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Key Points

• The Ikaros/IRF4 com-
plex represses Ebf1
expression by binding
to composite elements
within the locus.

• Ezh2 expression is in-
duced by the Batf/IRF4
complex and the Ebf1-
Pax5-Bach2 axis.

The transcription factor (TF) interferon regulatory factor-4 (IRF4) promotes both germinal

center (GC) reactions and plasma cell (PC) differentiation by binding to alternative DNA

motifs including AP-1-IRF composite elements, Ets-IRF composite elements (EICEs), and

interferon sequence response elements (ISREs). Although all of these motifs mediate

transcriptional activation by IRF4, it is still unknown how some of the IRF4 target genes are

downregulated upon PC differentiation. Here, we revealed a molecular mechanism of IRF4-

mediated gene downregulation during PC differentiation. By combining IRF4 chromatin

immunoprecipitation sequence and gene expression analysis, we identified zinc finger–IRF

composite elements (ZICEs) in IRF4 binding regions aligned with genes whose expression

was downregulated in PCs. The zinc finger TFs Ikaros and Aiolos were identified as IRF4

binding partners in PCs, and Ikaros but not Aiolos was essential for IRF4 binding to the ZICE

sequence and for PC differentiation. The Ebf1 gene, which positively controls B-cell activation

and GC reactions, was identified as one of the Ikaros/IRF4 target genes. Importantly, while the

ZICE embeds the ISRE motif, IRF4 bound the ZICE motif as heterodimers with Ikaros for

repression of target genes, which include Ebf1. In contrast, if the zinc finger motif is

juxtaposed to the EICE motif, the Ikaros/PU.1/IRF4 complex functioned to activate target

gene expression. Our findings revealed a novel mode of IRF4 activity upon PC differentiation

where upon forming an Ikaros/IRF4 DNA-bound complex, a subset of genes is repressed.

Introduction

Cell differentiation is orchestrated by gene regulatory networks (GRNs) in which a network of transcription
factors (TFs) coordinates the expression of cell-specific genes as the architectural genes.1,2 B cells are
unique in that they undergo somatic cell genome modifications to diversify antibody function by class
switch recombination (CSR) and somatic hypermutation of antibody geneswhen differentiated as germinal
center (GC) B cells.3 Several key TFs, such as IRF4, Batf, Bcl6, Pax5, Bach2, and Blimp-1, have been
shown to constitute the GRN specifying GCB-cell and plasma cell (PC) differentiation.4,5 The induction of
Aicda gene encoding activation-induced cytidine deaminase is essential for CSR, and IRF4, Batf, and Pax5
have been shown as inducers of Aicda expression.6-9 Bach2 is required for CSR by repressing Prdm1
gene encoding Blimp-1 cooperatively with Bcl6.10-12 A positive feedback loop of IRF4–Blimp-1 drives
terminal differentiation of activated B cells to PCs.13,14 Thus, the regulatory interaction of TFs organizes
GC reaction during the course of PC differentiation.

Submitted 12 July 2017; accepted 1 March 2018. DOI 10.1182/
bloodadvances.2017010413.

The full-text version of this article contains a data supplement.

© 2018 by The American Society of Hematology

24 APRIL 2018 x VOLUME 2, NUMBER 8 883

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/2/8/883/880791/advances010413.pdf by guest on 08 June 2024

https://crossmark.crossref.org/dialog/?doi=10.1182/bloodadvances.2017010413&domain=pdf&date_stamp=2018-04-18


IRF4 is essential for the expression of both GC B-cell–specific and
PC-specific genes. Such diverse functions of IRF4 are thought to
rely on multiple DNA binding motifs to which IRF4 binds as
heterodimers or its homodimer depending on its protein level.15

IRF4 binds the Ets-IRF composite elements (EICEs) with PU.1,16

the AP-1-IRF composite elements (AICEs) with AP-1 family such as
Batf,17-20 and the interferon sequence response elements (ISREs)
as a homodimer. Each motif uniquely activates the expression of
genes related to GC B-cell or PC differentiation.15 In particular,
when its protein amount is low, IRF4 predominantly occupies AICE
and EICE motifs on IRF4 target genes and contributes to Aicda
expression, as well as the activation of Bcl6, specifying the functions
of GC B cell.15,21 When its protein amount increases during PC
differentiation, IRF4 binds the ISREs of direct target genes such as
Prdm1. IRF4 levels thereby mediates cell fate decisions by co-
ordinating its binding partner- and DNA-binding activity.

Besides gene activation, IRF4 has also been implicated in gene
downregulation.15 A previous gene expression analysis of IRF4 direct
target genes during PC differentiation revealed the presence of 3 major
clusters; upregulated genes when IRF4 amount is low, and up- or
downregulated genes when IRF4 amount is high.15 However, the
molecular mechanism of IRF4-mediated gene downregulation has not
been elucidated. Another important question is the regulation of Ezh2 in
GC B cells. Ezh2, a subunit of polycomb repressive complex 2 (PRC2),
maintains lower Irf4 expression.22,23 Because of the function, Ezh2 is
required for GC B cells, and a reduced function of Ezh2 appears to
promote PC differentiation. Therefore, the regulation of Ezh2 expression
is an important matter to be elucidated. In this study, we address how a
subset of IRF4 target genes is transiently induced or downregulated
during PC differentiation. We found a DNA sequence-specific
interaction between IRF4 and the zinc finger TF Ikaros. In addition to
the role of Ikaros as a critical regulator of early lymphoid cell development,
we here propose that Ikaros modulates the function of IRF4 during PC
differentiation.

Methods

Full details on RNA sequencing (RNA-seq), chromatin immunopre-
cipitation (ChIP) assay, reverse transcription polymerase chain reaction
(RT-PCR), complex purification and liquid chromatography tandemmass
spectrometry (LC-MS/MS) analysis, immunoblot analysis and immuno-
precipitation, flow cytometry, retroviral vectors and transduction of naı̈ve
B cells, stealth RNA interference, luciferase assay, electromobility shift
assay, oligonucleotide precipitation assay, and statistical analysis are
provided in supplemental Methods.

Mice

The B1-8hi gene targeted mice have been described24 and
obtained from T. Kurosaki and M. Nussenzweig. Irf4-deficient mice
have been described.25 Mice were maintained in pathogen-free
conditions in accordance with guidelines approved by the in-
stitutional review boards of Tohoku University (2016MdA-215) and
Nagasaki University (1503171206-2).

Cell culture

Splenic B cells were isolated as described.15 Cells were plated
into culture at 0.53 106 to 1.03 106 cells per mL and stimulated
with recombinant mouse interleukin-2 (IL-2; 100 U/mL), recombi-
nant mouse IL-4 (5 ng/mL), recombinant mouse IL-5 (1.5 ng/mL),
recombinant mouse CD40L (0.2 ng/mL) (all R&D Systems) for

B1-8hi derived splenic B cells, or IL-4 (10 ng/mL) and CD40L
(100 ng/mL) for wild-type (WT) and Irf4-deficient mice derived
splenic B cells. NP(40)-ficoll (Biosearch Technologies Inc.) was
used at 0.01 ng/mL concentration.

Results

IRF4 regulates 3 distinct gene subprograms during

PC differentiation

In this study, we used splenic B cells from B1-8hi B-cell antigen
receptor (BCR) heavy chain knock-in mice,24 which have heavy
chain loci targeted with high-affinity B1-8VH gene. When B1-8hi is
combined with immunoglobulin l (Igl) light chains, B cells respond
to the hapten 4-hydroxy-3-nitrophenylacetyl (NP). By referring to
previous study,21 we first set up an efficient ex vivo PC
differentiation system. By modulating BCR strength with different
concentrations of NP-ficoll, we found a condition (1022 ng/mL NP-
ficoll) in which CD138 positive (CD138posi) PCs were detected at
nearly 50% and were accompanied with class switch into IgG1
(Figure 1A). Under this condition, a time course transcriptome
analysis discovered 3 major gene clusters based on their
expression profiles; cluster 1 (up-late), cluster 2 (up-early), and
cluster 3 (down) (Figure 1B). Genes that belong to cluster 2
showed a transient induction upon activation. We found Prdm1 and
Ell2 in cluster 1, Aicda in cluster 2, and Ebf1 and Bach2 in cluster 3,
patterns consistent with their functions (Figure 1B). Germline
transcripts of IgG1 (G1glt) were increased from 24 hours after
stimulation, and postswitch transcripts of IgG1 (G1post) were
detected following the transient induction of Aicda expression from
48 to 60 hours (Figure 1C), suggesting that CSR occurred around
these time points. Thus, the expression of these genes in B1-8hi

splenic B cells after differentiation stimuli showed patterns
consistent with the present model (supplemental Figure 1A).

To clarify the molecular mechanisms of promoting CSR and PC
differentiation by IRF4 in our cell system, we extracted “direct target
genes of IRF4” from each cluster in the transcriptome data
(Figure 1B). Toward this end, we first identified direct target genes
of IRF4 using previously reported data sets of IRF4 ChIP sequence
(ChIP-seq) in B1-8i splenic B cells and microarray comparing WT
vs Irf4-deficient B cells (supplemental Figure 1B).15 By comparing
this curated set of IRF4 target genes with our transcriptome
measurements (402 up-late regulated genes [cluster 1] and 603
downregulated genes [cluster 3]), we found 96 and 78 genes,
respectively, which we infer are bound and regulated by IRF4
(supplemental Table 1; supplemental Figure 2A-G). Prdm1, Ell2,
and Ezh2 were activated by IRF4, whereas Ebf1, IcosL, and Setd2
were supposed to be downregulated by IRF4 (Figure 1D). IcosL
regulates the interaction of B and T cells in GC,26 whereas Setd2
promotes Aicda transcription.27 Importantly, some of IRF4 binding
regions surrounding these gene loci contain both AICE and ISRE
motifs (supplemental Table 2). IRF4 physically interacts with Batf on
the AICE sequence, and the binding of IRF4 and Batf was detected
at Ell2 C1 and Ezh2 E1 regions (supplemental Figure 2H,I).
Sequence specific binding of IRF4 to an ISRE motif at the Ezh2 E1
was confirmed by electrophoretic mobility shift assays (EMSAs)
(supplemental Figure 2J). Among 60 up-early regulated genes
(Figure 1B, cluster 2), Aicda was found as a direct target of IRF4,
and IRF4 and Batf cooperatively bound to their regulatory regions at
the Aicda locus (supplemental Tables 1 and 2; supplemental
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Figure 2K-M). To confirm IRF4-dependent regulation of these
putative target genes, retroviral transduction of IRF4 in Irf4-deficient
splenic B cells was performed. IRF4 complementation rescued the
expression of these genes as well as PC differentiation (supple-
mental Figure 3). Therefore, IRF4 directly regulates 3 subprograms
of gene expression upon PC differentiation that includes Ezh2.

Identification of zinc finger–IRF composite elements

To identify regulatory motifs that could correlate with IRF4-
dependent gene repression, DNA sequences from IRF4 binding
regions of cluster 1 and 3 genes were compared by Multiple EM for
Motif Elicitation (MEME). Consistent with our previous report,15

IRF4 binding peaks of cluster 1 genes contained EICE motifs as
well as PU.1 ChIP-seq peaks, and AICE and ISRE motifs without

PU.1 ChIP-seq peaks (supplemental Figure 4). In contrast to
cluster 1, IRF4 bound regions of cluster 3 genes contained EICE
and zinc finger motifs as well as PU.1 ChIP-seq peaks (Figure 2A).
This observation was consistent with a previous report that found
Ikaros colocalized with PU.1 and IRF4 binding regions in Rag22/2

pro-B cells.28 Through further analysis of these sequences, we
identified a new motif, named zinc finger–IRF composite elements
(ZICEs), within IRF4 peaks that did not overlap with PU.1 ChIP-seq
peaks. The ZICE is composed of the zinc finger motif (GGGAA) and
the IRF motif (GAAA) with a 3-nucleotide insertion between them.

To examine functional activity of the ZICEs, IRF4 downregulated
target genes were classified into 2 subgroups depending on the
presence of the ZICEs within the IRF4 bound regions (supplemen-
tal Table 3). Fifty-two genes lacked the ZICEs and included the
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Figure 1. Ex vivo PC differentiation system using B1-8
hi
splenic B cells. (A) The dynamics of IRF4 expression and class-switched IgG1 frequency in response to

differing BCR signaling intensities. Splenic B cells were purified from B1-8hi mice and stimulated with IL-2, 4, and 5 and CD40L with indicated concentrations of NP(40)-ficoll.

IRF4 expression was analyzed at 72 hours with costaining of CD138 and IgG1. Data are representative of 2 independent experiments. (B) Heat map showing alteration of

gene expression along PC differentiation. B1-8hi splenic B cells were isolated and stimulated with IL-2, 4, and 5, CD40L, and 1022 ng/mL of NP(40)-ficoll, and messenger

RNA (mRNA) was extracted at indicated time followed by RNA-seq. Cluster 1 (up-late), genes upregulated along differentiation; cluster 2 (up-early), genes transiently

upregulated around 60 hours; cluster 3 (down), genes downregulated along differentiation. Each cluster contains 402, 60, and 603 genes with indicated genes, respectively.

(C) Heat maps showing transcripts of Aicda from panel B and RT-PCR of germ line and postswitched immunoglobulin gene. For RT-PCR, results are presented relative to the

abundance of transcripts encoding b2-microglobulin (Β2m), and the average expression is from 1 experiment using 3 mice. (D) Heat maps showing transcripts of indicated

IRF4 direct target genes with that of Irf4 and Irf8 from panel B. For panels B-D, genes are indicated with each color: red, cluster 1; green, cluster 2; blue, cluster 3, respectively.
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IcosL and Pik3ap1 loci, whereas 26 genes contained the ZICEs
and included the Ebf1, Haao, and Setd2 loci (Figure 2B, left). We
found that genes containing the ZICEs exhibited substantially more
repression than those genes that lacked the ZICEs in our
transcriptome measurement (Figure 2B, right). Gene ontology
analysis indicated that both subclusters were enriched for genes

involved in lymphocyte activation (Figure 2C). Uniquely, lymphocyte
differentiation and proliferation functioning genes were enriched in
the subcluster that lacked the ZICEs, whereas genes involved in
signaling were enriched in the subcluster that contained the ZICEs.
These suggest that the ZICE motif coevolved with a unique
subgene program that specifies PC fate and function.

Pe
rc

en
ta

ge
 o

f t
ra

ns
cr

ipt
s

(C
D1

38
po

si  P
C 

vs
 n

aiv
e 

B)

40

30

20

10

0

ZICE(+)ZICE(-)

3.7e-1652 genes
84 peaks

ZICE(-); i.g. IcosL, Pik3ap1

ZICE(+); i.g. Ebf1, Haao, Setd2

0

20

40

60

80

100

Su
pp

lem
en

ta
l t

ab
le 

3 
do

wn
re

gu
lat

ed
 7

8 
ge

ne
s (

%
)

26 genes
62 peaks
  w/   PU.1; 29 peaks
  w/o PU.1; 33 peaks

Intracellular
signaling cascade

Regulation of
Rho protein signaling transduction

Positive regulation of
macromolecule metabolic process

Regulation of
lymphocyte activation

-log (P-value)
0 1 2 3

ZICE(+)

-log (P-value)

Response to wounding

Regulation of
lymphocyte activation

Regulation of
lymphocyte differentiation

Regulation of
lymphocyte proliferation

0 1 2 3 4 5

ZICE(-)

1 5 10 15 1 5 10 15

1 5 10 1 5 10 15

ZICE
P=1.53e-04P=1.53e-04

PU.1 non-coincidentPU.1 coincident

EICE
P=5.19e-08

Zinc finger
P=8.57e-06

ISRE
P=1.90e-08

Cluster 3
(Down)

Ets IRF IRF IRF

Zinc finger IRF

A

B

C

Figure 2. The newly identified ZICEs correlate with gene downregulation. (A) Motif analysis of IRF4 binding sequences obtained from downregulation target genes.

IRF4 direct targets in B1-8hi splenic B cells were selected using IRF4 ChIP-seq in B1-8i splenic B cells (Gene Expression Omnibus accession number GSE46607) as

described in supplemental Figure 1B. IRF4 binding targets belonging to cluster 3 (supplemental Table 1) were further classified into those with and without PU.1 binding (PU.1

coincident and noncoincident, respectively). In total, 47, 28, 113, and 47 regions were extracted for these categories, respectively. These sequences were analyzed with the

MEME algorithm to identify overrepresented motifs within 100 bp in either direction for PU.1 coincident or 200 bp in either direction for PU.1 noncoincident of the peak maxima.

Results are represented for the enriched motifs. (B) The ZICEs correlate with efficient downregulation of IRF4 direct target genes. Left: IRF4 downregulated target genes were

classified into 2 subgroups depending on the presence of the ZICEs within the IRF4 bound regions (supplemental Table 3). ZICE (2), 52 genes with 84 IRF4 binding peaks

that lacked the ZICEs and included IcosL and Pik3ap1; ZICE (1), 26 genes with 62 IRF4 binding peaks that contained the ZICEs and included Ebf1, Haao, and Setd2.

Among these 62 peaks, 29 peaks were detected in PU.1 ChIP-seq as well, whereas 33 peaks were not detected. The y-axis shows the percentage of downregulated genes.

Right: The amounts of transcripts of each ZICE (2) or ZICE (1) IRF4 direct target genes in CD138 positive (CD138posi) cells were divided by that of transcripts at 0 hours

(from Figure 1B). Data are shown with box-and-whisker plot and the P value. (C) Gene ontology (GO) analysis of subgroups of IRF4 downregulation target genes. 52 ZICE (2)

genes or 26 ZICE (1) genes were analyzed for their enrichment in GO focusing on biological process using the David v6.8 algorithm. The x-axis shows the P value of pathway-

specific enrichment.
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Ebf1 collaboratively promotes CSR with the

IRF4/Batf complex

Among genes containing ZICEs, we focused on Ebf1, which is
required for CSR by inducingG1glt andG3glt26 as well as repressing
Prdm1 expression.29,30 We confirmed published observations of Ebf1
in our cell system by retrovirus transduction (Figure 3A). In Ebf1-
transduced cells, the expression of TFs Pax5, target of Ebf1,31 and
Bach2, target of Pax5,32 were induced (supplemental Figure 5A). In
addition, Prdm1 expression was reduced, which may be a joint effect
with Bach2.10 Aicda expression was induced, and G1glt showed
greater expression. Furthermore, we found that Ezh2 expression was
induced (Figure 3A). Given that Irf4 and Batf expression were not
altered, it is possible that Ebf1 positively regulates Ezh2 expression in a
Batf/IRF4 complex independent manner. At the cell level, the formation
of CD138posi PCs was reduced and the number of IgG1posi cells was
increased in Ebf1-transduced cells compared with control transduc-
tions (Figure 3B). Combined with previous reports,11,29,30 these results
suggest that the Ebf1-Pax5-Bach2 axis promotes the expression of
CSR-related genes and inhibits those involved in PC differentiation
(supplemental Figure 5B).

Because Aicda and Ezh2 are also regulated by the Batf/IRF4
complex, we examined the contribution of the Ebf1-Pax5-Bach2
axis to their regulation. Knockdown of Batf only marginally affected
the expression of Aicda and Ezh2, whereas knockdown of Ebf1 had
no effect (Figure 3C). In contrast, Aicda and Ezh2 expression was
markedly reduced upon knockdown of both Batf and Ebf1. In these
cells, Prdm1 and Irf4 expression was not altered, and Pax5 and
Bach2 expression showed a marginal reduction. At the cell level,
CD138posiIgG1nega cells were increased, and CD138negaIgG1posi

cells were reduced (Figure 3D). Therefore, the Batf/IRF4 complex
collaborates with the Ebf1-Pax5-Bach2 axis to promote CSR by
activating Aicda and Ezh2 in these cells.

IRF4 interacts with the Ikaros-NuRD complex in B1-8hi

splenic B cells

To identify the zinc finger TF that binds the ZICEs with IRF4, we
purified the IRF4 complex in stimulated B1-8hi splenic B cells at day
3. Several unique bands were detected in IRF4 immunoprecipitates
compared with that of control IgG. IRF4 complex components were
identified using LC-MS/MS and confirmed by immunoblot analysis
(Figure 4A-C). PU.1 was detected by LC-MS/MS in 1 of 3
experiments with low protein score and small numbers of peptides
(Figure 4B). Upon differentiation, PU.1 expression was dramatically
reduced at protein level (supplemental Figure 6A-B). Consistent with
previous reports that PU.1 inhibits PC differentiation,15,33,34 PU.1
transduction blocked PC differentiation, and this was dependent on
the DNA-binding activity of PU.1 as shown by transduction with a
mutant PU.1 that disrupts the DNA binding domain (supplemental
Figure 6C). Thus, the reduction of PU.1 appears prerequisite for PC
differentiation. In regard to Batf, its expression was a transient and
highest prior to PC differentiation (supplemental Figure 6A-B).

Among IRF4 complex components, we found the presence of p300
histone acetyltransferase suggesting that IRF4-mediated gene activa-
tion involves acetyl-dependent regulation. Importantly, we detected
Ikaros and Aiolos in IRF4 immunoprecipitates (Figure 4A-C). Ikaros has
been shown to interact with the nucleosome remodeling and deacetylase
(NuRD) complex,35 whose components were also detected in the
IRF4 complex. The protein score of Ikaros detection was two- to

threefold higher than that of Aiolos in 2 of 3 experiments, suggesting
that Ikaros is the dominant partner in the IRF4 complex we
characterized. Of note, Ikaros expression was unchanged during
PC differentiation (supplemental Figure 6A-B).

Ikaros and Aiolos are important for early lymphoid differentiation.36,37

Although Aiolos is required for long-lived PCs in the bonemarrow,38 the
role of Ikaros in PCs has not been reported. To examine their possible
roles in PC differentiation, we performed knockdown experiments
of Ikaros and Aiolos in our cell system. Importantly, knockdown of Ikaros
markedly reduced PC differentiation (Figure 5A-B). In contrast,
knockdown of Aiolos displayed marginal effects on PC differenti-
ation. The binding of IRF4 and Ikaros to selected regions harboring
ZICE sequences was confirmed with ChIP–quantitative PCR
(Figure 5C). These results suggest that Ikaros is essential for PC
differentiation and that Ikaros could bind the ZICEs with IRF4.

Ikaros functions as an activator with PU.1

Prior to focusing on the ZICEs, we examined the role of a zinc finger
motif detected along the EICEmotif (Figure 2A). The binding of PU.1 or
IRF4 to selected regions was confirmed by ChIP–quantitative PCR,
and we found that Ikaros was recruited to them as well (supplemental
Figure 6D-E). Although these observations suggest that Ikaros might
modify EICE-mediated gene regulation by IRF4, the effect of a zinc
finger motif juxtaposed to the EICE motif on gene expression has not
been clear. Therefore, we performed luciferase assays using Ebf1 C4
and IcosL E2 regulatory regions, which naturally contain zinc finger
motifs juxtaposed to EICE motifs (supplemental Figure 6D). As
expected, reporter activity was activated by PU.1 transfection and was
further enhanced by IRF4 cotransfection (supplemental Figure 6F).
IRF4 had no activity on its own. Interestingly, Ikaros could potentiate
PU.1-dependent reporter activity to the same extent as that observed
with IRF4. Furthermore, cotransfection of the 3 TFs resulted in
synergistic enhancement of reporter activity. However, Ikaros did not
exhibit any activity on its own or with IRF4. Thus, these results indicated
that the combination of EICE and zinc finger motifs promotes maximal
activation of reporter activity. Importantly, these results suggest that
Ikaros can function as a transcriptional activator depending on the
context, in this case in the presence of PU.1.

Binding of Ikaros/IRF4 complexes to the ZICEs

inhibits IRF4-mediated gene activation

Next, we examined the role of the ZICE sequence. We noticed that the
zinc finger motif of the ZICEs includes an IRF motif (Figure 6A). We
performed luciferase assays using Ebf1 E1 and C3, Haao E1, and
Setd2 E1 regulatory regions, which naturally harbor ZICE sequences.
Ikaros transfection slightly repressed or exhibited no effect on these
reporters (Figure 6B). In contrast, IRF4 moderately or markedly
activated the expression of the same reporters. Interestingly, cotrans-
fection of Ikaros and IRF4 attenuated the ability of IRF4 to activate
expression of these reporters. These results indicate that Ikaros
attenuates IRF4-dependent gene activation and that this effect could
be mediated by the ZICE sequence in these regulatory elements.

To establish the Ikaros/IRF4 interaction and their assembly on ZICE
sequences, we performed EMSAs using nuclear extracts from
293T cells transfected with individual protein expression vectors.
Ikaros generated a protein-DNA complex with a probe containing
ZICE sequence, whereas IRF4 or Aiolos did not (Figure 6C;
supplemental Figure 7A). When Ikaros and IRF4 were combined,
the intensity of the specific band became stronger and broader. The
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band was supershifted by adding reactive antibodies for Ikaros or
IRF4, indicating that it contained both Ikaros and IRF4 (Figure 6C;
supplemental Figure 7B). Sequence specificity of the Ikaros/IRF4

complex was examined by competition assay using cold probes. The
complex was disappeared with increasing amounts of WT probe, and
it still remained with same amounts of mutant probe (IRFmut), which
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Figure 3. Ebf1 and the Batf/IRF4 complex cooperatively promote the expression of Aicda and Ezh2. (A-B) Ebf1 transduction in B1-8hi splenic B cells. Cells were

transduced with control retroviral vector or retroviral vector expressing Ebf1 on day 1 after differentiation stimuli and sorted on the basis of green fluorescent protein (GFP) expression on

day 3. One experiment was performed using 3 mice. (A) RT-PCR analysis of Ebf1 and Ezh2 transcripts. (B) Flow cytometry analysis of intracellular IRF4, CD138, and IgG1. Numbers

adjacent to outlined areas indicate percent IRF4loCD138nega cells (top lower), IRF4hiCD138nega cells (top upper left), IRF4hiCD138posi cells (top upper right), IRF4loIgG1posi cells (bottom
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.001. For panels B and D, data are representative of 3 mice, and shown with the means and standard deviation (SD), respectively.
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carries mutation in the IRF motif. Although EMSAs suggested that
the Ikaros/IRF4 complex assembles on ZICE sequences, it was
still ambiguous. Therefore, we further performed an oligonucleotide
precipitation assay. Ikaros was immunoprecipitated with WT oligo but
not with mutant oligo, which carries mutation in both zinc finger and
IRF motifs (Figure 6E). Importantly, IRF4 was efficiently immunopre-
ciptatedwithWT oligo in the presence of Ikaros (Figure 6F). Combined
with EMSAs, these results demonstrate that Ikaros/IRF4 coassembles
on ZICE sequences, and that Ikaros is required to recruit IRF4.

To gain further insight on the binding properties of Ikaros and IRF4 to the
ZICE sequence, we compared the binding kinetics over a wide range of
IRF4 concentrations. IRF4 could bind on its own to a probe containing
the ZICE sequence (Figure 6G). However, relatively high concentrations
of IRF4 were required for binding (Figure 6H). In contrast, the complex
observed in the presence of both Ikaros and IRF4 bound efficiently to the
ZICE probe, even at low concentrations of IRF4. These results indicate
that IRF4 ismore efficiently recruited to ZICE sequences in the presence
of Ikaros than to ISRE sequences (Figure 6I). Therefore, we propose that
the inhibition of IRF4-mediated gene activation in the presence of Ikaros
is caused, at least in part, by modulating IRF4 homodimer binding to the
ISRE motif adjacent the ZICEs.

IRF4 is thought to occupy ISRE motifs with its high concentration
for gene activation,15 and PCs are characterized as IRF4hi status7

(Figure 1A). To examine the functional importance of the ZICE, we
performed knockdown of Ikaros with/without Aiolos in PCs. B1-8hi

splenic B cells activated ex vivo were transfected with oligo duplex
siRNA at 48 hours (Figure 7A). After another 24 hours, CD138posi

PCs were sorted for quantitative gene expression analysis.
Compared with control cells, Ikzf1 expression was reduced
.80% in siIkzf1- or siIkzf1/siIkzf3-transfected cells (Figure 7B). It
should be noted that Ikzf3 expression was induced approximately
twofold in siIkzf1-transfected cells, and it was reduced ;40% in
siIkzf1/siIkzf3-transfected cells. Importantly, the expression of Ebf1
and Haao genes, which possess ZICE motifs within their loci,
were upregulated in siIkzf1- or siIkzf1/siIkzf3-transfected cells. In
contrast, the expression of Prdm1, which possesses an ISRE motif

within the locus,15 or Irf4 was unaffected by these treatments.
These observations suggest that ZICE motifs in the regulatory
regions of the Ebf1 and Haao loci were converted to ISRE motifs
with loss of Ikaros but not Aiolos in PCs (Figure 7C).

Discussion

In this study, we revealed a mechanism of IRF4-dependent gene
repression during PC differentiation. Importantly, the ZICEs were
identified as a newmotif shared among a subset of IRF4 target genes
whose expression is reduced upon PC differentiation (Figure 2A).
We provide the evidence that the Ikaros/IRF4 complex is bound to
this motif (Figure 6C,F). Interestingly, the ZICEs embed the ISRE
motif (Figure 6A) and were bound by IRF4 homodimer as well
(Figure 6G). Because PCs are characterized as IRF4hi status in
which IRF4 binds the ISREs,7 there is a possibility that the ISRE motif
adjacent to the ZICEs mediates gene activation in PCs. However,
IRF4 is more efficiently recruited to ZICE motifs in the presence of
Ikaros (Figure 6H), resulting in the Ikaros/IRF4-mediated gene
repression (Figure 6B,I). Consistent with this model, IRF4 target
genes that harbor the ZICEs showed lower expression in PCs than
those that lack the ZICEs (Figure 2B). Considering that IRF4
interacts with the Ikaros-NuRD complex (Figure 4), the molecular
mechanism of Ikaros/IRF4-mediated gene repression likely involves
epigenetic deacetylation of histones. Although we also detected
Aiolos in the IRF4 complex, we could not detect binding of Aiolos
to ZICE motifs. The regulatory motif of IRF4 overlaps with that of
Blimp-1, and Aiolos contributes to Blimp-1 function.39 Thus, each
Ikaros family member likely involves nonoverlapping roles in IRF4
and Blimp-1–dependent PC differentiation.

Our findings extend the IRF4 GRN that orchestrates CSR and PC
differentiation (supplemental Figure 8). Although IRF4 is required
for both GC B cells and PCs, its expression is kept at a relatively
lower amount in GC B cells compared with PCs. IRF4lo status is
essential for GC B cells because IRF4hi status prevents GC
reactions including CSR.7 GC B cells maintain low levels of IRF4
in part by the actions of Ezh2.22,23 Ezh2 expression is robustly
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Figure 4. Identification of Ikaros family proteins as IRF4 complex components in B1-8
hi
splenic B cells. B1-8hi splenic B cells were stimulated for 72 hours, and

whole cell extracts were immunoprecipitated with control immunoglobulin (IgG) or anti-IRF4 (a-IRF4) antibodies. (A) Sodium dodecyl sulfate–polyacrylamide gel electrophoresis

analysis and MeOH-free Coomassie Brilliant Blue staining. IRF4 complex components were indicated at expected molecular weight. (B) LC-MS/MS analysis of the IRF4

complex. IRF4 complex components were determined as specific detection with a-IRF4, or more than twofold protein score with a-IRF4 than control IgG. Selected IRF4

complex components were shown with protein score and number of unique peptide from 3 independent experiments. (C) Immunoprecipitation followed by immunoblot analysis

of indicated IRF4 complex components. Input, 2% of whole cell extracts. Data are representative of 1 of 3 (A) or 1 of 2 (C) independent experiments. n.d., not detected.
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induced in GC B cells and reduced upon PC differentiation.23

Here, we have shown that Batf/IRF4 with Ebf1 functions to induce
Ezh2 expression and impede PC differentiation (Figure 3A,C). GC
B cells are distinguished into 2 statuses, the dark zone and the
light zone. Batf expression is highly induced in the light zone
B cells,40 and IRF4 is expressed at lower levels in GC B cells.7

Bach2 represses Prdm1 expression with Bcl6 in dark zone
B cells,12,41 suggesting that the Ebf1-Pax5-Bach2 axis is
activated in the dark zone B cells. Because activated B cells have
not been separated into the light zone or the dark zone B cells in
this study, we assume that our observations are of mixed cell
status. Because of this, Ezh2 expression, as well as Aicda
expression, might be effectively reduced by knockdown of both
Batf and Ebf1 (Figure 3C). Therefore, we suggest a new feedback
regulation between IRF4 and Ezh2 (supplemental Figure 8,
upper).

In addition, we propose a distinct regulatory loop involving Ebf1 and
IRF4. Our new results suggest that Ebf1 expression is also
organized by at least 2 distinct manners, activation and repression
by IRF4. The former is achieved by the PU.1/IRF4 complex and is
further enhanced by Ikaros (supplemental Figure 8, upper), whereas
the latter involves the Ikaros/IRF4 complex (supplemental Figure 8,
lower). In both cases, Ikaros seems important. Knockdown of Ikaros

in activated B cells resulted in a prominent blockage of PC
differentiation, which is consistent with Irf4-deficient B cells
(supplemental Figure 3A). Cooperative activities of PU.1, IRF4,
and Ikaros could be required for initiating differentiation by
activation of Ebf1 expression in GC B cells. We should note that
the ZICE motif of Ebf1 E1 is overlapped with an EICE motif
(Figure 6A). PU.1 binding to the region was detected in day-1 ChIP-
seq, whereas it became obviously low in day-3 ChIP-seq
(supplemental Figure 9A). Compared with PU.1 ChIP-seq, IRF4
binding to Ebf1 E1 and Haao E1 regions was consistently detected
in day-1 and day-3 ChIP-seq (supplemental Figure 9A-C), and
Ikaros bound these regions as well (Figure 5C). Considering the
reduction of PU.1 amounts upon differentiation, we propose that
Ikaros/IRF4 complexes replace PU.1/IRF4 complexes at EICE/ZICE
overlapping motifs in PCs. In addition to Ebf1, some of Ikaros/IRF4
bound target genes are also regulated by PU.1/IRF4 (supplemental
Table 3). Compared with the effect of gene activation by PU.1/IRF4,
that of gene repression by Ikaros/IRF4 is weaker. PU.1 reduction is
necessary to reveal IRF4-mediated gene downregulation at both
ZICEs or EICEs and zinc finger motif regulatory regions. Together,
IRF4 activity appears to be modified by the nature of partner TFs,
PU.1, Batf, and Ikaros for orchestrating GC B-cell and PC
differentiation.
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box-and-whisker plot. (B) Flow cytometry analysis of intracellular IRF4 and CD138 and IgG1. Numbers adjacent to outlined areas indicate percent IRF4loCD138nega cells (top

lower), IRF4hiCD138nega cells (top upper left), IRF4hiCD138posi cells (top upper right), or IgG1posi cells (bottom). Data are representative of 3 mice, and shown with the mean and
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However, IRF4 is effectively recruited to the ZICE sequence in the presence of Ikaros with lower IRF4 concentration. Therefore, the Ikaros/IRF4 complex binds the ZICEs for

repressing target genes.
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Combined with previous reports, we expand the principal GRN
orchestrating GC B-cell and PC differentiation. Now, an emerging
question is how the balance of key TFs is maintained in GC B cells
and then shifted to terminal differentiation. It is possible that
changes of 1 or few of TFs in their amounts switch on balance shift.
For example, Bach2 regulates the probability of undergoing CSR
upon antigen stimuli42; however, its expression and protein stability
is negatively regulated under BCR signaling.43,44 Thus, a reduction
in Bach2 activity may trigger the GRN to switch from GC B cells to
PCs. Although PU.1 expression decreases during differentiation,
little is known about the molecular mechanisms governing the IRF4
and its other partner TFs, which could be regulated by ligation of cell
surface receptors and signaling cascade. Consequently, under-
standing the regulation of these TFs by signaling cascades will
provide clues to solve the transition of GRN from GC B cells
to PCs.
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Figure 7. Loss of Ikaros resulted in upregulation of Ebf1 and Haao genes in CD138
posi

plasma cells. (A) Schematic representation of knockdown in CD138posi PCs

derived by differential stimulation. B1-8hi splenic B cells were stimulated for 48 hours and transfected with knockdown sequences targeting control or Ikaros (siIkzf1) with/without

Aiolos (siIkzf3). Cells were cultured for another 24 hours, and CD138posi PCs were sorted and carried for RT-PCR in panel B. As shown in Figure 1A, CD138posi PCs correspond to

IRF4hi fraction. (B) RT-PCR of transcripts of indicated genes in control cells and siIkzf1- or siIkzf1/siIkzf3-transfected CD138posi PCs. Ebf1 and Haao, shown as IRF4 target genes

possessing ZICE sequences that embed ISRE motifs bound by IRF4 homodimer for gene activation. Prdm1, shown as an IRF4 target gene possessing an ISRE motif. Results are

presented relative to the abundance of transcripts encoding Β2m, and shown with box-and-whisker plot. One experiment was performed using 3 mice. *P , .05; **P , .01; ***P ,

.001. (C) Schematic representation of the regulation of ZICE target genes, Ebf1 and Haao, in control and siIkzf1-or siIkzf1/Ikzf3-transfected CD138posi PCs. In control cells, IRF4

effectively binds the ZICE motif as a heterodimer with Ikaros for repressing target gene. In siIkzf1- or siIkzf1/siIkzf3-transfected cells, IRF4 binds the ISRE motif within the ZICEs as a

homodimer, resulting in activation of these target genes. ZICE, GGGAANNNGAAA underlined and indicated with blue box; ISRE, GAAANNGAAA indicated with red box.
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