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Bach2 Promotes B Cell Receptor-Induced Proliferation of B
Lymphocytes and Represses Cyclin-Dependent Kinase
Inhibitors

Yuichi Miura,*" Mizuho Morooka,* Nicolas Sax,* Rahul Roychoudhuri,i
Ari Itoh-Nakadai,*' Andrey Brydun,* Ryo Funayama,® Keiko Nakayama,®
Susumu Satomi,” Mitsuyo Matsumoto,* Kazuhiko Igarashi,¥' and Akihiko Muto*¥

BTB and CNC homology 2 (Bach2) is a transcriptional repressor that is required for the formation of the germinal center (GC)
and reactions, including class switch recombination and somatic hypermutation of Ig genes in B cells, within the GC. Although
BCR-induced proliferation is essential for GC reactions, the function of Bach2 in regulating B cell proliferation has not been
elucidated. In this study, we demonstrate that Bach2 is required to sustain high levels of B cell proliferation in response to BCR
signaling. Following BCR engagement in vitro, B cells from Bach2-deficient (Bach2~'~) mice showed lower incorporation of BrdU
and reduced cell cycle progression compared with wild-type cells. Bach2™'~ B cells also underwent increased apoptosis, as
evidenced by an elevated frequency of sub-G; cells and early apoptotic cells. Transcriptome analysis of BCR-engaged B cells
from Bach2™'~ mice revealed reduced expression of the antiapoptotic gene Bcl2lI encoding Bel-x;, and elevated expression of
cyclin-dependent kinase inhibitor (CKI) family genes, including Cdknla, Cdkn2a, and Cdkn2b. Reconstitution of Bcl-x;, expression
partially rescued the proliferation defect of Bach2™'~ B cells. Chromatin immunoprecipitation experiments showed that Bach2
bound to the CKI family genes, indicating that these genes are direct repression targets of Bach2. These findings identify Bach2 as
a requisite factor for sustaining high levels of BCR-induced proliferation, survival, and cell cycle progression, and it promotes
expression of Bcl-x;, and repression of CKI genes. BCR-induced proliferation defects may contribute to the impaired GC

formation observed in Bach2™'~ mice. The Journal of Immunology, 2018, 200: 2882-2893.

ematopoietic cells are estimated to constitute >90% of

the total 3 X 102 cells in the human body (1, 2). To

fulfill this demand, they undergo massive proliferation

along distinct differentiation trajectories from hematopoietic stem

cells. Proliferation of hematopoietic cells is strictly controlled,

occurring at only specific stages of differentiation along each cell

lineage (3). For example, within the B cell lineage, pre-B cells

undergo vigorous proliferation to expand cells containing rear-

ranged IgH genes (4), whereas resting mature B cells resume

proliferation upon Ag encounter to expand clones that are reactive
to that Ag (5).

B cells participate in the elimination of invading microorganisms

by producing Abs with high affinity and diverse functions. This is

accomplished by somatic hypermutation (SHM) and class switch
recombination (CSR) of Ab genes, respectively (6). The BCR is a
complex of the transmembrane form of Ig with the heterodimer of
Iga/IgPB (7). In mature B cells, Ag binding to the BCR triggers
intracellular signaling, inducing B cell activation. Follicular (FO)
B cells, a subset of mature B cells, differentiate into germinal
center (GC) B cells within GCs where B cells undergo rounds of
proliferation, accompanied by SHM and CSR (8-10). DNA
damage response, including activation of cell cycle checkpoints, is
induced during CSR (11, 12), which may be accompanied by
transient cell cycle arrest. Simultaneously, induction of apoptosis
in response to DNA damage is suppressed for successful SHM and
CSR (13, 14). Following SHM, high-affinity B cells are selected to
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proliferate on the basis of their affinity for the Ag, expanding high-
affinity B cell clones in the GC (15). Upon successful completion
of these events, B cells undergo terminal differentiation into Ab-
secreting plasma cells (PCs) and cease to proliferate (16). Similar
to many other cell types, the proliferation of B cells is controlled
by cell cycle regulators, such as cyclin, cyclin-dependent kinases
(CDKs), and CDK inhibitors (CKIs) (17). We hypothesized that
B cells harbor mechanisms ensuring cell type—specific and tem-
poral control of these ubiquitous regulators of the cell cycle and
apoptosis.

The transcription factor BTB and CNC homology 2 (Bach2)
regulates the differentiation and responses of acquired and innate
immune cells at multiple points (18). In particular, Bach2 controls
the initiation of B cell differentiation (19), B cell activation
(20, 21), T cell differentiation (22-26), and differentiation of
tissue-resident macrophages (27, 28). Salient features of Bach2
relevant to this study are as follows. Bach?2 is required for SHM,
CSR, GC formation, and inhibition of PC differentiation (20, 21).
A part of these requirements may be explained by the repression
of Prdml, which encodes the PC transcription factor Blimp-1, by
Bach2 (29-31). Importantly, Bach2 is phosphorylated by the
PI3K-Akt-mTOR pathway in response to BCR signaling (32).
Because the PI3K-Akt—-mTOR pathway regulates proliferation
and survival of mature B cells in response to BCR activation
(33-37), Bach2 may regulate genes required for proliferation and/or
survival. Several reports have implicated Bach2 overexpression in
the pathogenesis of B cell lymphoma in humans and mouse models
(38-41), suggesting its role in the regulation of proliferation and/or
apoptosis. These findings prompted us to test the hypothesis that
Bach2 is required for B cell proliferation. We found that Bach?2 is
indispensable for BCR-induced proliferation; it promotes survival
and cell cycle progression via upregulation of Bcl-x; and repression
of CKI genes, respectively.

Materials and Methods
Mice

The establishment of Bach2™'~ mice was described previously (20).
All animal studies were approved by the Institutional Animal Care and
Use Committee of the Tohoku University Environmental and Safety
Committee.

FO B cell sorting

Splenocytes were stained with fluorescent dye—conjugated Abs specific for
CD19 (1D3), CD21/CD35 (7G6), CD23 (B3B4), and IgM (R6-6002; all
from BD Biosciences). FO B cells (CD19%, IgM*, CD211°W, and CD23™)
were sorted using a FACSAria II (BD Biosciences).

B cell stimulation

Purified B cells were cultured in 12-well plates at 7.5 X 10° cells per
well, in 24-well plates at 1.0 X 10° cells per well, and in 96-well plates at
2 X 10° cells per well in RPMI 1640 medium (Sigma) containing anti-
mouse IgM [F(ab’),] (115-006-020; Jackson ImmunoResearch Laborato-
ries), LPS (0111:B4; Sigma) or rCD40L (8230; R&D Systems) at the
indicated concentrations for the indicated times.

Proliferation analysis

Proliferation of stimulated FO B cells was determined by measurement of
DNA synthesis through addition of BrdU during the last 6 h of culture. After
BrdU treatment, cells were fixed and incubated with peroxidase-conjugated
anti-BrdU Ab, followed by addition of substrate, according to the manu-
facturer’s protocol (Cell Proliferation ELISA, BrdU Kit; Roche). Absor-
bance at 450 nm was measured using a microplate reader (Bio-Rad).

B cell purification

Splenic B cells were purified by mouse CD45R (B220) MicroBeads or a
B Cell Isolation Kit, mouse (Miltenyi Biotec). The purity of isolated cells
was typically 90%.
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Cell cycle analysis

Cell cycle progression of stimulated splenic B cells was determined by
measurement of DNA synthesis and DNA contents by BrdU incorporation
and 7-aminoactinomycin D (7-AAD) staining, respectively (BD Biosci-
ences). Stimulated splenic B cells were supplemented with BrdU for the last
45 min of culture. Following BrdU treatment, cells were fixed with
formaldehyde and permeabilized with saponin. Then, cells were incubated
with 300 pwg/ml DNase I for 1 h at 37°C, followed by incubation with
FITC-conjugated anti-BrdU Ab for 20 min at room temperature. The cells
were resuspended in 7-AAD-containing PBS and analyzed using a
FACSCalibur (BD Biosciences).

Apoptotic cells detection

The frequency of apoptotic cells in stimulated splenic B cells was measured
by annexin V binding to phosphatidylserine on the outer cell membrane and
permeability of 7-AAD through the cell membrane. After stimulation, cells
were washed with PBS and resuspended in Annexin V Binding Buffer (BD
Biosciences) at 1 X 10° cells per milliliter, stained with FITC Annexin V
(BD Biosciences) and 7-AAD for 15 min at room temperature in the dark,
and analyzed using a FACSCalibur or FACSVerse (BD Biosciences).

Active caspases detection

To analyze the status of active caspases in cultured B cells, cells were
incubated with zZVAD-FMK-fluorescein for 45 min at 37°C with 5% CO,
and washed twice, according to the manufacturer’s protocol (CaspGLOW
Fluorescein Active Caspase Staining Kit; eBioscience).

Immunoblot analysis

Protein extraction from splenic B cells was carried out with radio-
immunoprecipitation assay buffer (30). The cell extracts were separated by
electrophoresis on SDS-polyacrylamide gel. Following SDS-PAGE, the
proteins were electrotransferred to a PVDF Membrane (Millipore). The
membrane was blocked for 1 h in blocking buffer (TBS supplemented with
0.05% Tween 20 and 5% BSA) and then incubated with primary and
secondary Abs in blocking buffer for 8 h and 30 min, respectively.
Detection of immunoreactive proteins was carried out using ECL Western
Blotting Detection Reagent (GE Healthcare) or Pierce ECL Plus Western
Blotting Substrate (Thermo Fisher Scientific). The following Abs were
used for immunoblotting: anti—phospho-Syk Ab (#2701), anti-Syk Ab
(#2712), anti—-phospho-MEK1/2 Ab (#9121), anti-MEK1/2 Ab (#4694),
anti—phospho-Erk1/2 Ab (#9101), anti-Erk1/2 Ab (#9102), anti—phospho-
Akt Ab (#9271), anti-Akt Ab (#9272), anti—phospho-p38 Ab (#9211), anti-
p38 Ab (#9212), anti—phospho-IkBa Ab (#2859), anti-IkBaw Ab (#9247 all
from Cell Signaling Technology), anti—o-tubulin Ab (sc-5286), and anti—
NF-kB p52 (sc-7368; both from Santa Cruz Biotechnology). ECL anti-
Rabbit IgG (NA934V) and ECL anti-Mouse IgG (NA931V; both from GE
Healthcare) were used as secondary Abs.

RT-PCR

RNA was prepared from B cells using a Total RNA Isolation Mini Kit
(Agilent Technologies) or an RNeasy Plus Mini Kit (QIAGEN). cDNA was
synthesized using an Omniscript RT Kit (QIAGEN) with Random Hexamers
(Invitrogen). For quantitative PCR, LightCycler FastStart DNA Master SYBR
Green I reagents and a LightCycler system (both from Roche) were used. The
following PCR primers were used: Bci2ll: forward 5'-GTTGGATGGC-
CACCTATCTG-3' and reverse 5'-TGTCTGGTCACTTCCGACTG-3', Bcl2:
forward 5'-TCGCTACCGTCGTGACTTC-3" and reverse 5'-AAACA-
GAGGTCGCATGCTG-3', Bcl2i2: forward 5'-GGACAAGTGCAGGAT-
TGGAT-3" and reverse 5'-TCCCCGTATAGAGCTTGTGAA-3', Mcll:
forward 5'-CTTGTAAGGACGAAACGG-3' and reverse 5'-AAGAGT-
CCCCTATTGCAC-3', Bbc3: forward 5'-ATGGCGGACGACCTCAAC-3’
and reverse 5'-AGTCCCATGAAGAGATTGTACATGAC-3', Bcl2111: forward 5'-
CCCGGAGATACGGATTGCAC-3" and reverse  5'-GCCTCGCGGTAA-
TCATTTGC-3', Bid: forward 5'-AATCATCCACAACATTGCCAGA-3’ and
reverse 5'-GCCTTGTCGTTCATGTCT-3', Bbc2: forward 5'-CTCCGAAG-
GATGAGCGATGAG-3' and reverse 5'-TGGTCGCATCTGTGTTGCAGT-3’,
Pmaipl: forward 5'-GTGCACCGGACATAACTG-3' and reverse 5'-AGCA-
CACTCGTCCTTCAAG-3', Bax: forward 5-TGAAGACAGGGGCC-
TTTTTG-3' and reverse 5'-AATTCGCCGGAGACACTCG-3’, Bakl: forward
5'-CAACCCCGAGATGGACAACTT-3' and reverse 5'-CGTAGCGCCGGT-
TAATATCAT-3', Ccndl: forward 5-GGCGTACCCACAGAAACCAT-3’
and reverse 5'-GCGGTTTCAGATCACGATGC-3', Ccnd2: forward 5'-GC-
CAAGATCACCCACACTGA-3" and reverse 5'-GCGTTATGCTGCT-
CTTGACG-3', Ccnel: forward 5'-ACTTTCTGCAGCGTCATCCT-3’
and reverse 5'-GAACGTCTCTCTGTGGAGCTT-3’, Cdk2: forward
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5'-CCTGAAATTCTTCTGGGCTGC-3' and reverse 5'-CATGGTGCT-
GGGTACACACT-3', Cdk4: forward 5'-CGCGGCCTGTGTCTATGGT-3’
and reverse 5'-ATTCTCGAAGCAGGGGATCTTAC-3’, Cdk6: forward
5'-GGCGTACCCACAGAAACCAT-3' and reverse 5'-GCGGTTTCA-
GATCACGATGC-3', Cdk8: forward 5'-TGAGAGTTGTCCCTCCTACCA-
3" and reverse 5'-GATGTGCTTGGTCCAGGGTT-3', Cdkl10: forward
5'-GGGCCTATGGTGTTCCAGTAA-3" and reverse 5'-ATGCTGGTAGT-
CTGGGTGGTA-3', Cdknla: forward 5'-GCAGATCCACAGCGATATCCA-3'
and reverse 5-AGACAACGGCACACTTTGCT-3', Cdknlb: forward 5'-GGACC-
AAATGCCTGACTCGT-3' and reverse 5'-GGCCCTTTTGTTTTGCGAAGA-3',
and Cdkn2a: forward 5-GCTCTGGCTTTCGTGAACA-3' and reverse 5'-
TCGAATCTGCACCGTAGTTG-3'. The primers for B-actin mRNA (Acth) were
acquired from Nihon Gene Research Laboratories.

DNA microarray analysis

RNA samples were labeled using a Low Input Quick Amp Labeling Kit,
according to the manufacturer’s protocol, and were hybridized on Mouse
Gene Expression 4X44K microarray slides (both from Agilent Technol-
ogies). Signals on microarray slides were scanned by an Agilent G2565CA
Microarray Scanner System (Agilent Technologies). Acquired data were
normalized and filtered on the error coefficient of variation < 50% using
GeneSpring software (Agilent Technologies). k-means clustering of the
filtered data was performed in R (https://www.r-project.org). The Tukey
HSD test (TukeyHSD function in R) was adopted for assessment of the
significant difference of averages in each cluster. The heat maps and box
plots were created by the ComplexHeatmap 1.6.0 and boxplots packages of
R, respectively. Gene Ontology (GO) analysis was performed using DA-
VID Bioinformatics Resources (42). The data presented in this article have
been submitted to the National Center for Biotechnology Information Gene
Expression Omnibus under accession number GSE103982 (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE103982).

Chromatin immunoprecipitation assay

Chromatin fixation and immunoprecipitation were carried out using the
BAL17 mature B cell line or splenic B cells, as previously described (29). In
brief, BAL17 cells were fixed with 1% formaldehyde, followed by
quenching with 125 mM glycine. The cells were washed with ice-cold PBS
and lysed. The cross-linked chromatin was sheared with a Bioruptor Soni-
cator (Cosmo Bio). Chromatin immunoprecipitation (ChIP) was performed
using anti-Bach2 antiserum and normal rabbit serum (NRS; Jackson
ImmunoResearch) as a control. Genomic DNA was isolated using a DNA
Clean and Concentrator Kit (Zymo Research), according to the manufac-
turer’s protocol. Relative immunoprecipitation efficiency, expressed as the
ratio between immunoprecipitated samples and input, was measured by
quantitative PCR (Roche). The following PCR primers were used: Region 1:
forward 5'-GGAGCTGGAAGATCCCACAC-3' and reverse 5'-AGTCAC-
CCGACAGGATGAGA-3', Region 2: forward 5'-ATCGTGACGT-
GTTTTGTGGC-3" and reverse 5'-CCAAAACTGCTTGGGCACC-3’,
Region 3: forward 5'-GGAAGGTCTGATGAGGGTGC-3' and reverse
5'-AGGCCGTCTGATCAGCAAAA-3', and Region 4: forward 5'-GAAA-
GGTCAGCAACCTACTTGTG-3" and reverse 5'-GATGACTCAGCAA-
AAAGCCAGT-3'.

ChIP followed by sequencing

ChIP followed by sequencing (ChIP-seq) libraries were prepared from
~3 ng of the immunoprecipitated DNA using an Ovation Ultralow DR
Multiplex System 1-8 (0330-32; NuGEN). The libraries were clonally
amplified on a flow cell and sequenced on HiSeq 2500, controlled by se-
quence control software v2.0.12, with 51-mer paired end sequence
(Illumina). Image analysis and base calling were performed using real-time
analysis software (RTA v1.17.21.; Illumina). Hypergeometric tests
were conducted to assess the statistical significance using the phyper
function of R. The accession number for the ChIP-seq data is GSE87503
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE87503).

Retroviral infection

The retrovirus vector pMSCV Bcl-x; -IRES-EGFP was generated by PCR
from FLAG sequence fused Bcl2l] ¢cDNA using an Xhol site—containing
forward  primer  (5'-CCGCTCGAGATGGACTACAAGGACGACGATGAC-3')
and an Xhol site-containing reverse primer (5'-CCGCTCGAGTCACTTCC-
GACTGAAGAGTGAGCC-3'). The fragment was inserted into the Xhol
sitte of pMSCV-IRES-EGFP (43). PlatE virus packaging cells were
transfected with each expression vector using FuGENE HD transfection
reagent (Promega); the viral supernatants were harvested 2 and 3 d after
transfection and used to infect LPS-activated splenic B cells from wild-
type (WT) or Bach2™'~ mice.

Bach2 PROMOTES BCR-INDUCED B CELL PROLIFERATION

Statistical analysis

Statistical significance was estimated using the unpaired two-tailed Student
1 test.

Results
Arrest of cell cycle progression of Bach2™'™ B cells upon
BCR signaling

Because GC B cells show higher expression of Bach2 (44—46) and are
dependent on Bach2, we analyzed the proliferative response of
Bach2-deficient (Bach2 ™ ™) FO B cells to mitogenic stimulation. WT
FO B cells showed a dose-dependent increase in BrdU incorporation
in response to BCR engagement with anti-IgM Ab. In contrast,
Bach2™'~ FO B cells exhibited significantly reduced incorporation of
BrdU, regardless of the concentrations of the anti-IgM Ab (Fig. 1A).
Consistent with our previous observations (20), proliferation in re-
sponse to LPS was not affected by the loss of Bach2 (Fig. 1A).
Therefore, the observed impairment in proliferation was not caused
by a universal defect in DNA synthesis or cell cycle progression in
Bach2™'~ FO B cells. To investigate whether impaired BrdU incor-
poration of Bach2™'~ B cells was accompanied by cell cycle arrest,
we quantified cell cycle progression by flow cytometry. CD45R-
expressing (B220") splenic B cells consist of FO B cells, marginal
zone B cells, and transitional B cells. Because we observed a similar
reduction in proliferation when using B220" splenic B cells (Fig. 1B),
we chose to use B220" splenic B cells in the subsequent experiments.
In addition to Ag stimulation, GC B cells receive proliferative and
survival signals via CD40 from FO Th cells, prompting us to test
whether CD40 signaling could rescue the proliferative defect in
Bach2™'~ B cells. A decrease in proliferation was observed in
Bach2™'~ B cells in response to IgM with CD40 stimulation
(Supplemental Fig. 1A). Bach2™'~ B cells failed to enter the S phase,
and most of the cells remained in the Gy/G; phase, whereas WT
B cells efficiently entered the S phase after 48 h of BCR engagement
(Fig 1C, 1D). Additionally, a slight increase in the sub-G, fraction
was observed in Bach2 ™'~ B cells (Fig 1C, 1D). Bach2™'~ B cells
also showed a reduced entry into the S phase upon LPS stimulation,
although it was of a lesser magnitude than that following BCR en-
gagement. In contrast with BCR engagement, LPS did not induce
apoptosis in these cells judging from the numbers of cells in the sub-
G; fraction (Fig 1C, 1D). Therefore, Bach2™'~ B cells failed to enter
the cell cycle and underwent increased apoptosis in response to BCR
signaling. These observations indicate that Bach?2 is required for cell
cycle progression beyond the G,/S checkpoint and suggest that Bach2
suppresses apoptosis in response to BCR signaling.

Increased apoptosis of Bach2™'~ B cells upon BCR signaling

To investigate the role of Bach2 in B cell survival in response to
BCR signaling, we compared the frequency of apoptotic cells by
staining with annexin V and 7-AAD, which bind to phosphati-
dylserine exposed by apoptotic cells and DNA exposed upon loss of
integrity of the cytoplasmic membrane, respectively (Fig. 2A).
Flow cytometric analysis of BCR-engaged Bach2™'~ B cells
revealed a markedly increased frequency of annexin V*7-AAD™
cells, known as early apoptotic cells (47), compared with WT
B cells (Fig. 2A). Moreover, we examined cell survival by annexin
V binding of BCR-engaged FO B cells from these mice. The
fraction of annexin V* cells in Bach2™'~ and WT FO B cells was
52.57 = 4.8% and 70.30 £ 8.1%, respectively, confirming that
Bach2™'~ B cells undergo increased apoptosis when similar
starting populations are subjected to BCR signaling. Consistent
with the cell cycle analysis (Fig. 1B, 1C), WT and Bach2 ™/~
B cells showed a comparable frequency of early apoptotic cells in
response to LPS signaling (Fig. 2A).
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Caspases are a family of intracellular cysteine proteases that
plays a central role in the initiation and execution of apoptosis (48).
To investigate whether excessive induction of apoptosis in
Bach2™'~ B cells upon BCR signaling was associated with cas-
pases, we assessed caspase activity using an FITC-conjugated
caspase inhibitor (FITC-VAD-FMK) as a probe (49). Upon
stimulation of WT B cells with BCR engagement or LPS, the cells
could be separated into two populations based on staining with
FITC-VAD-FMK (Fig. 2B). When Bach2 ™'~ B cells were stim-
ulated by BCR engagement, most cells were in the fraction with
activated caspase (Fig. 2B). In contrast, a substantial portion of the

0._&i

G2/M Sub-G1  G0/G1 G2/M

cells remained in the fraction without activated caspase when
Bach2™'~ B cells were stimulated with LPS. These results suggest
that Bach?2 is required to suppress apoptosis upon BCR signaling.

PI3K-Akt and MEK—Erk pathways were largely unimpaired in
Bach2 ™'~ B cells

Impaired cell cycle progression and increased apoptosis in Bach2 ™'~
B cells might be caused by defects in the transduction of BCR
signaling. To investigate this possibility, we evaluated the phos-
phorylation levels of Syk, Akt, MEK, Erk1/2, and p38 MAPK
in WT and Bach2™'~ B cells at various time periods after BCR
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FIGURE 2. Bach2 deficiency resulted in enhanced apoptosis in response to BCR signaling. (A) Representative FACS plots of annexin V* and 7-AAD ™
early apoptotic cells from WT and Bach2™'~ splenic B cells cultured in the presence of anti-IgM Ab (1, 10 pwg/ml) or LPS (20 pg/ml) for 48 h (left panels).
Percentages of early apoptotic populations, indicated by a box in the FACS plots, are shown as the mean * SD of three independent experiments (right
panel). (B) Representative line graphs of flow cytometric analysis show activated caspases of FO B cells detected by the FITC-labeled caspase inhibitor
FITC-VAD-FMK, which irreversibly binds to activated caspases in apoptotic cells (left panels). FO B cells were treated for 48 h with 10 pg/ml anti-IgM

Ab or 20 pg/ml LPS. Percentages of FITC-VAD-FMK™" apoptotic cell populaj

tions from WT or Bach2™'~ FO B cells (right panel). Data are the mean + SD

of three independent experiments. The p values were determined using a Student # test.

engagement (Fig. 3). Immunoblot analysis revealed a rapid induction
of the phosphorylation of Syk, a proximal signaling component of the
BCR, upon BCR engagement of WT B cells (Fig. 3A). In Bach2 ™'~
B cells, changes in the levels of phosphorylated Syk appeared similar
to those in WT B cells. Phosphorylation of Akt, a downstream
component of the PI3K signaling pathway, was similarly induced
upon BCR engagement in WT and Bach2™'~ B cells (Fig. 3B). WT
B cells showed elevated phosphorylation of MEK 5 min after BCR
engagement that decreased thereafter, whereas Bach2 ™'~ B cells
showed higher levels of phosphorylation that were sustained for a
longer period (Fig. 3A). In contrast, phosphorylation of Erk1/2, lo-
cated downstream of the MEK signaling pathway, was induced
equivalently in WT and Bach2 ™'~ B cells, suggesting that sustained
phosphorylation of MEK in Bach2 ™'~ B cells had no clear influence
on the downstream pathway (Fig. 3C). Moreover, phosphorylation of

p38 MAPK was not induced in response to BCR signaling in WT or
Bach2™'~ B cells (Fig. 3D). These results indicate that BCR-mediated
activation of the PI3K—Akt and MEK-FErk pathways was not grossly
impaired in Bach2 ™'~ B cells.

Transcriptome and ChIP-seq analyses in Bach2 ™'~ B cells
upon BCR signaling

These results raised the possibility that transcriptional regulation in
response to BCR signaling, rather than the processes of signal
transduction itself, might be affected in Bach2™'~ B cells. To
uncover the underlying molecular mechanism of the proliferation
defects among Bach2 ™'~ B cells, we measured changes in global
gene expression in Bach2 '~ and WT FO B cells in response to
BCR signaling. Based on expression values, genes were divided
into six clusters (C1-C6) by k-means clustering (Fig. 4A). To
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FIGURE 3. Transduction of BCR signaling was unimpaired in Bach2™'~
splenic B cells. Purified splenic B cells from WT or Bach2™'~ mice were
cultured with 10 pwg/ml anti-IgM Ab for the indicated time periods. Whole-
cell extracts were subjected to immunoblot analysis to monitor phos-
phorylated and total amounts of Syk and MEK (A), Akt (B), Erk1/2 (C),
and p38 MAPK (D). Tubulin serves as a loading control. Data are repre-
sentative of two or three independent experiments.

identify clusters involving genes whose expression was affected
by the loss of Bach2, we compared average gene-expression levels
in each cluster using the Tukey HSD test (Fig. 4B). In C2, gene-
expression levels in Bach2™'~ B cells were significantly lower
than those in WT B cells without stimulation, whereas there was
no differential expression between Bach2 '~ and WT B cells after
BCR engagement. Genes in C3 exhibited increased expression
upon BCR engagement and were more highly expressed in
Bach2™'~ B cells. Although genes in C6 were not induced in
response to BCR signaling in WT B cells, they showed a strikingly
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increased expression in the absence of Bach2. Next, to investigate
whether Bach2 directly regulates the genes classified into these
clusters, we measured genome-wide Bach2 binding in an EbfI '~
pro-B cell line using ChIP-seq (50). We then integrated Bach2
binding and transcriptional data to identify genes putatively targeted
by Bach2 directly. A hypergeometric test revealed that the clusters
C3, C5, and C6 were substantially enriched in Bach2-bound genes
(Fig. 4C). Of particular relevance, clusters C3 and C6 contained
genes upregulated in the absence of Bach?2 either only in BCR-acti-
vated B cells (C3) or in both resting and BCR-activated B cells (C6).

GO term enrichment analysis of each cluster indicated an en-
richment in genes involved in the regulation of cell proliferation
(GO:0042127) and death (GO:0016265) in the C3 cluster and genes
involved in the regulation of apoptosis (GO:0042981) in the C6
cluster (Fig. 4D, Supplemental Table I). To ascertain whether the
loss of Bach2 affects the expression levels of all genes assigned to
these biological processes, we compared their expression levels in
WT and Bach2™'~ FO B cells stimulated with BCR. Among the
genes assigned to regulation of cell proliferation, death, and reg-
ulation of cell apoptosis, we found that 19, 17, and 31 genes,
respectively, were differentially expressed =2-fold in Bach2™'~
FO B cells in comparison with WT cells. Among these genes, 17,
15, and 31, respectively, were upregulated in Bach2~'~ FO B cells
(Fig. 4D). Notably, combinational analysis of transcriptome and
ChIP-seq data revealed that most of the differentially expressed
genes in these GO categories were bound by Bach2 (Fig. 4D).
These results suggest that Bach2 represses a cohort of genes in-
volved in proliferation and apoptosis in activated B cells.

Downregulation of Bcl-x; in Bach2™'~ B cells upon
BCR signaling

The results of our transcriptional analysis (Fig. 4D) prompted us to
evaluate whether Bach2 deficiency affects the expression of Bcl-2
family members, which function as gatekeepers of apoptosis
(51, 52). We examined the transcript levels of anti- and proapo-
ptotic genes by quantitative RT-PCR (RT-qPCR) over time.
Among the antiapoptotic genes, expression of Bcl2/1, encoding
Bcl-x;, increased substantially following BCR engagement in WT
B cells. In contrast, Bach2™'~ B cells showed a weaker induction
compared with WT B cells (Fig. 5A), which was consistent with
the results in Fig. 4D. Expression of other antiapoptotic genes,
such as Bcl2, Bcl212, and Mcll, was not induced in response to
BCR signaling, and these genes were not significantly differen-
tially expressed in WT and Bach2 ™'~ B cells (Fig. 5A). Among
proapoptotic genes, Bbc3, encoding Puma, was expressed at sig-
nificantly higher levels in Bach2™'~ B cells prior to BCR en-
gagement (Supplemental Fig. 1D). However, its expression was
unchanged following BCR engagement, resulting in a level
comparable to that in WT B cells. Expression levels of other
proapoptotic genes, such as Bcl2l11, Bid, Bbc2, Pmaipl, Bax, and
Bak, were not affected by Bach2 deficiency. By quantitative PCR
analysis, a decrease in Bcl2ll expression was confirmed in
Bach2™'~ FO B cells compared with WT FO B cells
(Supplemental Fig. 2A). Taken together, these results indicate that
Bach2 promotes the expression of Bcl-x; upon BCR signaling.

Because Bcl2!1 expression is known to be promoted by the CD40
signaling pathway via NF-kB—dependent transcriptional regulation
(53), we assessed the activation of canonical and noncanonical NF-
kB pathways in CD40-stimulated Bach2™'~ B cells. An in vitro
culture assay demonstrated that the CD40-induced upregulation of
both NF-kB pathways was not affected by the loss of Bach2
(Supplemental Fig. 1B, 1C), suggesting that downregulation of
Bcl211 expression might not be due to a defect in NF-kB—dependent
transcriptional activation in Bach2~'~ B cells.
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FIGURE 4. Comprehensive analysis of Bach2-dependent gene-expression signature in BCR-engaged B cells. (A) Global gene-expression profiles from
DNA microarray analysis of WT and Bach2™'~ FO B cells after BCR engagement for 24 h were subjected to k-means clustering. (B) Averaged gene-
expression profiles of data shown in (A). Statistical difference between WT and Bach2 ™'~ were assessed by the Tukey HSD test. (C) Enrichment of Bach2-
bound genes in each cluster, assessed by the hypergeometric test. Bach2-bound genes were defined as genes harboring Bach2-binding peaks from ChIP-seq
data within 50 kbp around the gene body. White and gray bars represent the number of genes with or without Bach2-binding peaks, respectively. (D) Bar
graphs represent the relative mRNA expression in BCR-engaged B cells of the indicated genes assessed by DNA microarray analysis. Line graph represents
the relative gene-expression levels in Bach2™'~ FO B cells compared with WT FO B cells. Bach2-bound or unbound genes are represented by magenta or
white boxes, respectively.
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It has been reported that Bcl-x; is required for B cell survival
(54-56). Thus, it is possible that the reduced expression of Bcl2ll in
Bach2™'~ B cells is responsible for their impaired proliferation upon
BCR signaling. Therefore, we investigated whether the proliferative
defect in Bach2 ™'~ B cells could be rescued by exogenous Bcl-x;.
expression by transducing Bach2 ™'~ splenic B cells with a bicistronic
retrovirus expressing EGFP and Bcl-x or an EGFP-expressing control
retrovirus. Cell proliferation is a prerequisite for efficient retroviral
integration. Because Bach2 '~ B cells proliferated poorly in response
to BCR engagement (Fig. 1), proliferation of WT and Bach2 ™'~ B cells
was first induced with LPS for 24 h. After retroviral infection, B cells
were stimulated by BCR engagement with anti-IgM Ab, and the
fraction of EGFP* cells was measured every 24 h by flow cytometry.
Unexpectedly, flow cytometric analysis showed that the percentages of
cells infected with the control virus decreased in WT B cells, as well as
B cells from Bach2 ™'~ mice, following BCR engagement (Fig. 5B). It
is possible that the viral infection procedure inhibited proliferation.
Regardless of the genotype, the decrease in the relative numbers of
B cells in response to BCR signaling was prevented when the cells were
infected with the Bcl-x; —expressing virus, indicating that Bcl-x; inhibi-
ted apoptosis of the primary B cells. Notably, WT B cells showed a more
vigorous response to the expression of Bcl-x, than did Bach2 ™~
B cells. These results demonstrated that Bel-x; promoted the survival
of BCR-stimulated B cells and that its overexpression in Bach2 ™'~
B cells was not sufficient to fully restore the proliferation defect.

Days of culture

Overexpression of CKI genes in Bach2™'~ B cells

Because the forced Bcl-x; expression was insufficient to fully
rescue the proliferation defect of Bach2™'~ B cells, additional
target genes of Bach2 must be responsible for this defect.
Therefore, we focused on genes related to “regulation of cell
proliferation” (GO:0042127) and “regulation of cell apoptosis”
(GO:0042981) (Fig. 4D). Among these genes, transcript levels of
CKI genes, such as Cdknla, Cdkn2a, and Cdkn2b, were highly
upregulated in Bach2™'~ B cells compared with WT B cells
(Fig. 4D). Gene-expression analysis by RT-qPCR revealed that
mRNA levels of Cdknla and Cdkn2a showed striking increases in
response to BCR engagement in the absence of Bach2 (Fig. 6A).
Similarly, an increase in Cdknla and Cdkn2a expression was
observed in purified Bach2™'~ FO B cells compared with WT FO
B cells in response to BCR engagement (Supplemental Fig. 2B),
indicating that altered expression was not simply due to the
population difference between Bach2™'~ and WT B220" B cells
(20). In contrast, Bach2™'~ and WT B cells displayed similar
changes in Cdknlb expression following BCR engagement. It has
been reported that the Cdknla gene encoding p21 is directly ac-
tivated by p53 (57); however, p53 expression was not elevated in
Bach2™'~ B cells (Supplemental Fig. 2C), indicating that the el-
evated mRNA level of Cdknla was not due to excessive induction
of p53 levels in Bach2™'~ B cells. In contrast to CKI genes, we
did not observe significant changes in the expression levels of
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FIGURE 6. CKI genes are newly identified Bach2 direct target genes. (A) mRNA expression of regulators of the transition from the G, phase to the S
phase of the cell cycle in WT and Bach2 ™'~ splenic B cells, cultured with 10 pg/ml anti-IgM Ab for 0 and 24 h, was measured by RT-qPCR. Results were
normalized to the levels of B-actin mRNA and then to WT B cells at 0 h. Data are the mean = SD of three independent experiments. (B) ChIP-seq analysis
of the binding of Bach2 across the Cdknla, Cdkn2a, and Cdkn2b loci in the EbfI '~ pre—pro-B cell line. Data are from two independent ChIP-seq ex-
periments. Tracks of input DNA used in the ChIP assay are also indicated. Numbers in the upper left corners indicate the range of sequence tags for each
track. The exon—intron structure, according to the RefSeq database, is shown under each panel; arrowheads indicate the direction of transcription. Region
numbers indicate the loci that were investigated in (C) and (D). (C) Binding of Bach2 to the Cdknla (upper panel) and Cdk2a and Cdkn2b (lower panel) loci
was demonstrated by ChIP-qPCR in the BAL17 mature B cell line. Results are shown as enrichment relative to sample immunoprecipitated by NRS. (D)
Binding of Bach2 to the Cdknla (left panels) and Cdkn2b (right panels) loci was confirmed by ChIP-qPCR in WT and Bach2™'~ splenic B cells before and
after BCR engagement for 24 h. Results are shown as enrichment relative to sample immunoprecipitated by NRS. Data are the mean = SD. The p values
were determined using a Student ¢ test.
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Ccendl, Ccnd2, or other cyclin genes that could account for the
proliferation defect in of Bach2™/~ B cells (Fig. 6A). Moreover,
there was no significant difference between Bach2™'~ and WT
B cells with regard to the expression levels of CDK genes, such as
Cdk2 and Cdkl0 (Supplemental Fig. 2D).

Direct regulation of CKI genes by Bach2

To investigate whether Bach2 mediates transcriptional repression
by directly binding to the Cdknla and Cdkn2b loci in B cells, we
further analyzed the aforementioned ChIP-seq data. Bach2-
binding peaks were found near Cdknla and Cdkn2b (Fig. 6B).
Binding of Bach2 to these regions was validated by ChIP followed
by quantitative PCR (ChIP-qPCR) using BAL17 B cells (Fig. 6C).
We observed that Bach2 specifically binds to several regions in
proximity to Cdknla and Cdkn2b loci. Bach2 binding to the other
regions could not be detected in BAL17 mature B cells (Fig. 6C).
Similar results were obtained by ChIP-qPCR experiments in mice
splenic B cells before and after BCR engagement (Fig. 6D).
Collectively, these data suggest that Bach2 directly represses the
expression of Cdknla, Cdkn2a, and Cdkn2b genes in BCR-
engaged B cells to promote cell cycle progression.

Discussion

Mature B cells exhibit a remarkable control of their proliferative
rate in response to extrinsic signals, disorders of which often lead to
malignant transformation (9). Mature B cells remain dormant in
the peripheral lymphoid tissues but, upon Ag encounter, they
undergo massive clonal expansion (5). Furthermore, CSR requires
multiple proteins in the DNA damage response pathway that
connects damage sensing, repair, and transient inhibition of DNA
replication (58). As such, proliferation of mature B cells must
be tightly controlled. Our study of the proliferation defect of
Bach2~'~ B cells upon BCR signaling has elucidated an important
transcriptional mechanism governing cell cycle progression and
survival that is regulated by Bach2. We found that ablation of the
Bach2 gene resulted in reduced cell cycle progression and in-
creased apoptosis upon BCR signaling. Antiapoptotic factor Bcl-
x. partially rescued the cell-proliferation defect in Bach2™'~
B cells. We have further identified CKI genes Cdknla, Cdkn2a,
and Cdkn2b as direct target genes of Bach2. Collectively, these
results suggest that induction of the Bcl-xp expression and re-
pression of CKI genes by Bach2 constitutes an indispensable
regulatory network for B cell proliferation in response to BCR
signaling.

One of the well-established regulatory networks for cell pro-
liferation of mature B cells involves Prdml and Myc. Myc drives
proliferation of activated B cells, whereas Prdml inhibits prolif-
eration by repressing Myc (59-61). However, although Bach2 ™'~
B cells proliferated vigorously in response to LPS, removal of
Prdml from Bach2™'~ B cells results in a reduction in cell pro-
liferation in response to LPS (21), suggesting that Bach2 consti-
tutes an important regulator of cell proliferation in parallel with
Prdml. The results of this study suggest that Bach2 promotes
proliferation of activated B cells by repressing the expression of
CKI genes, as well as Prdml.

Recently, we have reported that Bach2 is phosphorylated in re-
sponse to BCR stimulation by the PI3K-Akt-mTOR signaling
pathway. Phosphorylation of Bach2 results in inhibition of its nu-
clear accumulation and loss of its activity as a transcriptional re-
pressor (32). Additionally, the PI3K-Akt-mTOR signaling pathway
downregulates transcription of Bach2 in B cells (32). Therefore, it
appears to be a conundrum that Bach2 activity is inhibited at mul-
tiple levels by the BCR signaling pathway, despite promoting cell
cycle progression and survival in response to BCR signaling. One
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interesting possibility is that its target genes, such as Cdknla, may
acquire epigenetic histone modifications for repression, depending
on Bach2 prior to BCR stimulation. This idea is supported by our
recent observation that Bach2 forms a protein complex with histone
deacetylase 3 and promotes histone deacetylation to repress Prdml
(29). Inefficient epigenetic repression of CKI genes in Bach2 ™'~
B cells may lead to their rapid induction upon BCR stimulation. In
WT B cells, these target genes may remain epigenetically repressed
for some time, even when Bach2 is inactivated by the BCR-PI3K—
Akt—-mTOR pathway. When PCs stop proliferating, CKI genes may
finally be induced by histone acetylation.

For successful SHM and CSR in GC B cells, cells need to
suppress apoptosis and arrest their cell cycle while the induced
DNA damage is repaired. Several studies have suggested mecha-
nisms that prevent apoptosis in GC B cells (13, 62). It has been
reported that cooperation between Bach2 and Bcl6 is indispens-
able for the GC response (31, 46). Bcl6 has been shown to directly
repress DNA damage-sensing and checkpoint genes, such as TP53
encoding p53 (13), allowing GC B cells to keep proliferating
under conditions of frequent DNA damage introduced by
activation-induced cytidine deaminase. Our results suggest that
Bach2 is another critical regulator of cell cycle arrest and prolif-
eration in GC B cells. Although p53 expression was not affected
by the absence of Bach2, we found direct repression of CKI genes
by Bach2. Previous reports have shown that Bcl6 also directly
represses some of these CKI genes (Cdknla, Cdknlb, Cdkn2a, and
Cdkn2b) (46, 62, 63). However, considering the prominent in-
duction of CKI genes in Bach2™'~ B cells, Bach2 may play the
dominant role in the repression of CKI genes in activated B cells.
An interesting question emerging from this study is whether
Bach2 is involved in the switching of cell cycle arrest and
reproliferation among GC B cells.

Our results and previous studies suggest that Bcl6 and Bach2
regulate apoptosis in opposite directions. Bcl6 represses the ex-
pression of Bcl-2, a key antiapoptotic factor, limiting cell survival
in GC B cells and, thereby, preventing tumorigenesis (63, 64). In
contrast, Bach2 is required to induce sufficient expression of
Bcl2l] mRNA, which encodes Bcl-x;, and to suppress apoptosis.
Collectively, Bach2 and Bcl6 may not only cooperate to promote
cell cycle progression, they also regulate different pathways
governing DNA damage response and cell survival of mature
B cells. Bcel-x;, has been linked to the clonal selection and sup-
pression of apoptosis of GC B cells in response to Ag (54-56).
Taken together with these previous reports, our observations
suggest that Bach2-dependent Bcl-x; expression may be impor-
tant for clonal selection during B cell differentiation and for GC
formation. One of the remaining questions is how Bach2 promotes
the expression of Bcl-x;. Because Bcel-xy is directly activated by
NF-kB in response to BCR engagement (56), Bach2 may affect
the expression of genes critical for the NF-kB pathway.

Although expression of Bcl2/] mRNA is decreased significantly
among FACS-sorted FO B cells and bulk B cells from Bach2 ™'~
mice (Figs. 4D, 5A, Supplemental Fig. 2A), differences among
unfractionated B cell populations were attenuated when purified
FO B cells were analyzed. It is possible that differences in the
underlying frequency of distinct B cell subpopulations in spleens
of WT and Bach2™'~ mice, as well as differing expression of
Bcl2l] mRNA within these subsets, contribute to more substantial
differences when bulk unfractionated populations are analyzed.
Alternatively, the effect of Bach2 on Bcl2l] mRNA expression
may be less pronounced among FO B cells than within the variety
of B cell subsets in the spleen.

Our findings that Bach2 promotes cell cycle progression and
survival upon BCR signaling will shed light on the pathogenic
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mechanisms of lymphomagenesis/leukemogenesis associated with
BACH? aberrations. BACH2 has been identified as a partner gene
of IgH (IGH) translocation among B cell lymphoma/leukemia
patients carrying IGH/MYC translocation (40). This dual translo-
cation leads to high levels of BACH?2 expression and was linked to
an aggressive phenotype. Furthermore, we have recently reported
that BACH2 expression can be used as a predictive marker of
diffuse large B cell lymphoma (38). Diffuse large B cell lym-
phoma patients with high BACH2 expression have a shorter 3-y
overall survival rate than those with low BACH2 expression. Our
observations in this study predict that high levels of BACH2 ex-
pression may sustain cell cycle progression, as well as suppress
apoptosis, leading to an aggressive cancer phenotype; however,
several clinical reports proposed that BACH2 functions as a tumor
suppressor (39, 65, 66). For example, mutations in BACH2 are
found in pre-B cell leukemia, resulting in a failure of p53-dependent
apoptosis (66). Perhaps the tumor-promoting or -suppressing role of
Bach2 depends on the stages of B cell differentiation of the cell of
origin. Therefore, identifying downstream target genes of Bach2
and the regulatory cascade of Bach?2 activity at each stage of B cell
development will contribute to an understanding of the regulation of
cell proliferation during B cell development and its deregulation in
malignant B cell transformation.
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