. However, in immature B cells, the physiological role of EBF1 remains to be elucidated. Here, by
analyzing EBF1-deficient DT40 cells, EBF1�/�, generated by us, we show that EBF1-deficiency caused sig-
nificant increases (to �800%) in both mRNA and protein levels of B lymphocyte-induced maturation pro-
tein-1 (Blimp-1), the master gene for plasma cell differentiation. In addition, both transcription and
protein synthesis of Blimp-1 were remarkably down-regulated (to �20%) by re-expression (over-expres-
sion) of EBF1. Chromatin immunoprecipitation assay revealed that EBF1 binds to proximal 50-upstream
regions around two putative EBF1 binding motifs of the gene in vivo. These results suggest that EBF1 takes
part in transcriptional regulations of the Blimp-1 gene in immature B cells, and may play a key role in B
cell differentiation. This is the first report on a novel EBF1 function in immature B cells as a powerful
repressor of Blimp-1 gene expression.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction remodeling are common mechanisms for transcriptional regula-
In vertebrates, the normal progression of B cell-development re-
quires various specific transcription factors, such as E2A [1], early B
cell factor 1 (EBF1) [2], Ikaros family [3,4], paired box gene 5 (Pax5)
[5], PU.1 [6] and so on [7,8]. EBF1, a transcription factor with zinc-
finger and helix-loop-helix domains, is essential for development
of B cells [9,10]. During B lymphopoiesis, EBF1 is first detected in
common lymphoid progenitors (CLPs) [8]. Gene knockout studies
in mice have revealed that EBF1 is required for the generation of
pre-pro B cells (the first specified progenitors of B cells) from CLPs
and regulates expressions of various genes involved in develop-
ment of B cells, for instance, mb-1 and Pax5 [2,11,12]. Since EBF1
induces DNA demethylation and chromatin remodeling of mb-1,
EBF1-deficient cells fail to express the surface immunoglobulin, a
typical B cell surface marker [2,9]. EBF1 also activates Pax5 through
chromatin remodeling at the Pax5 locus [9,13]. Therefore, it is well
known that EBF1-mediated DNA demethylation and chromatin
ll rights reserved.
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tions of the B cell-development-related genes [9,14]. Besides the
transcription activation of various genes like those, EBF1 also sup-
presses some B cell-development-related gene expressions. For
example, EBF1 inhibits expressions of Id2 and Id3 genes, resulting
in normal B cell-development [15]. Recently, a genome-wide chro-
matin immunoprecipitation (ChIP) sequencing analysis in early-
stage B cells showed that EBF1 regulates B cell gene networks by
activation, repression and transcription-independent poising of
chromatin [16]. Interestingly, the expression of EBF1 is sustained
throughout development of B cells (from CLPs to mature B cells)
after the observed developmental block in knockout mice [8]. Very
recently, conditional inactivation studies of EBF1 revealed that it is
required for the proliferation, survival and signaling of pro-B cells
and mature B cells [17]. However, physiological functions of EBF1
beyond the developmental arrest in knockout mice, especially at
immature B stages, remain poorly understood.

Gene targeting techniques in the chicken immature B cell line
DT40 [18] are excellent methods to study physiological roles of
transcription factors in immature B cells [19,20]. Using the tech-
niques, we revealed not only that histone deacetylase-2 regulates
transcriptions of IgM H- and L-chain genes via controlling gene
expressions of EBF1, Pax5, Ikaros, Aiolos and E2A, but also that
EBF1 and Aiolos down-regulate expressions of IgM H and L-chain
genes, and E2A up-regulates expressions of these two genes [21].
Moreover, E2A was involved in a fine control of apoptosis mediated

http://dx.doi.org/10.1016/j.bbrc.2012.05.099
mailto:masakari@med.miyazaki-u.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2012.05.099
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


H. Kikuchi et al. / Biochemical and Biophysical Research Communications 422 (2012) 780–785 781
by the B cell receptor (BCR) signaling via transcriptional regulation
of survivin, inhibitor of apoptosis-2 and caspase-8 genes [22]. We
also revealed that Aiolos and Helios regulated apoptotic cell death
mediated by the BCR stimulation through transcriptional regula-
tion of protein kinase Cs [23,24].

To understand the role of EBF1 in immature B cells in more de-
tail, we studied the participation of EBF1 in the transcriptional reg-
ulation of various lymphocyte-specific transcription factors in
EBF1-deficient DT40 mutant, EBF1�/�. The results obtained re-
vealed that EBF1 acts as a negative modulator for the gene expres-
sion of B lymphocyte-induced maturation protein-1 (Blimp-1), the
master gene of plasma cell differentiation, in immature B cells.
2. Materials and methods

2.1. Materials

Bovine aprotinin, monoclonal anti-Flag M1 and M2 antibodies
(Abs) (Sigma, St. Louis, MO, USA), PMSF (Wako, Osaka, Japan), pro-
tein G agarose/salmon sperm DNA (Millipore, Billerica, MA, USA)
were obtained. Monoclonal anti-Blimp-1 Ab (Cell Signaling Tech-
nology, Inc., Danvers, MA, USA), monoclonal anti-b-actin Ab (Ab-
cam, Cambridge, UK) and horseradish peroxidase-conjugated
anti-mouse or rabbit immunoglobulin (DAKO, Inc., Glostrup, Den-
mark) were used.
2.2. Cell cultures, semiquantitative RT-PCR and immunoblotting

Generation of EBF1-deficient DT40 cells, EBF1�/�, was described
in our previous report [21]. DT40 cells and all subclones were cul-
tured as described [21–26]. Semiquantitative RT-PCR and immuno-
blotting were carried out as described [21–26].
Fig. 1. Drastic up-regulation of Blimp-1 expression in EBF1-deficient DT40 cells. (A) Sem
EBF1�/� clones 1–3, and mRNA levels of various B cell-development-related factors w
Supplementary Table S1. Chicken GAPDH gene was used as internal control. Data calibra
obtained from DT40 (gray bars), and represent the averages of three independent
semiquantitative RT-PCR profiles of Blimp-1 are shown. Cycle numbers of PCR are shown
three independent EBF1�/� clones, and subjected to 10% SDS–PAGE followed by immun
percentages of control values (100%) obtained from DT40 cells (gray bar), and represen
standard deviation. Typical immunoblotting patterns are shown.
2.3. Re-expression study

To obtain the Flag-tagged EBF1 expression vector, a chicken
EBF1 cDNA fragment of full-length was generated by PCR amplifica-
tion using PrimeSTAR HS DNA polymerase (Takara Bio, Shiga,
Japan), and inserted into pApuro, carrying the chicken b-actin
promoter upstream of the cloning site and a marker gene (the
puro-resistant gene) under the control of the SV40 promoter [23].
The EBF1�/� cells were transfected with the vector using electropor-
ation and the transfectant clones were selected in the presence of
puromycin (0.4 lg/ml).
2.4. 50-Rapid amplification of cDNA ends (50-RACE)

Transcription initiation site of chicken Blimp-1 was determined
by 50-RACE using a 50-RACE Kit (Takara Bio, Shiga, Japan) according
to manufacturer’s instructions. The oligonucleotide 50-CTCAT-
TAAAGCCGTC-30 was used as a RT-primer. The primers used in
the primary PCR reaction were RACE-1 primers, and those in the
second PCR reaction were RACE-2 primers (Supplementary Table
S1).
2.5. ChIP assay

ChIP assay was performed using Chromatin Immunoprecipita-
tion Assay Kit (Millipore). Preparation of cell lysates and immuno-
precipitation with anti-Flag M2 Ab (or anti-Flag M1 Ab as a
negative control) were carried out as described [27,28]. Immuno-
precipitated and input DNAs were analyzed by PCR using appropri-
ate primers (ChIP-1 and -2, see Supplementary Table >S1)
corresponding to the 50-upstream region of the chicken Blimp-1
gene. Primer ChIP-NC corresponding to intron 1 of the gene was
iquantitative RT-PCR. Total RNAs were extracted from DT40 and three independent
ere determined by semiquantitative RT-PCR using appropriate primers listed in

ted with the internal controls are indicated as percentages of control values (100%)
EBF1�/� clones 1–3 (solid bars). Error bars indicate standard deviation. Typical
below the panels. (B) Immunoblotting. Whole proteins were isolated from DT40 and
oblotting using Ab for Blimp-1. b-Actin was used as controls. Data are indicated as
t the averages of three independent EBF1�/� clones (solid bar). Error bars indicate
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used as a negative control. PCRs were carried out at 96 �C for 20 s,
55 �C for 30 s and 72 �C for 30 s, for 32 � 36 cycles, and stopped be-
fore reaching the plateau. PCR products were subjected to 1.5%
agarose gel electrophoresis and analyzed using a luminescent im-
age analyzer LAS-1000plus.
3. Results

3.1. EBF1-deficiency causes drastic up-regulation of Blimp-1 gene
expression

To know effects of EBF1-deficiency on gene expressions of var-
ious B cell-development-related factors; activation-induced deam-
inase (AID), Aiolos, BTB and CNC homology 2 (Bach2), B cell
lymphoma-6 (Bcl-6), Blimp-1, E2A, Ikaros, interferon regulatory
factor-4 (IRF-4), origin binding factor-1 (OBF-1), Pax5, PU.1 and
X-box binding protein-1 (XBP-1), we carried out semiquantitative
RT-PCR on total RNAs prepared from DT40 and three independent
EBF1�/� clones (Fig. 1A). Remarkably, in EBF1�/�, the transcription
of the Blimp-1 gene was drastically up-regulated (to �800%), but
those of other factors were not appreciably changed. Next, we
examined influences of EBF1-deficiency on the protein level of
Blimp-1 by immunoblotting analysis using rabbit anti-human
Blimp-1 Ab (Fig. 1B). Chicken Blimp-1 gave a single positive band
Fig. 2. Re-expression study of EBF1. (A) Influences of re-expression of EBF1 on Blimp-1
two independent EBF1�/�/EBF1 clones -1 and -2 (striped bars), and mRNA levels of Blimp-
listed in Supplementary Table S1. Chicken GAPDH gene was used as internal control. Da
control values (100%) obtained from DT40, and represent the averages of three separate e
EBF1-1 and -2 express EBF1 genes in large excess (�500%) compared with the wild-type D
Cycle numbers of PCR are shown below the panels. (B) Influences of re-expression of EB
EBF1�/� (solid bar) and two independent EBF1�/�/EBF1 clones (striped bars) and subjecte
EBF1 was detected using monoclonal anti-Flag M2 Ab. b-Actin was used as controls. Da
DT40 cells, and represent the averages of three separate experiments. Error bars indicat
of about 90 K in length with the Ab. Quantitative data obtained
from three independent EBF1�/� clones were indicated as percent-
ages of control values obtained from the wild-type DT40. As ex-
pected, the EBF1-deficiency caused drastic increases in protein
level of Blimp-1 (to �800%), coincident with the result on the
mRNA level. To further examine effects of EBF1-deficiency on B cell
differentiation, we analyzed expressions of surface IgM and CD45
as markers for B cell differentiation on the cell surface by flow
cytometry and secreted IgM levels in culture media by immuno-
blotting (Supplementary Fig. S1). The lack of EBF1 caused insignif-
icant influences on expressions of these proteins. Thus, the
remarkable up-regulation of Blimp-1 mediated by EBF1-deficiency
resulted in no effect in B cell differentiation.
3.2. Re-expression of EBF1 causes remarkable down-regulation of
Blimp-1 gene expression in EBF1�/�

To confirm the role of EBF1 in transcription regulation of the
Blimp-1 gene, re-expression study was performed using EBF1
expression vector. Two resultant transfectant clones EBF1�/�/
EBF1-1 and -2, which express EBF1 genes in large excess (�500%)
compared with the wild-type DT40 (Fig. 2A) and synthesize definite
amounts of Flag-tagged EBF1 (Fig. 2B), were used to study the com-
plementation for the enhanced Blimp-1 gene expression in EBF1�/�.
expression. Total RNAs were extracted from DT40 (gray bar), EBF�/� (solid bar) and
1 and EBF1 were determined by semiquantitative RT-PCR using appropriate primers
ta for Blimp-1 calibrated with the internal controls are indicated as percentages of
xperiments. Error bars indicate standard deviation. Two transfectant clones EBF1�/�/
T40 (100%) (graph not shown). Typical semiquantitative RT-PCR profiles are shown.

F1 on protein level of Blimp-1. Whole proteins were isolated from DT40 (gray bar),
d to 10% SDS–PAGE followed by immunoblotting using Abs for Blimp-1. Flag-tagged
ta for Blimp-1 are indicated as percentages of control values (100%) obtained from
e standard deviation. Typical immunoblotting patterns are shown.
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Both transcription and protein synthesis levels of Blimp-1 were
remarkably down-regulated (to �20%) in two EBF1�/�/EBF1 clones
(Fig. 2A and B), suggesting that EBF1 negatively regulates gene
expression of Blimp-1 in immature B cells.
3.3. EBF1 binds to the 50-flanking region of Blimp-1 gene

We examined by ChIP assay whether or not EBF1 interacts with
regulatory region of the Blimp-1 gene (Fig. 3). First, to determine
the transcription initiation site of the chicken Blimp-1 gene, we
carried out 50-RACE method (Fig. 3A). Data obtained revealed that
the transcription initiation site G was located at 66 nucleotides 50-
upstream from the translation start codon ATG. A putative TATA-
like box (GATTAA) was located at positions �23 � �28. Moreover,
two putative EBF1 binding motifs were found within positions
�500 � �680, respectively. Next, we carried out ChIP assay using
anti-Flag Abs (Fig. 3B). Cross-linked chromatins were co-precipi-
tated from lysates of EBF1�/� and EBF1�/�/EBF1, respectively, with
anti-Flag Ab M2. Anti-Flag Ab M1 used as a negative control could
not bind to the Flag-tagged EBF1 with N-terminus Met. Precipi-
tated chromatins were amplified by PCR using primers ChIP-1
and -2 (Fig. 3A and Supplementary Table S1) for the 50 proximal re-
gions of the Blimp-1 gene surrounding the motifs. Amplified DNA
fragment could be detected in EBF1�/�/EBF1 but not in EBF1�/�

using ChIP-1 and -2 primers (Fig. 3B). Thus, EBF1 binds to the 50-
flanking regions of the Blimp-1 gene surrounding two putative
EBF1 binding motifs in vivo, suggesting that gene expression of
Blimp-1 is certainly regulated by EBF1 in immature B cells.
4. Discussion

Our findings obtained in this study reveal a new role of EBF1 in
the regulation of Blimp-1 gene expression in immature B cells. As
Fig. 3. Interaction of EBF1 with 50-flanking region of chicken Blimp-1 gene. (A) Schema
binding motifs and a putative TATA-like box are underlined. The transcription start site of
codon ATG is enclosed by an open box. Forward- and reverse-primers (ChIP-1 and -2) u
surrounding the putative EBF1 binding motifs of Blimp-1 gene. The cross-linked chr
monoclonal anti-Flag M2 Ab. Monoclonal anti-Flag Ab M1 was used as a negative control.
by PCR using primers ChIP-1, -2 and -NC. PCR products were analyzed by 1.5% agarose
well known, normal B cell-development requires numerous tran-
scription factors [1–8]. Among them, Blimp-1, a transcription fac-
tor with five zinc-fingers, controls the terminal differentiation of
mature B cells to plasma cells [29,30]. Gene expression of Blimp-
1 is particularly high in plasma cells but low or very low in other
developmental stages of B cells [31,32]. Moreover, the B cell-spe-
cific deletion of Blimp-1 in mice leads to failure in generation of
plasma cells [32], and ectopic expression of Blimp-1 is sufficient
to induce plasma cell differentiation [33]. To promote plasma cell
differentiation, Blimp-1 inhibits growth of B cells by repression
of c-myc gene expression, and further represses function of B cells
by down-regulation of Pax5 gene expression [34,35]. Since Blimp-1
plays critical roles as the master regulator in plasma cell differen-
tiation, its gene expression should be strictly regulated during B
cell differentiation. In fact, in early stage of B cell activation, Pax5
promotes gene expression of Bach2, and Bach2 collaborates with
Pax5 and Bcl-6 to suppress Blimp-1 gene expression [36,37]. On
the other hand, in late stage of the activation, decreased Bach2
level following diminution of Pax5 and suppression of Bcl-6
mediated by IRF-4 causes release of Blimp-1 from the repression
[37]. Increased Blimp-1 level promotes plasma cell differentiation
by repressing Pax5 expression and enhancing XBP-1 expression
[35,38,39]. Thus, Blimp-1 gene expression is precisely regulated
by the genetic network which consists of plural transcription
factors.

Here, we show that EBF1 participates in the genetic network for
B cell differentiation through the transcription regulation of Blimp-
1. To clarify in vivo participatory roles of EBF1 in immature B cells,
we first studied gene expressions of various factors related to B
cell-development (Fig. 1). Surprisingly, both mRNA and protein
levels of Blimp-1 were dramatically enhanced in EBF1�/� (to
�800%). However, EBF1-deficiency showed insignificant influence
on the gene expression of IRF-4, an important activator of Blimp-
1 transcription. These data suggested that IRF-4 was not involved
tic diagram for the 50-flanking region of chicken Blimp-1 gene. Two putative EBF1
Blimp-1 gene determined by 50-RACE is indicated by an arrow. The translation start

sed for PCR in ChIP assay are shown. (B) EBF1 interacts with the 50-flanking region
omatins from cell lysates of EBF1�/� and EBF1�/�/EBF1 were co-precipitated by
After decross-linking, co-precipitated chromatins and input samples were amplified
gel electrophoresis. Typical patterns are shown.



Fig. 4. A model for the Blimp-1 gene regulatory network in immature B cells.
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in the up-regulation of Blimp-1 in EBF1�/�. In addition, over-
expression of EBF1 showed that both transcription and protein
synthesis of Blimp-1 were remarkably down-regulated (to �20%)
(Fig. 2). Moreover, ChIP assay revealed that EBF1 binds to the 50-
flanking region of chicken Blimp-1 gene surrounding two putative
EBF1 binding motifs in vivo. However, we could not determine the
correct EBF1 binding site because of their close proximity. EBF1
probably binds to one or both of the motifs. Because a Pax5-bind-
ing site was also present near position�1550 within 50-flanking re-
gion of Blimp-1 gene [40], the region would play important roles as
regulatory elements for the gene. These data, together, suggested
that EBF1 acts as a momentous repressor for Blimp-1 gene expres-
sion in immature B cells. It has been well known that expressions
of Pax5 and Bcl-6 are down-regulated by Blimp-1 during plasma
cell differentiation, and thereby plasma cell differentiation be-
comes possible [39,41]. Although the drastic increase in Blimp-1
expression was observed in EBF�/� cells, EBF1-deficiency showed
insignificant effects even on gene expressions of Pax5 and Bcl-6,
and differentiation of DT40 cells (Fig. 1A and Supplementary
Fig. S1). Then, the remarkable up-regulation of Blimp-1 in EBF�/�

resulted in no effect on B cell differentiation. These data suggest
that there are unknown regulation systems, for example, EBF-defi-
ciency itself should prevent DT40 cells from differentiation and/or
Blimp-1 gene expression should be strictly regulated in immature
B cells to prevent unexpected differentiation.

In DT40, a chicken immature B cell line, Pax5 up-regulates gene
expressions of EBF1, Bcl-6 and Bach2, and down-regulates that of
Blimp-1 ([42], our unpublished data). Very recently, it was re-
ported that Bcl-6 suppresses Blimp-1 gene expression in DT40
[43]. Our findings, combined with these results, suggest that
EBF1, which is up-regulated by Pax5, plays important roles in
immature B cells through down-regulation of Blimp-1 gene
expression (Fig. 4). However, the more detailed mechanisms of
participation of EBF1 in B cell differentiation through suppression
of Blimp-1 expression should be elucidated in the future. Albeit,
this is the first report on a novel function of EBF1 as a powerful
repressor of Blimp-1 gene expression. Further, our results may sig-
nificantly help in the understanding of the mechanisms specific for
differentiation of immature B cells and molecular mechanisms for
plasma cell differentiation involved in lymphoid malignancies.
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