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Key Points

• BCL6 and BACH2
cooperatively regulate GC
B-cell development.

• The cooperative action of
BCL6 and BACH2 is through
both transcriptional and
biochemical mechanisms.

The transcriptional repressors BCL6 and BACH2 are crucial regulators of germinal center

(GC) B-cell fate, and are known to interact and repress transcription of PRDM1, a key driver

of plasma cell differentiation. How these factors cooperate is not fully understood. Herein,

we show that GC formation is only minimally impaired in Bcl61/2 or Bach21/2 mice,

although double heterozygous Bcl61/2Bach21/2 mice exhibit profound reduction in GC

formation. Splenic B cells from Bcl61/2 Bach21/2 mice display accelerated plasmacytic

differentiation and high expression of key plasma cell genes such as Prdm1, Xbp1, and

CD138. Chromatin immunoprecipitation sequencing revealed that in B cells, BACH2 is

mostly bound to genes together with its heterodimer partner MAFK. The BACH2-MAFK

complex binds to sets of genes known to be involved in theGC response, 60%of which are

also targets of BCL6. Approximately 30% of BACH2 peaks overlap with BCL6, including cis-regulatory sequences of the PRDM1 gene.

BCL6 also modulates BACH2 protein stability and their protein levels are positively correlated in GC B cells. Therefore, BCL6 and

BACH2 cooperate to orchestrate gene expression patterning in GC B cells through both transcriptional and biochemical mechanisms,

which collectively determine the proper initiation and timing of terminal differentiation. (Blood. 2014;123(7):1012-1020)

Introduction

Germinal centers (GCs) are transient microstructures that form within
B-cell follicles of secondary lymphoid tissues to enable immuno-
globulin affinity maturation in response to T-cell–dependent
antigens.1-3 Within GCs, B cells undergo clonal expansion, somatic
hypermutation, and class-switch recombination. Once this process is
complete, B cells expressing high affinity immunoglobulin are selec-
ted for terminal differentiation into plasma or memory cells.1,2 The
timing of the transition from GC B cells to plasma cells is considered
to play a crucial role in determining the magnitude of the GC re-
sponse.4,5 The molecular mechanism underlying this cell-fate deci-
sion is highly complex and tightly regulated, and is controlled, at least
in part, through various lineage-restricted transcription regulators in-
cluding BCL6, BACH2, and PRDM1.5,6

BCL6 is a BTB-zinc finger family transcription repressor and
a master regulator of the GC response.7-10 BCL6 protein is highly
upregulated in GC B cells,11,12 where it regulates a broad network of
direct target genes involved in various cellular processes.9,13-16 A
critical biological function of BCL6 in GC B cells is to facilitate
rapid replication and tolerance of genomic damage occurring during
clonal expansion and somatic hypermutation by directly repressing
DNA damage sensing and checkpoint genes such as ATR17 and
TP53.18 Another important function of BCL6 is to suppress ex-
pression of the key plasma cell transcription factor PRDM1 to
maintain the GC phenotype during affinity maturation and prevent
premature differentiation.14,19-21 Bcl6-deficient (Bcl62/2) B cells

fail to form GC B cells in vivo8,10 and Bcl62/2 splenic B cells are
prone to differentiate into plasma cells.19

The transcription factor BACH2 is widely expressed within the
B-lymphoid lineage, except in plasma cells.22,23 As with BCL6,
BACH2 contains an N-terminal BTB domain involved in its tran-
scriptional function, but instead of having zinc fingers at the
C-terminus, it binds to DNA through a basic leucine zipper motif.22

BACH2 binds DNA consensus sequences, termed MARE motifs
(59TGAG/CTCA39), by forming a heterodimer with small leucine
zipper MAF proteins such as MAFK, MAFG, and MAFF.22,23 The
importance of Bach2 for mature B cells was revealed in Bach2-
deficent mice (Bach22/2), which is similar to Bcl62/2mice, display
a loss of GCs, and are unable to produce high-affinity antibodies
after T-cell–dependent antigen challenge.24 Also, as with Bcl6,
Bach2 prevents mature B-cell differentiation into plasma cells in
vitro, at least in part, by inhibiting Prdm1.25,26

Functional collaboration between transcription factors plays a
key role in cell fate decisions. In the B-cell lineage, EBF1 and E2A
cooperatively regulate early B-cell differentiation by coregulating
a complex transcriptional network.27,28 Combinatorial actions of
transcriptional activators have also been suggested to occur during
GC B-cell differentiation5,6 and may help explain how GC B cells
maintain their phenotypes, as well as potentially contribute to the
pathogenesis of B-cell lymphomas, most of which originate from
GC B cells. Several lines of evidence suggest that BCL6 and BACH2
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cooperate in GC B cells: (1) Both are required for GC formation; (2)
they physically interact in the 18-81 pre-B-cell line29; and (3) both
repress PRDM1 transcription and plasma differentiation.14,19,25 These
factors offer the opportunity to understand the cooperation between
transcriptional repressors in GC B-cell differentiation. Here, we com-
bined a genetic model with transcriptional functional assays to explore
the cooperation of BACH2 and BCL6 in orchestrating the GC B-cell
fate.

Methods

Mice and immunization

Bcl62/2mice and Bach22/2were kindly provided by H. Ye (Albert Einstein
Medical College) and K. Igarishi (Tohoku University), respectively. To
generate the mMT mixed chimera (Figure 2E), a mixture of 4 3 106 bone
marrow cells from mMT (The Jackson Laboratory, stock number 002288)
and wild-type (WT) or Bcl61/2Bcl61/2 mice at a 4:1 ratio were intravenously
transferred into sublethally irradiated Rag12/2 mice (The Jackson Labo-
ratory, stock number 002612). For analysis of GC formation, mice were
immunized intraperitoneally with sheep red blood cells (SRBC) (108 cells/
mouse) and spleens were collected for analysis at 10 days after immunization.
Mice were housed in the specific pathogen free animal facility at Weill Cornell
Medical College and the animal experiments were performed using protocols
approved by Institutional Animal Care and Use Committee.

Primary cell isolation, culture, and stimulation

Splenic B cells were isolated using a murine B cell negative selection kit
(Miltenyi Biotech) according to the manufacturer’s protocol. B-cell purity
was determined by flow cytometry and populations .95% were used for
further experiments. B cells were grown in the medium containing 90%
RPMI 1640 and 10% fetal calf serum supplemented with antibodies,
L-glutamine, nonessential amino acids, N-2-hydroxyethylpiperazine-N9-
2-ethanesulfonic acid, and 2-mercaptoethanol. B cells were treated with
10 mg/mL lipopolysaccharide (LPS) to induce differentiation before collection
for analysis of gene expression and the generation of plasma cells. Normal
human GC B cells and naı̈ve B cells were isolated from fresh tonsils as
previously described.15

Statistical analysis

A Student t test was performed for statistical analysis. The software
GraphPad Prism 5 was used for this analysis. P ,.05 is considered
significant.

Additional experimental procedures are provided in the supplemental
Methods, available on the Blood Web site.

Results

BACH2 expression is positively correlated with BCL6 in human

GC B cells

During transition from naı̈ve B cells to GC B cells in both humans
and mice, BCL6 messenger RNA (mRNA) is moderately increased,
whereas BCL6 protein levels are more dramatically upregu-
lated.11,12 BACH2 mRNA and protein were reported to be expressed
in splenic IgM1 cells in unimmunized mice,23,24 however, it remains
unknown whether their protein levels change significantly in GC
B cells. To this aim, we first raised rabbit polyclonal antibodies
against the BACH2 protein. Immunoblot analysis demonstrated that
these antibodies specifically recognized exogenous expressed and
endogenous BACH2 protein (data not shown).We then isolated naı̈ve
B cells and GC B cells from human tonsils and examined expressions
of BACH2, MAFK, and BCL6 using qRT-PCR and western blot
analysis. BACH2 mRNA abundance was only modestly increased,
whereas its protein levels were markedly upregulated in GCB cells as
compared with naı̈ve B cells, although BACH2 protein was still
detected at a low level in naı̈ve B cells (Figure 1A). Immunohisto-
chemistry in human tonsil sections showed strongly positive staining
for BCL6 and BACH2 in GC B cells (Figure 1B). In contrast, MAFK
expression remained unchanged at either mRNA or the protein level.
Hence, BCL6 is coexpressed and its protein levels markedly induced
together with BACH2 in normal GC B cells from human tonsils.

Bcl61/2Bach21/2 mice exhibit a marked reduction of GCs

We wished to determine whether BCL6 and BACH2 cooperate
biologically in mediating the GC phenotype. Given that Bcl61/2 or
Bach21/2 (heterozygous null allele) mice exhibit minimal defects in
GC response and/or plasma differentiation,8,24,26 we postulated that
if these transcription factors cooperate in B cells, mice heterozygous
for deletion of both factors might display a more severe phenotype.
Bcl61/2 and Bach21/2 mice were crossed to generate litters con-
taining WT, Bcl6, and Bach2 single or double heterozygous pups.
All of these mice were viable, born at Mendelian frequencies and
did not display developmental retardation or evidence of sickness.
Similar to the single heterozygous Bach21/2 or Bcl61/2 mice,
Bach21/2Bcl61/2 mice formed normal primary splenic lymphoid
follicles (supplemental Figure 1A). Analysis of early B-cell maturation
in Bach21/2Bcl61/2 mice indicated that B-cell development was
normal in these animals (supplemental Figure 1B). Bach22/2

and Bcl62/2 mice display abnormal T-cell development.7,8,30

Figure 1. Positive correlation of BCL6 and BACH2

expression in human GC B cell. (A) Immunoblot and

quantitative reverse-transcription polymerase chain re-

action (qRT-PCR) analysis of BCL6, BACH2, andMAFK

expression in naı̈ve B cells (NB) and GC B cells (GB)

purified from human tonsils. For qRT-PCR analysis,

data are shown as mean 6 standard error of the mean

from 3 different sets of NBs and GBs. *P , .01; ns, not

significant; 2-tailed Student t test. (B) Immunohisto-

chemistry analysis of BCL6 (blue) and BACH2 (brown)

in human tonsil sections. Bars represent 200 mm.
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However, the proportions of T cells in splenic lymphocytes of
Bach21/2Bcl61/2 mice did not differ from those in WT mice
(supplemental Figure 1C). Next, we analyzed formation of GCs in
WT, Bcl61/2, Bach21/2, and Bcl61/2Bach21/2mice, 10 days after
immunization with SRBC, a T-cell dependent antigen. Examination
of spleens by immunohistochemistry showed that both Bach21/2

and Bcl61/2 mice displayed a mild reduction in GC size and
number comparedwithWTmice at day 10 after SRBC immunization.
However, Bach21/2Bcl61/2mice developed a more severe phenotype
with fewer and smaller GCs (Figure 2A). Both GC size and number in
spleens of Bach21/2Bcl61/2 mice were significantly reduced as
compared with those in Bach21/2, Bcl61/2, or WT mice after im-
munization with SRBCs (Figure 2B-C). We also used flow cytometry
to compare the frequency of GC B cells (CD38lo-negFas1B2201)
among splenic B2201 cells isolated from the spleens of WT, Bcl61/2,
Bach21/2, and Bcl61/2Bach21/2 mice 10 days after SRBC immuni-
zation. This analysis confirmed the mild reduction of GC B cells in
Bcl61/2 (2.6 6 0.4%) and Bach21/2 (3.2 6 0.1%) mice compared
with WT mice (4.5 6 0.3%) (Figure 2D). In contrast, Bcl61/2

Bach21/2 mice displayed almost complete loss of GC B cells
(0.4 6 0.2%) 10 days postimmunization (Figure 2D). Finally, to
determine whether deficiency in GC formation in Bcl61/2Bach21/2

mice was intrinsic to B cells, we generated mixed chimeras by
transplanting a mixture composed of 20% of either WT or Bcl61/2

Bach21/2 bone marrow cells with 80%mMTbonemarrow cells into
sublethally irradiated Rag12/2 mice. All B cells in these chimeras are
derived from either the WT or Bcl61/2Bach21/2 bone marrow cells,
respectively. Bcl61/2Bach21/2 chimeras exhibited profound reduction
of GCB cells (0.86 0.3%) compared withWT chimeras (4.86 0.6%)
after SRBC immunization (P , .01) (Figure 2E). Collectively, the
data suggest that BACH2 and BCL6 cooperation may play a critical,
cell-intrinsic role in the development of GC B cells in vivo.

Splenic Bcl61/2Bach21/2 B cells are more prone to differentiate

into plasma cells

Previous studies showed that Bcl62/2 and Bach22/2 mice display
accelerated plasma cell differentiation due to upregulation of Prdm1,
which may explain, in part, the failure of these mice to form
GCs.14,19,25,26 We explored whether reduction of the GC compart-
ment in double heterozygous Bcl61/2Bach21/2 mice is also asso-
ciated with this phenotype. Plasma cell frequency was assessed
among splenic B cells sorted from WT, Bcl61/2, Bach21/2, and
Bcl61/2Bach21/2 mice after 2 days of LPS stimulation in vitro to
induce plasma cell differentiation31,32 by activating expression of
Prdm1, Xbp1, and CD138.33 After LPS stimulation, the frequency
of plasma cells in WT, Bcl61/2, and Bach21/2 was 4.9 6 0.4%,
7.1 6 1.7%, and 6.2 6 1.4%, respectively, but were markedly
increased to 20 6 2.6% among Bach21/2 Bcl61/2 B cells (P, .05;
2-tailed Student t test) (Figure 3A). Furthermore, qRT-PCR revealed
significant increase in the abundance of Prdm1, Xbp1, and CD138
transcripts in Bach21/2Bcl61/2 B cells compared with single mutant
cells (P , .05; 2-tailed Student t test) (Figure 3B). Taken together,
these experiments suggest cooperative functional interaction between
BACH2 and BCL6 in suppressing the terminal differentiation of
mature B cells.

The BACH2 cistrome overlaps with MAFK and is linked to

GC-related gene sets

The complement of direct target genes of BACH2 in B cells is
unknown and must be elucidated to understand its immediate effect
on transcriptional programming. To identify direct BACH2 target
genes, we first evaluated our anti-BACH2 antibodies in chro-
matin immunoprecipitation (ChIP) experiments. BACH2 was
reported to bind the PRDM1 promoter through a putative MARE

Figure 2.Bcl61/2Bach21/2mice display amarked re-

duction of GCs.WT, Bach21/2, Bcl61/2, and Bach21/2

Bcl61/2 mice (n 5 4/group) were immunized intraper-

itoneally with SRBC and euthanized after 10 days to

evaluate GC formation. (A) Representative peanut

agglutinin staining of splenic sections from immunized

mice. A small GC in the Bcl61/2Bach21/2 splenic

section is indicated by the red arrow and shown as inset

(original magnification 320). Bars represent 200 mm

(B-C). The size (B) and number (C) of GCs in spleen

sections of immunized mice with the indicated geno-

types. Individual dots represent each GC. (D) Repre-

sentative flow cytometric plots of GC B cells (FAS1

CD38lo-neg, boxed) gated on live splenic B2201 lym-

phocytes from immunized mice. (E) mMT chimeras were

generated by transferring either 20% WT or Bcl61/2

Bach21/2 with 80% mMT bone marrow cells. Seven

weeks later, these chimeras were immunized with SRBCs

and were euthanized 10 days later for analysis. Flow

cytometry plots are shown depicting the percent of FAS1

CD38low/2 GC B cells among viable splenic B2201 cells

from the indicated mMT chimeras. Data are shown as

mean 6 standard error of the mean from 2 independent

experiments. *P , .05 and **P , .01; 2-tailed Student t

test.
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element.25 ChIP quantitative polymerase chain reaction (QChIP)
analysis showed robust and specific enrichment of the PRDM1
promoter region in BACH2-positive OCI-LY1 diffuse large B-cell
lymphoma (DLBCL) cells, but not BACH2-negative Karpas422
DLBCL cells (supplemental Figure 2A-B), which confirms
the suitability and specificity of these antibodies for ChIP
experiments.

To identify the cistrome of BACH2 and its cofactor MAFK, we
next performed ChIP sequencing (ChIP-seq) for these proteins in
the GCB-type DLBCL cell line OCI-LY7, which expresses
abundant BACH2, MAFK as well as BCL6 proteins (supplemen-
tal Figure 2A). A total 15 927 BACH2 and 11 987 MAFK DNA
binding sites were identified. These binding sites corresponded
to 5107 genes bound by BACH2 and 4039 genes bound by MAFK
inOCI-LY7 cells (supplemental Figure 3A-B). Although 34%BACH2
and 36% MAFK binding sites were located within promoters, most
of the remaining binding sites were associated with either introns
or intergenic regions (supplemental Figure 3A-B). Notably,

approximately 60% of the BACH2-bound sites (8295 out of 15 927
sites) were also occupied byMAFK (Figure 4A), consistent with the
notion that BACH2 forms heterodimers with MAFK to regulate
most of its target genes. Of note, BACH2-MAFKcomplexes bound to
the proximal promoter region of the BACH2 gene (Figure 4A),
suggesting potential autoregulation of BACH2.

Next, we used an unbiased DNA motif discovery algorithm to
identify DNA sequences enriched at BACH2-, MAFK- and
heterodimer-bound sites. Notably, the most highly enriched se-
quence (59 T/CGACT/CCA39; P , 10220) bound by both BACH2
and MAFK, is highly similar to the canonical MARE motif
(59TGAG/CTCA39) (Figure 4B). This motif may represent a more
physiological BACH2/MAFK MARE in B cells, as opposed to
sequences identified by in vitro screening.22 Other DNA elements
that were highly overrepresented at sites with BACH2-MAFK
complexes included MAFK, MYCN, AP4, and MAFG (Figure 4B).
We next explored the association of BACH2 andMAFK target genes
with lymphoid-specific gene signatures.34 The BACH2-MAFK

Figure 3. Bcl61/2Bach21/2 splenic B cells undergo

rapid differentiation ex vivo. (A) Flow cytometry was

performed on mouse splenic B2201 cells treated with

LPS for 48 hours. Numbers in outlined areas indicate

percent CD1381 (plasma) cells. (B) qRT-PCR analysis of

Prdm1, Xbp1, and CD138 mRNA levels in LPS-treated

splenic B cells. Data are presented as mean 6 standard

error of the mean from 2 independent experiments (A-B).

*P , .01 when compared with single heterozygous or WT

mice; 2-tailed Student t test.

Figure 4. Genome-wide occupation of BACH2 and

MAFK in B cells. (A) Union analysis of BACH2 and

MAFK peaks. Numbers indicate unique and overlapping

peaks. ChIP-seq tracks for BACH2 andMAFKChIP-seq

are shown for the BACH2 gene. (B) The heat map

represents the relative enrichment of transcription factor

motifs overpresented in BACH2, MAFK, and BACH2/

MAFK heterodimer peaks relative to random genomic

regions. (C) A heat map is shown representing the

relative enrichment of gene signatures among BACH2-

MAFK target genes. The statistical significance is shown

in the color key. P values were calculated by Fisher’s

exact test with Benjamini-Hochberg correction.
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target genes are highly enriched in cell proliferation genes and BCL6
target genes identified by ChIP-on-ChIP (P , 10210 and P , 1029,
respectively) (Figure 4C). A more complete description of these
signatures is provided in supplemental Table 4.

Widespread coordination of BACH2 and BCL6 binding to

the genome

Cooperation between transcription factors has been associated with
binding to overlapping target gene sets, and coordinated, at least in
part, by recruitment to common or closely linked DNA regulatory

elements.28 Therefore, we examined whether BACH2 and BCL6
might broadly colocalize throughout the genome. We performed
ChIP-seq for BCL6 in OCI-Ly7 cells and compared BCL6 and
BACH2 target gene sets. There were 2998 of 5107 BACH2 target
genes (approximately 60%) also present within the 6517 BCL6
targets (Figure 5A). Next, we aligned the BACH2 and BCL6 peaks.
There were 4772 of 15 927 BACH2 peaks (30%) overlapped with
BCL6 peaks (Figure 5B). Examples of genes containing overlapping
peaks included PRDM1 and CD69, as well as checkpoint genes such
as GADD45A, GADD45B, CDKN1B, and MDM2. The presence of

Figure 5. BACH2 co binds with BCL6 to sets of genes involved in GC B-cell development including PRDM1. (A-B) Venn diagram representations illustrate the number of

overlapping and unique target genes (A) and binding sites (B) of BACH2 andBCL6 identified byChIP-seq inOCI-Ly7 cells. (C)QChIPwas performed to determine enrichment of BCL6,

BACH2, andMAFKat the indicated gene loci inOCI-LY7 (top panel) and primary humanGCBcells (bottompanel). (D) Reciprocal coimmunoprecipitationswere performed to detect the

interaction of endogenous BCL6 and BACH2 inOCI-LY7 and primary humanGCB cells. (E) The illustration depicts ChIP-seq tracks of BACH2,MAFK, and BCL6 at thePRDM1 locus.

The transcription start sites of PRDM1a and PRDM1b are indicated by the arrows. Consensus DNA binding elements located at the major binding sites (B1 and B2) are shown at the

bottom. (F) QChIP was performed to detect enrichment of BACH2 at B1 and B2 sites in Toledo DLBCL cell infected with a control virus (Ctrl) or virus expressing BCL6 (left panel), and

reciprocally to detect BCL6 binding in Karpas422 DLBCL cells infectedwith a control (Ctrl) or virus expressing BACH2 (right panel). (G) qRT-PCRanalysis was performed to assess the

mRNA abundance of PRDM1a and PRDM1b in OCI-LY1 cells transfected with either scrambled non-specific short interfering RNA (siNT), BACH2 small interfering RNA (siRNA)

(siBACH2#1), BCL6 siRNA (siBCL6#1), or siBACH2, togetherwith siBCL6after 72 hours. Data are presented as fold change of relativePRDM1mRNA levels normalized toHPRT.Data

are representative of 3 independent experiments (C,F,G). *P , .05; ns, not significant; 2-tailed Student t test.
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BCL6 and BACH2 at these loci was confirmed by QChIP in OCI-
LY7 cells and primary GC B cells isolated from human tonsils
(Figure 5C).

The broad colocalization of BACH2 and BCL6 may be caused
by at least 2 possible mechanisms. Specifically, BACH2 and BCL6
may bind 2 different, but proximal, DNA elements; whereas, at
other loci these factors might physically interact and recruit each
other to their respective DNA binding sites. The PRDM1 gene is of
particular interest because it is a key target of BCL6 and BACH2.
BCL6 has been reported to interact with BACH2 in HEK293 cells
exogenously overexpressing these proteins and in 18-81 pre-B cells.29

Indeed in coimmunoprecipitation assays, we observed an endogenous
protein complex formed by BACH2 and BCL6 in primary human
tonsillar GC B cells, as well as in several GC-derived DLBCL cell
lines includingOCI-LY7 (Figure 5D and supplemental Figure 5). This
finding prompted us to explore whether the corecruitment model
could explain binding of these factors to the PRMD1 locus. ChIP-seq
data revealed that BCL6 and BACH2were bound and colocalized to 2
major sites across the PRDM1 locus in OCI-Ly7 cells (Figure 5E).
Analysis of the DNA sequence of these regions revealed the presence
of a MARE motif-containing region (B1) at the promoter of long
PRDM1 isoform (PRDM1a), and a BCL6 consensus binding element-
containing region (B2) within intron 3, which is also the promoter for
the short PRDM1 isoform (PRDM1b). These locations are consistent
with previous reports showing binding of BACH2 and BCL6 to the
PRDM1 locus.25,35 We also confirmed this binding pattern in primary
human tonsillar GC B cells (supplemental Figure 4A).

To determine whether there was any interdependency of BCL6
or BACH2 binding, we next compared the enrichment of these 2
factors by QChIP in 3 DLBCL cell lines with differential expression
of these 2 transcription factors. We observed that BACH2 en-
richment was markedly lower at the PRDM1 intron 3 locus in Toledo
cells, which express almost no BCL6, compared with the highly

BCL6-postive OCI-LY7 cell line, although its binding at the PRDM1
promoter was similar in the 2 cell lines (supplemental Figure 4B). In
contrast, the DNA binding activity of BCL6 at the promoter site (B1)
was significantly reduced in the BACH2-negative Karpas422 cell line
compared with OCI-LY1 cells, although BCL6 showed similar en-
richment at the intron 3 (B2) locus in 2 cell types (supplemental
Figure 4B). Recruitment of BCL6 to the PRMD1 promoter site could
be rescued in Karpas422 cells by ectopic expression of BACH2,
whereas BACH2 occupancy of intron 3 was rescued in Toledo cells
after transfection with a BCL6 expression vector (Figure 5F). Thus,
the binding of BCL6 to the PRDM1 promoter is indirectly mediated
through BACH2, whereas the binding of BACH2 to intron 3 is
dependent on BCL6. Finally, qRT-PCR revealed significant increase
of the mRNA abundance of PRDM1a and PRDM1b, more strikingly
for PRDM1a, in the OCI-LY1 cell with simultaneous knockdown of
BACH2 and BCL6 compared with those with knockdown of each
gene alone (Figure 5G). Taken together, these results demonstrate
that these factors cooperatively repress PRDM1 expression.

BCL6 is required for BACH2 protein stability

To better understand how BACH2 and BCL6 cooperate function-
ally, we investigated additional aspects of the significance of their
interactions at the protein level. First, we depleted BCL6 protein in
OCI-LY1 cells using siRNA and then we examined the BACH2
expression. BCL6 knockdown did not affect BACH2 mRNA
expression (supplemental Figure 6A), but resulted in marked reduction
of BACH2 protein at 48 and 72 hours after siRNA treatment
(Figure 6A-B). This effect was reproducible in additional DLBCL
cell lines (supplemental Figure 6B). However, BACH2 knockdown
did not affect BCL6 protein levels (supplemental Figure 6C). To further
investigate the temporal association between BCL6 and BACH2
protein levels, we examined BACH2 protein levels in OCI-Ly1 cells

Figure 6. BCL6 stabilizes BACH2 protein. (A) Immuno-

blot analysis of BACH2 and BCL6 protein levels in OCI-LY1

cells treated with siNT or siBCL6 (#1 and #2) for 72 hours.

(B) Immunoblot analysis of BACH2 and BCL6 protein levels

in OCI-LY1 cells treatedwith siNT or siBCL6#1 at 3 different

time points. (A-B) The relative amount of BACH2 to actin

was quantified by densitometry (indicated by numbers

below the BACH2 immunoblot). (C) OCI-LY1 cells were

treated with siNT or siBACL6#1 for 24 hours, followed by

incubationwith 5mMcycloheximide (CHX) for indicated time

periods. Immunoblot analysis was performed to determine

BCL6 and BACH2 protein levels. The relative amount of

BACH2 to actin was quantified by densitometry (Y-axis) and

plotted with respect to time (X-axis). The BACH2 to actin

level in CHX-untreated cells is calculated as 100%.
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that were exposed to cycloheximide (a protein synthesis inhibitor)
starting at 24 hours after BCL6 siRNA, a time point at which BCL6
protein is decreased, but BACH2 protein is not changed. Relative
BACH2 protein abundance decreased from 100% to 10% in BCL6
siRNA transfected cells compared with 80% in control siRNA
treated cells at 7.5 hours after cycloheximide treatment
(Figure 6C). Hence, BCL6 maintains BACH2 protein stability
in B cells.

Discussion

The BCL6 transcriptional repressor is a master regulator of GC
B-cell development. Its canonical mechanism of action involves
binding to its cognate DNA binding sequence, recruiting co-
repressors, and directly repressing gene expression. However,
BCL6 may also interact with other transcription factors, which
may contribute to specific aspects of BCL6-driven cellular functions.
For example, BCL6 was shown to interact with AP-1 in Raji lym-
phoma cells,20 PPARd in macrophages,36 T-bet in T cells,37 and with
BACH2 in B cells.29 The latter finding is of particular interest given
that Bach2 homozygous deletion induces a GC defect that is rem-
iniscent of that observed in Bcl6 null mice. These studies prompted
us to explore whether BCL6 and BACH2 truly and functionally
cooperate in GC formation. Such results would suggest a model,
whereby the striking effects of BCL6 in B cells might represent
a more complex process than its independent binding and repression
to target genes. Indeed, our data collectively support the notion that
BCL6 actions in GC B cells are, in part, driven through extensive
cooperation with BACH2. Consistent with this notion, singleBcl61/2

or Bach21/2 heterozygous mice display only minimal perturbation in
GC formation, whereas, in contrast double heterozygous Bcl61/2

Bach21/2 mice displayed a marked impairment of GC formation
and reduction of GC B cells in response to T-cell dependent antigen
immunization. Moreover, Bcl61/2Bach21/2B cells were impaired in
their ability to maintain the GC phenotype, as demonstrated in plasma
cell differentiation assays and their significantly greater expression of
plasma cell genes. The functional link between these 2 proteins is
further supported by the fact that they are coordinately upregulated in
GC B cells. Cooperative functions of transcription factors are known
to occur in early B-cell development. For example, EBF1 collaborates
with E2A to orchestrate the pro-B–cell fate.27 Our study extends this
paradigm to transcriptional repressors that control GC phenotype, and
shows that although BCL6 is individually required for GC B-cell
development in vivo, Bcl6 cooperates with Bach2 to control and
maintain the GC phenotype.

BCL6 blocks GC B cells from undergoing plasma cell differ-
entiation, at least in part, through direct repression of the PRDM1
locus,38-41 but the mechanism of BCL6-mediated transcriptional
repression of PRDM1, in fact, is much more complex. BCL6 is most
abundantly associated with intron 3 of PRDM1 via a canonical BCL6
binding site.35 However, BCL6 has been suggested to indirectly bind
to the PRDM1 promoter by association with AP-1 in Raji lymphoma
cells.20 Here, we found that BACH2 is also responsible for BCL6
indirect binding at the PRDM1 promoter. The PRDM1 promoter
contains a classic MARE motif and BACH2 has been suggested to
bind this region in the BA17 mature B cell line.25 Moreover, co-
immunoprecipitation experiments revealed that BACH2 interacts
with BCL6 in GC–derived B cells, consistent with a previous report
showing BCL6/BACH2 interactions in a pre-B–cell line.29 Mostly
importantly, BCL6 binding to the PRDM1 promoter is dependent on

BACH2. Thus, we propose that BCL6 is indirectly recruited to the
BACH2 binding site at the PRDM1 promoter region through physical
interaction with BACH2. Reciprocally, BACH2 is indirectly targeted
to the BCL6 binding site at the PRDM1 intron 3 via BACH2/BCL6
interaction (Figure 7).We did not observe BACH2 and BCL6 binding
at intron 5 of PRDM1, which was reported in a murine pre-B–cell
line,29 suggesting that BACH2/BCL6 bindingmay be species-context
dependent. Collectively, this dually reciprocal binding pattern of
BCL6 and BACH2 likely explains their cooperative repression of
PRDM1 transcription.

The significant overlap between the BCL6 and BACH2 cistromes
in GC derived B cells suggests a much broader functional collab-
oration. It is well established that transcriptional factors can be linked
together by networks of cis-regulatory elements, allowing them to
cooperatively regulate gene expression throughout the genome. In
additional to PRDM1, among the loci that show overlapping BCL6
and BACH2 binding sites were a large set of loci known to be
involved in cell proliferation, survival, DNA damage, and differen-
tiation, all of which are features of the GC B-cell phenotype. It is
plausible that BCL6 and BACH2 cooperatively affect the phenotype
of GC B cells in additional ways, not limited to differentiation. The
overlapping cistrome of BCL6 and BACH2 suggests at least 2 poten-
tial mechanisms throughwhich BCL6 andBACH2could cooperate in
regulating the GC transcriptional program: (1) by forming a complex
and recruiting each other to their respective DNA binding sites, as in
the case of the dual reciprocal mechanism shown for the PRDM1
gene; and (2) by binding to 2 different but proximal DNA elements
at specific gene loci (Figure 7). In the latter case, the BCL6-BACH2
direct interactions may still facilitate their binding to their own DNA
binding sites, although our study was not designed to address this
point. Either way, the interdependency between BCL6 and BACH2 is
further underlined by our finding that BCL6 is required for BACH2
protein stability by regulating its turnover (Figure 7). The coordinated
expression of BCL6 and BACH2 protein may be needed for the
establishment of their functional cooperation in GCs.

Of note, although ChIP-seq demonstrated that BACH2- and
MAFK-binding sites largely overlap (Figure 3A), MAFK was not
essential to GC B cells. MAFK knockdown did not up regulate
PRDM1 mRNA levels in OCI-LY1 cells, and MAFK knockout
mice have normal GC (data not shown). BACH2 is able to form a

Figure 7. The molecular mechanisms of functional cooperation between BCL6

and BACH2. BCL6 maintains BACH2 protein stability (left). BCL6 and BACH2

recruit each other to their own DNA binding sites (PRDM1) through their physical

interactions, or they bind to 2 different, but proximal DNA elements, and their binding

is potentially promoted by their interactions (right).
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heterodimer with other small leucine zipper MAF proteins including
MAFG and MAFF.22,23 Thus, MAFK may function in a redundant
manner with other MAF proteins to heterodimerize with BACH2 to
bind to DNA and regulate GC formation.

Overall, this study provides evidence for widespread and func-
tionally significant cooperation between BCL6 and BACH2 in
determining aspects of the GC B-cell phenotype. Deregulation of
GC B-cell differentiation has been linked to human and mouse
B-cell lymphomas.5,40,41 Further studies will be needed to reveal
whether functional collaboration of BCL6 and BACH2 may also
be relevant to the pathogenesis of B-cell lymphomas.
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