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Abstract

Exposure to the aryl hydrocarbon receptor (AHR) agonist, 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), alters B cell differentiation and suppresses antibody production. Previous genomic
studies in mouse B cells identified Bach?2 as a direct target of the AHR. Bach2 is known to repress
expression of Prdm1, a key transcription factor involved in B cell differentiation, by binding to
Maf elements (MARES) in the regulatory regions of the gene. Chromatin immunopreciptiation
followed by quantitative PCR in TCDD-treated lipopolysaccharide (LPS)-activated B cells
showed increased binding of the AHR within the first intron in the Bach2 gene. The binding was
further confirmed by electrophoretic mobility shift assay (EMSA). TCDD also induced expression
of Bach2 in activated as well as resting B cells from 2 to 24 h post-treatment in a time and
concentration-dependent manner. Expression of Prdm1 was decreased by TCDD at 24 h and was
consistent with repression by Bach2. Increased DNA binding activity to the intron 5 MARE with
increasing TCDD concentration was observed by EMSA.. Supershifts identified the presence of
Bach2 in the DNA binding complex associated with the intron5 MARE of Prdm1. Functional
validation of the role of Bach2 in the suppression of B-cell differentiation by TCDD was
performed using RNAi. Knockdown of Bach2 showed approximately 40% reversal in the TCDD-
induced suppression of IgM secretion when compared to controls. The results suggest that the
transcriptional regulation of Bach2 by the AHR is one of the mechanisms involved in the
suppression of B-cell differentiation by TCDD.
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INTRODUCTION

B-cell development begins from pluripotent hematopoietic stem cells in the fetal liver or in
the adult bone marrow followed by migration to the spleen to complete the differentiation
process (Hardy and Hayakawa, 2001; Chung et al., 2003). Mature B cells have the ability to
differentiate into IgM secreting plasma cells upon antigen stimulation or exposure to a
polyclonal activator such as lipopolysaccharide (LPS). The regulation of differentiation
process is primarily controlled by two reciprocal negative feedback loops. In an inactivated
state, two key transcriptional repressors, B cell lymphoma 6 (Bcl6) and Paired box protein 5
(Pax5), are actively transcribed. Bcl6 and Pax5 both repress key genes involved in B cell to
plasma cell differentiation, while Bcl6 also represses the transcription of an activator of B
cell differentiation, PR domain zinc finger protein 1 (Prdm1)(Shaffer et al., 2000; Lin et al.,
2002). Activation of B cells via LPS or the B-cell receptor increases the expression of
Prdm1, which then represses transcription of Bcl6 and Pax5 allowing differentiation to
proceed (Shaffer et al., 2002).

BTB and CNC homology 2 (Bach?2) is transcriptional repressor and a member of the basic
region-leucine zipper (bZip) family (Muto et al., 1998). Bachz2 is highly expressed in the
early stages of B-cell differentiation and turned off in terminally differentiated B cells (Muto
et al., 1998). Within the nucleus, Bach2 dimerizes with MafK and binds to the Maf
recognition element (MARE) of B-cell differentiation related genes (Muto et al., 1998;
Ochiai et al., 2006). Two functional MARE elements have been identified in the Prdm1
gene that result in transcriptional repression, one within the promoter (Ochiai et al., 2006)
and another within intron 5 (Ochiai et al., 2008). The inhibition of Prdm1 by Bach2
maintains B cells in an undifferentiated state.

Suppression of the humoral immune response is among the earliest and most sensitive
endpoints of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) exposure. Although TCDD affects
multiple aspects of the immune system, cell-type fractionation reconstitution studies of
heterogeneous leukocyte preparations have shown that B cells are the primary cellular
targets involved in suppression of the humoral immune response (Dooley and Holsapple,
1988). Other studies have shown that direct addition of TCDD to naive primary B cells or B
cell lines suppresses immunoglobulin-M (IgM) secretion, suggesting that TCDD impairs the
differentiation of B cells to IgM secreting plasma cells (Holsapple et al., 1986; Morris et al.,
1993; Sulentic et al., 1998).

Most of the biological effects of TCDD including the suppression of the humoral immune
response are mediated through the activation of the aryl hydrocarbon receptor (AHR)
(Sulentic et al., 1998; Gu et al., 2000). The AHR is a ligand-activated transcription factor
and a member of the basic helix-loop-helix, Per/Arnt/Sim (PAS) superfamily. In the
canonical model for AHR signaling, the unliganded form of the receptor exists in the
cytoplasm in a stable complex with Hsp90, Aip, and Ptges3 (Petrulis and Perdew, 2002).
Following ligand binding, the AHR translocates to the nucleus and binds with the AHR
nuclear translocation protein (Arnt). The heterodimer binds to xenobiotic response elements
to activate transcription of target genes (Gu et al., 2000).

In a previous study, we demonstrated that the AHR binds to a region within the first intron
of the Bach2 gene (NCBI36/mm8) in activated B cells exposed to TCDD (De Abrew et al.,
2010). The Bach2 mRNA was also upregulated at the 8 and 12 h post TCDD treatment in
resting and activated B cells suggesting direct regulation of Bach2 by the AHR. The
increased AHR binding and upregulation in Bach2 expression were observed in both a
mouse B-cell line (i.e., CH12.LX cells) as well as primary mouse B cells. Given the role of
Bach2 in transcriptionally repressing Prdm1, the present study investigated the role of Bach2
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in the TCDD-mediated suppression of the IgM response using a mouse B cell line as a
model system.

MATERIAL AND METHODS

Chemicals and Reagents

Cell line

TCDD in dimethyl sulfoxide (DMSO) (purity 99.1%) was purchased from AccuStandard
Inc (New Haven, CT). DMSO and LPS (Salmonella typhosa, Catalog No. L4391-1MG)
were purchased from Sigma-Aldrich (St. Louis, MO). The AHR antibody was purchased
from Biomol (Catalog No. SA210-0100, Plymouth Meeting, PA). The anti-mouse
immunoglobulin capture antibody and the horseradish peroxidase anti-mouse IgM detection
antibody were purchased from Boehringer Mannheim (Indianapolis, IN) and Sigma-Aldrich,
respectively.

The CH12.LX B-cell line, derived from the murine CH12 B-cell lymphoma, has been
previously characterized by Bishop and Haughton (Bishop and Haughton, 1986) and was a
generous gift from Dr. Geoffrey Haughton (University of North Carolina). CH12.LX cells
were grown in Advanced RPMI medium 1640 (Invitrogen, Carlsbad, CA) supplemented
with 10% heat-inactivated bovine calf serum (Invitrogen, Carlsbad, CA), 13.5 mM HEPES,
100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine and 50 uM -
mercaptoethanol. Cells were maintained at 37°C in a 5% CO», humidified incubator.

Chromatin Immunoprecipitation and Quantitative PCR (ChIP-qPCR)

CH12.LX cells (1x10° cells/ml, 25 m1/150mm cell culture plate) were activated with LPS
(10 pg/ml) and treated with either 10nM TCDD (4 plates) or 0.01% DMSO (4 plates). After
treatment for 1 h, cells were fixed according to GENpathway cell fixation protocol (San
Diego, CA). Cells were fixed with 1% formaldehyde for 15 min and quenched with 0.125 M
glycine. Chromatin was isolated by adding lysis buffer followed by disruption with a
Dounce homogenizer. Lysates were sonicated and the DNA sheared to an average length of
300-500 bp. Genomic DNA was prepared by treating aliquots of chromatin with RNase,
proteinase K, and heat for decrosslinking, followed by ethanol precipitation. Pellets were
resuspended and the resulting DNA was quantified on a Nanodrop ND-1000
spectrophotometer (Wilmington, DE). Extrapolation to the original chromatin volume
allowed quantitation of the total chromatin yield.

An aliquot of chromatin (30 ug) was precleared with protein-agarose beads (Invitrogen,
Carlsbad, CA). AHR-bound DNA sequences were isolated using an anti-AHR antibody
(Biomol, Plymouth Meeting, PA). After incubation at 4°C overnight, protein-agarose beads
were used to isolate the immune complexes. Complexes were washed, eluted from the beads
with SDS buffer, and subjected to RNase and proteinase K treatment. Crosslinks were
reversed by incubation overnight at 65°C, and ChlP DNA was purified by phenol-
chloroform extraction and ethanol precipitation. qPCR reactions were carried out on specific
genomic regions identified in previous studies using chromatin immunoprecipitation
followed by Affymetrix whole genome tiling arrays (ChIP-on-chip) (De Abrew et al., 2010).
Amplification was performed using the SYBR Green Supermix (Bio-Rad, Hercules, CA)
and the following primers corresponding to Bach2 genomic region and an untranslated
region (Untr6) as a negative control: Bach2 (chrl4: 32478534-32478617), 5'-
AACCCTGCTCGTACATGACA-3 and 5-TTCCAGGTAGCAAAGGCTAGA-3'; Untr6
(chr6: 120258582-120258798), 5-TCAGGCATGAACCACCATAC-3' and 5'-
AACATCCACACGTCCAGTGA-3'. The average Ct values were converted into copy
numbers of DNA using standard curves of genomic DNA with known copy numbers. The
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binding values for each region were normalized for primer efficiency by carrying out qPCR
for each primer pair using input DNA. The results are presented as binding events per 1000
cells for each genomic region. An untranscribed region on chromosome 6 (Untr 6) was used
as a negative control. For statistical analysis, an unpaired two-tailed Student’s t-test was
performed between the TCDD-treated samples and the DMSO controls. The ChIP-gPCR
experiments were performed in triplicate (n=3) with each replicate performed on cells
cultured and fixed on separate days.

Quantitative Reverse Transcription PCR (QRT-PCR)

Naive or LPS (10 pg/ml)-activated CH12.LX cells (2x10% cells/ml in 10 ml of media per
100 mm? petri dish) were treated with either 10 nM TCDD and/or vehicle (0.02% DMSO)
for 0, 2, 4, 8 or 24 h for time course experiments or 0.1, 1.0 or 10 nM TCDD and/or vehicle
(0.02% DMSO) for concentration-response experiments. Total RNA was isolated using the
SV40 Total RNA Isolation System (Promega Corporation, Madison, W) and RNA
concentrations were quantified using a Nanodrop ND-1000 spectrophotometer (Wilmington,
DE). Double stranded cDNA was synthesized using 500 ng of total RNA using the Applied
Biosystems high capacity cDNA reverse transcription kit (Foster City, CA). gRT-PCR was
performed according to manufacturer’s instructions using the Tagman Universal PCR
Master Mix and Tagman gene expression assays for Bach2 (Mm00464379_m1) or Prdm1
(MmO00476128_m1). All gRT-PCR measurements were made on an ABI Prism 7900
Sequence Detection System (Applied Biosystems, Foster City, CA). The change in gene
expression was calculated using the AAC; method using 18S ribosomal RNA (4319413E) as
an internal control. For statistical analysis, unpaired two-tailed Student’s t-tests were
performed between treatments and their corresponding controls.

Electrophoretic Mobility Shift Assays (EMSA)

Nuclear proteins were isolated from naive or LPS (10 pg/ml)-activated CH12.LX cells
(2x10° cells/ml in 10 ml of media per 100 mm? petri dish) that were treated with 10 nM
TCDD or vehicle (0.02% DMSO) for 0 and 4 h as previously described (Andrews and
Faller, 1991). Cells were pelleted, washed in cold 1X PBS, resuspended in 400 pl cold
buffer A (10 mM HEPES-KOH pH 7.9 at 4 °C, 1.5 mM MgCl,, 10 mM KCI, 0.5 mM
dithiothreitol, and 0.2 mM PMSF), and allowed to swell on ice for 10 min. Samples were
vortex mixed for 10 sec, centrifuged for 10 sec, and the supernatants discarded. The pellets
were resuspended in 100 pl of cold buffer C (20 mM HEPES-KOH pH 7.9, 25% glycerol,
420 mM Nacl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM dithiothreitol, and 0.2 mM PMSF)
and incubated on ice for another 20 min for high salt extraction. Cellular debris was
removed by centrifugation and the protein concentration of the supernatant was quantified
using the BCA assay (Sigma-Aldrich, St. Louis, MO). The binding reaction was performed
by adjusting the final NaCl concentration to 150 mM by the addition of Buffer C devoid of
NaCl followed by incubation of 5 pg of nuclear protein with 0.5 ug of poly dI-dC (Roche,
Indianapolis, IN) on ice for 10 min. Following incubation with dI-dC, the double

stranded 32P-labeled probes (45,000 cpm of promoter MARE: 5'-
ATAGTGGTGCTGACTCAGCATCG-3' or 45,000 cpm of intron 5 MARE: 5'-
ATCGAAAATGTGAGTCGGCATAATTAA-3') were added to the reaction and incubated
at room temperature for another 30 min. To assess the specificity of DNA binding activity,
the nuclear extracts were incubated with 100-fold excess of unlabeled probe prior to addition
of the radiolabeled probe. The resulting protein-DNA complexes were resolved on a 4%
polyacrylamide gel in 0.5X TBE buffer (1X =89 mM Tris, 89 mM borate, and 2 mM
EDTA). The gel was then dried on 3 mm filter paper (Whattman, Hillsboro, OR) and
autoradiographed. Autoradiograph bands were quantified by densitometry using the UN-
SCAN IT software (Silk Scientific, Orem, UT). For the supershifts, the nuclear proteins
were incubated with anti-Bach2 (L-17) antibody sc-14704X or normal goat 1gG (sc-2028)
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(Santa Cruz Biotechnology, Inc. Santa Cruz, CA) for 30 min at RT prior to the addition of
radiolabeled probes.

Nuclear proteins for the DRE3 and Bach2 intron1 EMSA were prepared from resting
CH12.LX cells treated with 10nM TCDD or 0.02% DMSO as vehicle for 1 h as previously
described (Probst et al., 1993; Williams et al., 1996) with modifications. The cells were
harvested by centrifugation at 300 x g for 5 min followed by one wash with 1X HBSS and
incubated in HB buffer (10 mM HEPES (pH:7.5), ImM MgCI2) for 10 min. Nuclei were
isolated by centrifugation at 1500 x g for 5 min and the pellet was washed twice with
MDHK buffer (3 mM MgCly, 1 mM DTT, 25 mM HEPES and 100 mM KCI) and
resuspended in 100 ul of HEDK buffer (25 mM HEPES, 1 mM EDTA, 1 mM DTT, 400
mM KCI) and incubated on ice for 30 min for high-salt extraction. The samples were then
centrifuged at 14,000 x g for 2 min after an equal volume of HEDG buffer (25 mM HEPES,
1 mM EDTA, 1 mM DTT, 10% glycerol) was added to the supernatants and the proteins
were quantified using the BCA assay (Sigma-Aldrich). For the binding reaction, 10 ug of
nuclear extract was first incubated with 0.6 ug of poly dI-dC on ice for 20 min. Following
incubation, 32P-labeled double stranded probes [50,000 cpm of DRE3: 5'-
GATCCGGAGTTGCGTGAGAAGAGC-3' (Denison and Yao, 1991) or 50,000 cpm of
Bach2 intronl: 5-TAATAACACAGCGTGAGCCCTT-3"] were added for an additional 30
min at room temperature. The resulting protein-DNA complexes were resolved on a 4%
polyacrylamide gel in 0.5X TAE buffer (1X = 6.7 mM Tris, 3.3 mM acetate, and 1 mM
EDTA).

siRNA Knockdown of Bach2

An siRNA duplex for Bach2, the Silencer negative control 1 siRNA duplex, and an sSiRNA
duplex targeting luciferase (another negative control siRNA not present in the mouse
genome) were all purchased from Applied Biosystems (Foster City, CA). The sequences of
the siRNA duplexes are provided as supplemental material (Supplemental Table 1). A total
of 2x106 CH12.LX cells were centrifuged at 300xg for 5 min, the supernatant discarded,
and the pellet resuspended in 100 ul of Ingenio electroporation solution (Mirus Bio LLC,
Madison, WI). The corresponding siRNA duplex (24 ul of a 50 pM stock) was added to the
electroporation solution and the cells were electroporated using the K-005 program of the
Amaxa Biosystems Nucleofector (Lonza, Walkerville, MD). The electroporated cells were
diluted to 80,000 cells/ml with complete RPMI and plated at 1 ml/well of 24 well plate. The
cells were allowed to recover for 2 h prior to activation with LPS (10 pug/ml) and treatment
with TCDD (10 nM) or vehicle (0.02% DMSO). The cell culture media was removed after
48 h for IgM analysis. The siRNA experiments were performed in quadruplicate (n=4) with
each replicate performed on cell cultures from separate days.

IgM Enzyme-Linked Immunosorbent Assay (ELISA)

The cell culture media from the siRNA transfected CH12.LX cells exposed to LPS and
treated with either DMSO or TCDD was analyzed for IgM by sandwich ELISA. Viable cell
counts were performed using the Countess automated cell counter (Invitrogen, Carlsbad,
CA) following staining with 0.4% Trypan Blue (Invitrogen, Carlsbad, CA). A total of 100 pl
of cell culture media from each treatment condition was added to the well of a 96-well
microtiter plate coated with anti-mouse immunoglobulin capture antibody (Boehringer
Mannheim, Indianapolis, IN). A standard curve containing purified mouse IgM (Sigma-
Aldrich, St. Louis, MO) was included on each plate. The plate was incubated at 37°C for 1.5
h. After incubation, the plate was washed 3X with 200 pl/well of 0.05% Tween-20
phosphate-buffered saline followed by 3 washes with water (200 pl/well) using a BioTek
Elx 405 plate washer (Winooski, VVT). Horseradish peroxidase conjugated anti-mouse IgM
detection antibody (Sigma-Aldrich, St. Louis, MO) was diluted to 1:2500 in 3% BSA/PBS
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and 100 pl was added to each well. The plate was incubated for an additional 1.5 h at 37°C.
Unbound detection antibody was washed from the plate with 3 washes with 0.05% Tween
20 phosphate-buffered saline (200 pl/well) followed by 3 washes with water (200 pl/well)
using a BioTek Elx 405 plate washer. Following the washes, 2,2'-azinobis (3-ethylbenz
thiazoline-sulfonic acid) (ABTS) substrate (Boehringer Mannheim, Indianapolis, IN) was
diluted per manufacturer’s instructions and 100 pl of substrate was added to each well. The
plate was incubated for 1 h and absorbance was measured at a 405 nm wavelength using a
Molecular Devices SpectraMax 340 plate reader (Sunnyvale, CA). The IgM concentration
(ng/ml) in each sample was calculated based on the standard curve using the SoftMax Pro
4.7 program (Molecular Devices).

The concentration of IgM/108 cells was calculated by dividing the concentration (ng/ml) by
the number of viable cells. Technical replicates were averaged for each biological replicate
of the treatment group. The average TCDD value for each siRNA treatment was divided by
the average DMSO value of the same siRNA treatment to obtain a ratio to DMSO. This
value was subtracted from 1 to obtain the inhibition by TCDD as a fraction. Percent reversal
of IgM suppression by TCDD was calculated using the following equation:

(% inhibition by TCDD for negative siRNA control — % inhibition by TCDD for Bach2 siRNA)

— — 100%
% inhibition by TCDD for negative siRNA control

The percent reversal of IgM suppression was calculated for each of the four experimental
replicates performed for the SiRNA experiments. For statistical analysis, unpaired two-tailed
Student’s t-tests were performed between treatments and their corresponding controls.

RESULTS

Confirmation of AHR Binding of Bach2 Target Region by ChIP-qPCR

In a previous study, Bach2 was identified as a potential transcriptional target of the AHR in
mouse B cells (De Abrew et al., 2010). ChlP-on-chip analysis was used to characterize AHR
binding (De Abrew et al., 2010). To verify the ChIP-on-chip results, ChIP-gPCR was
performed in B cells on same genomic region using independent samples. The region
showing increased AHR binding mapped to nucleotides 32579443 — 32579633 on
chromosome 4 (NCBI36/mm8 build). An untranscribed region on chromosome 6 was used
as a negative control and Cyplal was used as a positive control. The results showed an
increased number of AHR binding events for the Bach2 region following treatment with
TCDD as compared to the DMSO control (Fig. 1A). It is unknown as to why the intron of
Bach2 has greater absolute AhR binding following treatment with TCDD than the Cyplal
positive control. However, the level of AhR binding in the Bach2 intron is also higher in the
DMSO control such that the fold-change in AhR binding in the Bach2 intron (average fold-
change 5.1) is less than Cyplal (average fold-change 15.1). To further confirm AhR DNA
binding to the DRE-like site within the Bach2 target region, electrophoretic mobility shift
assays (EMSA) were performed using nuclear extracts from vehicle (0.01% DMSO) and
TCDD (10 nM) treated CH12.L X cells. As a positive control for TCDD-inducible DNA
binding activity, DRE3 from the mouse Cyplal promoter was included. The nuclear
extracts from TCDD treated cells exhibited increased DNA binding activity, compared to
vehicle control, to both the Bach2 probe as well as to the DRE3 (Fig. 1B). In the case of the
Bach2 probe, TCDD treatment increased DNA binding of two distinct complexes, one
exhibit similar mobility to that observed with DRE3 and second smaller complex of
presently unknown composition.
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Time Course and Concentration Response of Bach2 Expression Following TCDD-

treatment

The temporal changes in Bach2 expression were evaluated in both LPS-activated and
nonactivated B cells at 0, 2, 4, 8, and 24 h after TCDD treatment (Figs. 2A and B). In the
absence of TCDD treatment, LPS activation of B cells resulted in a modest increase in
Bach2 mRNA levels at 2 h. The LPS-induced increase in Bach2 expression decreased over
the following 24 h period. In the presence of LPS and TCDD, Bach2 mRNA showed a
significant increase in expression at each time point. A similar temporal profile in both
vehicle control cells and TCDD-treated cells was observed for Bach2 mRNA in
nonactivated B cells demonstrating that LPS activation is not required for the TCDD-
induced expression.

Concentration-response changes were examined in LPS-activated B cells at the 2 h time
point (Fig. 2C). Although no change in Bach2 mRNA was observed for the DMSO (vehicle)
control compared to naive cells, Bach2 mRNA levels in the TCDD-treated samples
exhibited a concentration-dependent increase in expression with a statistically significant
increase at 1.0 nM TCDD.

Time Course Expression of Prdm1

Given the transcriptional repression of Prdm1 by Bach2, differentiating B cells have shown
reciprocal expression patterns for Bach2 and Prdm1 depending on the developmental stage
of the cells (Ochiai et al., 2006). To assess whether this reciprocal expression pattern is
observed after TCDD treatment, time course gene expression measurements of Prdm1 were
also performed using qRT-PCR (Fig. 3). Although Prdm1 expression showed a significant
TCDD-induced increase in expression at 2 h, a significant downregulation was observed at
the 24 h.

TCDD-inducible DNA Binding in Prdm1 Promoter and Intron 5 Maf Response Elements

(MARE)

Bach2 has been shown to dimerize with MafK and bind to two separate Maf response
elements (MARE) to repress transcription of Prdm1. One MARE is within the Prdm1
promoter (Ochiai et al., 2006) and a second is within intron 5 (Ochiai et al., 2008). To
evaluate whether TCDD-induced Bach2 expression resulted in increased DNA binding at
the two MAREs, electrophoretic mobility shift assays (EMSA) were performed on nuclear
extracts from activated and resting B cells treated with TCDD and in LPS-activated B cells
with increasing concentrations of TCDD. In the promoter MARE, only a small increase in
DNA binding was observed when cells were treated with both LPS and TCDD for 4 h as
compared to either treatment alone (Fig. 4A). Maximal DNA binding activity to the
promoter MARE was observed at 0.1 nM TCDD (Fig. 4B). At higher concentrations of
TCDD there was a decrease in DNA binding activity to the promoter MARE. In the intron 5
MARE, a more robust increase in DNA binding activity was observed in cells treated with
both LPS and TCDD for 4 h compared to either treatment alone (Fig. 5A). In addition, the
DNA binding activity in the intron 5 MARE showed a clear concentration-dependent
response (Fig. 5B). No clear increase in DNA binding activity was observed with either
MARE following TCDD-treatment at the 8 and 24 h time points (data not shown).

TCDD-inducible binding of Bach2 in the intron 5 MARE but not in promoter MARE

In order to assess whether Bach2 was present in the TCDD-inducible DNA-protein
complexes at the Prdm1 MARE sites, an anti-Bach2 antibody was used to perform a
supershift assay. Although none of the DNA binding complexes were supershifted by the
anti-Bach2 antibody, the TCDD-inducible complexes bound to the intron 5 MARE were
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consistently impaired in presence of the anti-Bach2 antibody, but not by an nonspecific
isotype control goat IgG (Fig. 6B). In addition, the TCDD-inducible DNA-protein complex
bound to the promoter MARE showed little effect by either the anti-Bach2 antibody (Fig.
6A lanes 5 and 6) or the isotype control goat IgG (Fig. 6A lanes 7 and 8). Due to the loss of
binding observed with the anti-Bach2 antibody rather than a supershift, the results suggest
that the anti-Bach2 antibody interferes with Bach2 DNA binding as is often observed in
supershift experiments. Taken together, these results demonstrate that Bach2 is present in
the TCDD-inducible DNA binding complex of the Prdm1 intron5 MARE, but not the Prdm1
promoter MARE element.

Functional Validation of the Role of Bach2 in the TCDD-dependent Suppression of B-Cell
Differentiation

To functionally validate the role of Bach2 in the suppression of B-cell differentiation by
TCDD, siRNA knockdown was used to reduce the transcriptional upregulation of Bach2 by
the AHR. The Bach2 siRNA duplex exhibited 70% knockdown in vehicle control treated
cells and 67% knockdown following treatment with TCDD (Fig. 7). The two separate
negative siRNA controls (a nontargeting siRNA duplex and an siRNA duplex targeting
luciferase) and mock transfected cells showed little effect on the increase in Bach2
expression following TCDD-treatment. Following verification of Bach2 knockdown, B cells
were transfected with the siRNA duplexes, allowed to recover for 2 h, activated with LPS
(10 pg/ml), and treated with TCDD (10 nM) or vehicle (0.02% DMSO). The culture media
was analyzed for IgM concentration 48 h after treatment. The siRNA duplex targeting
Bach2 exhibited a statistically significant reversal in the TCDD-induced suppression of IgM
secretion compared to either the nontargeting siRNA duplex or the luciferase targeting
SiIRNA duplex (Fig. 8). The reversal in TCDD-induced IgM suppression was approximately
40%.

DISCUSSION

Following exposure to antigen, mature B cells go through a functional and phenotypic
transformation resulting in antibody secreting plasma cells. The transformation results in
key changes within the cell including loss of B-cell identity, induction of the secretory
apparatus, and expression of antibody genes (Igarashi et al., 2007). The B-cell
differentiation process is disrupted by exposure to AHR agonists such as TCDD. In a
previous study, we identified Bach2 as a potential transcriptional target of the AHR in a
mouse B cell line using an integrated genomic analysis involving ChIP-on-chip and time
course microarray analysis (De Abrew et al., 2010). The AHR bound to a region within the
first intron of the Bach2 gene and increased its expression at 8 and 12 h post treatment with
TCDD. The AHR binding and changes in expression for Bach2 were confirmed in primary
mouse B cells (De Abrew et al., 2010). The goal of the present study was to characterize and
functionally validate the role of Bach2 in TCDD-dependent suppression of B-cell
differentiation.

The binding of the AHR to the first intron in the Bach2 gene was verified using ChlP-gPCR.
Informatic analysis identified a core dioxin response element (DRE) sequence, GCGTG
(Swanson et al., 1995), within the binding region and TCDD-inducible binding to this site
was confirmed by EMSA. The increase in Bach2 expression following TCDD exposure was
also verified in both LPS-activated and nonactivated B cells using qRT-PCR. Time course
studies showed TCDD-induced expression of Bach2 at all the time points examined from 2
— 24 h. Finally, concentration-response studies demonstrated that the increased expression of
Bach2 by TCDD was concentration-dependent.
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Bach2 is a direct repressor of Prdm1 transcription and the net balance of the two
transcription factors is correlated with distinct stages of B-cell differentiation (Ochiai et al.,
2006). Undifferentiated B cells exhibit low levels of Prdm1 and high levels of Bach2 while
terminally differentiated plasma cells show high levels of Prdm1 and low levels of Bach2
(Ochiai et al., 2006). Given the reciprocal relationship between Bach2 and Prdm1
expression in B cell differentiation, time course measurements of Prdm1 mRNA were also
performed to examine whether this reciprocal relationship was observed following exposure
to TCDD. Although Prdm1 expression showed a significant TCDD-induced increase in
expression at the 2 h time point, a significant downregulation was observed at the 24 h time
point. Although the delay between increased Bach2 mRNA and Prdm1 downregulation is
consistent with the time required for the translation and folding of Bach2 protein, the current
data does not rule out additional mechanisms whereby the AhR could also influence Prdm1
expression. In fact, it is well established that Prdm1 upregulation in activated B cells is
mediated, at least in part, by the activator protein 1 (AP-1) transcription factor complex
through DNA binding to at least three characterized TPA response elements (TRE) within
the Prdm1 promoter (Ohkubo et al., 2005). Recently we reported that TCDD-treatment
strongly impaired AP-1 DNA binding activity to all three TRE sites, including TRE -267,
TRE -1451 and TRE -2001 (Schneider et al., 2009). Collectively, the decrease in the
positive regulation mediated by AP-1 binding in combination with an increase in negative
regulation produced by Bach2 binding within the Prdm1 promoter may significantly
contribute to the repression of Prdm1 observed in TCDD-treated B cells.

Although only partially characterized, the transcriptional repression of Prdm1 by Bach2 has
been shown to occur through two separate MARES, one within the Prdm1 promoter (Ochiai
et al., 2006) and another within intron 5 (Ochiai et al., 2008). Examination of the effect of
TCDD on DNA binding to each of these MARES showed only a small increase in binding
activity to the promoter MARE and a much larger increase in binding activity to the intron 5
MARE. The increase in DNA binding to the intron 5 MARE was dependent on the
concentration of TCDD. Supershifts of the DNA binding complex at the intron 5 MARE
suggested the presence of Bach2 as the intensity of binding decreased upon addition of the
anti-Bach2 antibody but not in presence of a non-specific isotype control antibody. A
supershift band of decreased mobility was not observed most likely due to interference of
the anti-Bach2 antibody with the DNA-binding of Bach? itself. Based on a previous study
(Ochiai et al., 2006), it was somewhat surprising that Bach2 binding was not detected with
the anti-Bach2 antibody to the Prdm1 promoter MARE and may be due in part to the
kinetics of Bach2 binding to this element in CH12.LX cells. Alternatively, the differential
binding activity of Bach2 to the two MAREs in the presence of TCDD in activated B cells
indicates differential regulatory roles of Bach2 in controlling Prdm1.

To functionally assess whether the increase in Bach2 transcription was related to the TCDD-
induced suppression of B-cell differentiation, RNAi was used to dampen changes in the
Bach2 mRNA and the secretion of IgM was used as a marker of differentiation. The sSiRNA
duplex targeting Bach2 exhibited a significant reversal in the TCDD-induced suppression of
IgM secretion compared to controls. The reversal in TCDD-induced IgM suppression was
not complete at approximately 40%. The results suggest that the transcriptional regulation of
Bach2 by the AHR is one mechanism involved in the suppression of B-cell differentiation
by TCDD.

The role of the Bach2 in the suppression of B-cell differentiation by TCDD is consistent
with the AHR acting on multiple points of the signaling network to regulate differentiation
(Fig. 9). Previous studies have shown that TCDD suppresses immunoglobulin M (IgM)
secretion through decreased expression of multiple, individual components of the
macromolecule, including the p heavy chain (IgH), the « light chain (Igk), and J chain (Yoo
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et al., 2004). The decreased transcription of at least one of the components, IgH, is mediated
through a DRE in the 3'a enhancer (Sulentic et al., 2004a; Sulentic et al., 2004b). Other, less
characterized, points of interaction by the AHR include Irf8, Xbp1, and Myc, which have
been identified as potential direct transcriptional targets of the AHR in B cells using ChIP-
on-chip and time course microarray analysis (De Abrew et al., 2010). Irf8 transcriptionally
activates Bcl6 (Lee et al., 2006; Ku et al., 2008) and Xbp1 transcriptionally upregulates
Tax1 (Ku et al., 2008) which, in turn, physically interacts with Bcl6 to enhance its
repressive activity (Dean et al., 2009). Myc has been predicted to transcriptionally regulate
Irf4 (Chen et al., 2007), which is a transcriptional activator of Prdm1 (Calame, 2008). In
addition, the decrease in AP-1 binding within the Prdm1 promoter in response to TCDD,
which occurs through mechanisms not yet characterized, further contributes to impairment
of B cell to plasma cell differentiation (Schneider et al., 2009). As a whole, these studies
provide a greater mechanistic understanding of the cellular signaling network involved in
the suppression of B-cell differentiation and IgM production by AHR agonists.
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Figure 1.

Confirmation of AHR binding in the Bach2 target region. (A) Chromatin
immunoprecipitation and quantitative PCR (ChIP-gPCR). B cells were activated with 10 pg/
ml LPS and treated with 10 nM TCDD or 0.01% DMSO. After treatment for 1 h, cells were
fixed and analyzed for AHR binding. The data are presented as binding events per 1000
cells and represent mean + S.E. of triplicate measurements with each replicate performed on
cells cultured and fixed on separate days. An untranscribed region (Untr6) was included as a
negative control and the AHR binding region of Cyplal was included as a positive control.
** p <0.01; *** p < 0.001. (B) Electrophoretic mobility shift assays were performed on
nuclear extracts from naive CH12.LX cells treated with 10 nM TCDD or 0.02% DMSO as
vehicle for 1 h. The DRES3 region from the Cyplal promoter was used as a control. Binding
reactions were performed with 32P- labeled Bach2 and DRES3 probes. The arrow-head
indicates the TCDD-inducible DNA binding activity. The results are representative of two
independent experiments.
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Figure 2.

Time course and concentration-response changes in Bach2 mRNA levels following TCDD-
treatment. (A) B cells were activated with 10 pg/ml LPS and treated with 10 nM TCDD or
0.02% DMSO and analyzed for Bach2 mRNA using gRT-PCR at the indicated times. Naive
cells were not activated with LPS nor treated with TCDD or DMSO and were analyzed at 0
and 24 h. (B) Resting B cells were treated with 10 nM TCDD or 0.02% DMSO and analyzed
for Bach2 mRNA using gRT-PCR at the indicated times. Naive cells were not treated with
TCDD or DMSO and were analyzed at 0 and 24 h. The data in these graphs (A and B)
represent mean = S.E. of quadruplicate measurements at each time point of three
experimental replicates. (C) B cells were activated with LPS (10 pg/ml) and treated with 0.1,
1.0, 10 nM TCDD or 0.02% DMSO. Bach2 mRNA was analyzed at 2 h using gRT-PCR.
The data in all graphs represent mean + S.E. of quadruplicate measurements at each
treatment group of two experimental replicates. Comparisons were made between the
TCDD-treated group and DMSO-treated group at each time point (A, B) or between each
TCDD-treated group and the DMSO group (C). *, p < 0.05; **, p < 0.01; ***, p < 0.0001.
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Figure 3.

Time course changes in Prdm1 expression levels in LPS-activated B cells. B cells were
activated with LPS (10 pg/ml) and treated with TCDD (10 nM) or DMSO (0.02%). Prdm1
mRNA was analyzed by gRT-PCR at the indicated time. The data represent mean + S.E. of
quadruplicate measurements at each time-point of three experimental repliates. Comparisons
were made between the LPS + TCDD-treated group and LPS + DMSO-treated group at each
time point. *, p < 0.05.
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TCDD-inducible and concentration-dependent DNA binding at Prdm1 promoter MARE. (A)
Electrophoretic mobility shift assay performed on naive and LPS-activated (10 ug/ml) B
cells treated with TCDD (10 nM) or DMSO (0.02%) for 0 or 4 h. The 0 h indicates
background binding in untreated B cells. (B) Electrophoretic mobility shift assay performed
on LPS-activated (10 pg/ml) B cells treated with the indicated concentrations of TCDD or
0.02% DMSO for 4 h. In both assays, binding reactions were set up with 32P-labeled
promoter MARE probe as described in experimental methods. The arrow head indicates the
TCDD-inducible DNA-protein complex. Results are representative of three separate

experiments.
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Figure 5.

TCDD-inducible and concentration-dependent DNA binding at Prdm1 intron 5 MARE. (A)
Electrophoretic mobility shift assay performed on naive and LPS-activated (10 pg/ml) B
cells treated with TCDD (10 nM) or DMSO (0.02%) for 0 or 4 h. The 0 h indicates
background binding in untreated B cells. (B) Electrophoretic mobility shift assay performed
on LPS-activated (10 pg/ml) B cells treated with the indicated concentrations of TCDD or
0.02% DMSO for 4 h. In both assays, binding reactions were set up with 32P-labeled intron
5 MARE probe as described in experimental methods. The arrow head indicates the TCDD-
inducible DNA-protein complex. Results are representative of three separate experiments.
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Figure 6.

Supershift analysis of TCDD-inducible binding activity of Bach2 at Prdm1 promoter and
intron 5 MARE. Electrophoretic mobility shift assays were performed on resting and LPS-
activated (10 ug/ml) B cells treated for 4 h with TCDD (10 nM) or vehicle (0.02% DMSO).
Binding reactions were set up with (A) 32P-labeled promoter MARE probe and (B) 32P-
labeled intron 5 MARE probe. In both assays, anti-Bach2 antibody at 1 ug and 2 pg (lanes 5
and 6, respectively) and isotype control goat 1gG at 1 pug and 2 pg (lanes 7 and 8,
respectively) were used. The arrow head indicates the TCDD-inducible DNA-protein
complex. Results are representative of two separate experiments.
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Figure 7.

Knockdown of Bach2 mRNA in B cells using siRNA. B-cells were electroporated with an
SiRNA duplex targeting Bach2 (Bach2 siRNA), negative control siRNA duplexes (negative
control siRNA and GL2 luciferase control), or mock electroporated (no siRNA duplexes).
Following a 2 h recovery, cells were activated with LPS (10 ug/ml) and treated with either
TCDD (10 nM) or DMSO (0.02%) for 48 h. Bach2 mRNA was measured using gRT-PCR.
The data are presented as a percentage of the negative control sSiRNA duplex treated with
LPS + DMSO. The bars are mean * S.E. of triplicate experimental replicates.
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Figure 8.

Functional validation of the role of Bach2 in the TCDD-dependent suppression of IgM
secretion. B-cells were electroporated with a SIRNA duplex targeting Bach2 (Bach2 siRNA),
negative control SiRNA duplexes (negative control siRNA and GL2 luciferase control), or
mock electroporated (no siRNA duplexes). Following a 2 h recovery, cells were activated
with LPS (10 pg/ml) and treated with either TCDD (10 nM) or DMSO (0.02%) for 48 h.
IgM concentrations in the culture media were measured using ELISA. The data are
presented as the % reversal of IgM suppression by TCDD compared to negative control
SiRNA. The bars are mean £ S.E. of quadruplicate experimental replicates. *, p < 0.05.
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Figure 9.

Conceptual model depicting the mechanism of TCDD-mediated suppression of B-cell
differentiation into plasma cells. The proposed model depicts the role of the AHR acting at
multiple nodes in the signaling network regulating B cell differentiation. At the core of the
signaling network are three key transcription factors involved in B-cell differentiation
(Prdm1, Bcl6, and Pax5) that exist in negative regulatory feedback loops. Lines ending in
arrows represent positive regulatory interactions and lines ending in a “T” represent negative
regulatory interactions. The black lines represent signaling links previously established in
the literature and the red lines represent signaling interactions identified in a previous
integrated genomic analysis (De Abrew et al., 2010). The dashed red lines represent putative
interactions that have not been functionally validated. The solid red line represents the
functionally validated interaction in this study.
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