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ABSTRACT

Transcriptional regulation of the murine immunoglobulin (Ig) heavy chain gene (Igh) involves several regulatory elements
including the 3'Igh regulatory region (3'IghRR), which is composed of at least 4 enhancers (hs3A, hs1.2, hs3B, and hs4). The
hs1.2 and hs4 enhancers exhibit the greatest transcriptional activity and contain binding sites for several transcription factors
including nuclear factor kappaB/Rel (NF-kB/Rel) proteins and the aryl hydrocarbon receptor (AhR). Interestingly, the
environmental immunosuppressant 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), which potently inhibits antibody secretion,
also profoundly inhibits 3'IghRR and hs1.2 enhancer activation induced by the B-lymphocyte activator lipopolysaccharide
(LPS), but enhances LPS-induced activation of the hs4 enhancer. Within the hs1.2 and hs4 enhancers, the AhR binding site is
in close proximity or overlaps an NF-«B/Rel binding site suggesting a potential reciprocal modulation of the 3'IghRR by AhR
and NF-kB/Rel. The objective of the current study was to evaluate the role of NF-kB/Rel and the AhR on the 3'IghRR and its
enhancers using the AhR ligand TCDD, the AhR antagonist CH223191, and toll-like receptor agonists LPS, Resiquimod (R848),
or cytosine-phosphate-guanine-oligodeoxynucleotides (CpG). Utilizing the CH12.LX B-lymphocyte cell line and variants
expressing either a 3'IghRR-regulated transgene reporter or an inducible IkBa (inhibitor kappa B-alpha protein) superrepressor
(IxkBaxAA), we demonstrate an AhR- and NF-«B/Rel-dependent modulation of 3'IghRR and hs4 activity. Additionally, in mouse
splenocytes or CH12.LX cells, binding within the hs1.2 and hs4 enhancer of the AhR and the NF-«kB/Rel proteins RelA and RelB
was differentially altered by the cotreatment of LPS and TCDD. These results suggest that the AhR and NF-«kB/Rel protein
binding profile within the 3'IghRR mediates the inhibitory effects of TCDD on Ig expression and therefore antibody levels.
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The immune system is complex and multifaceted, requiring the
temporal and spatial regulation and interaction of many cell
types and cellular mediators to mediate specific immune re-
sponses. Altered immune function by environmental chemicals
could lead to serious pathophysiological effects such as im-
mune suppression or hypersensitivity and autoimmunity.
2,3,7,8-Tetracholordibenzo-p-dioxin (TCDD), a potent and per-
sistent environmental contaminant, elicits a variety of biologi-
cal effects in both animal and cellular models including a
marked suppression of immune function (reviewed in

Birnbaum and Tuomisto, 2000; White and Birnbaum, 2009).
TCDD targets, either directly or indirectly, many cell types and
cellular functions of the immune response (Esser et al., 2009).
Our work and others have demonstrated a direct effect of TCDD
on B lymphocytes, resulting in the inhibition of B-lymphocyte
stimulation and differentiation into antibody-secreting cells (re-
viewed in Sulentic and Kaminski, 2011). Several studies support
an involvement of the aryl hydrocarbon receptor (AhR) signal-
ing pathway in these effects; however, the specific mechanism
remains unclear (Holsapple et al., 1991; Sulentic and Kaminski,
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2011; Sulentic et al., 1998, 2000; Vorderstrasse et al., 2001). The
AhR and its dimerization partner AhR nuclear translocator
(ARNT) are classically believed to regulate transcription by bind-
ing dioxin-responsive elements (DREs) in regulatory regions of
dioxin-sensitive genes (Okey, 2007). In addition to the direct
binding of the AhR to DREs, the AhR has been shown to associ-
ate with other cellular proteins including transcription factors
such as nuclear factor kappaB/Rel (NF-kB/Rel). NF-kB/Rel pro-
teins play a significant physiological and pathophysiological
role in many cellular processes and are prominent regulatory
proteins of immune cell function (Vallabhapurapu and Karin,
2009). Interestingly, associations between the AhR and NF-xB/
Rel have been shown to mediate TCDD-induced biological ef-
fects, such as cytokine expression (Beischlag et al., 2008; Kim
et al., 2000; Tian, 2009; Tian et al., 1999; Vogel et al., 2007). As NF-
kB/Rel is an essential regulator of B-lymphocyte activation and
differentiation (Gerondakis and Siebenlist, 2009), interactions
between the AhR and NF-xB/Rel may also mediate the inhibi-
tory effects of TCDD on immunoglobulin (Ig) expression and
therefore antibody levels.

Our previous work has identified a novel transcriptional tar-
get of TCDD within the Ig heavy chain (Igh) gene locus: A large
(approximately 30kb) transcriptional regulatory region located
downstream of the Igh constant regions (referred to as 3'IghRR).
The 3'IghRR mediates upregulation of Igh expression and class
switch recombination (CSR), processes central to B-lymphocyte
differentiation and mounting an effective antibody response
(Manis et al., 1998; Pinaud et al., 2001, 2011; Vincent-Fabert et al.,
2010). In a murine B-lymphocyte cell line model (CH12.LX), we
demonstrated a profound inhibition by TCDD of 3'IghRR activa-
tion in cells stimulated with lipopolysaccharide (LPS), a toll-like
receptor 4 (TLR4) ligand, which mirrored the effect on Igh gene
expression and antibody secretion (Henseler et al., 2009;
Sulentic et al., 2000, 2004b). This effect of TCDD on 3'IghRR acti-
vation may be mediated through the AhR-DRE signaling path-
way as 2 DRE-like sites were identified within the 3'IghRR that
were capable of binding the AhR/ARNT complex (Sulentic et al.,
2000). However, the 3'IghRR, which is most often associated
with 4 enhancers (hs3A, hs1.2, hs3B, and hs4), contains DNA
binding sites for several transcription factors, including NF-«xB/
Rel, that appear to be important regulators of individual en-
hancer and overall 3'IghRR activity (Khamlichi et al., 2000;
Pinaud et al., 2011). Supporting a potential interaction between
the AhR and NF-«B/Rel proteins and/or signaling pathways, an
NF-«B/Rel binding site (kB site) is in close proximity to the DRE
site within the hs1.2 enhancer and a kB site overlaps the DRE
site within the hs4 enhancer (Sulentic et al., 2000). Additionally,
TCDD increased NF-kB/Rel protein binding to the hs4 B site,
which appeared to be at least partially independent of the AhR
(Sulentic et al., 2000). However, binding to both the DRE and kB
sites cooperatively influenced hs4 luciferase reporter activity
(Sulentic et al., 2004a,b). Therefore, the objective of the present
study was to determine the role of the AhR and NF-«B/Rel pro-
teins and potential interactions between these proteins in medi-
ating the inhibitory effects of TCDD on 3'IghRR activation. Using
an AhR antagonist (CH223191), the well-characterized CH12.LX B-
lymphocyte cell line, and 2 variants of this line that either stably
expressed a transgene regulated by the 3'IghRR (CH12.y2b-
3'IghRR) or an inducible IkBa superrepressor to inhibit NF-«kB/Rel
activity (CH12.IkBaAA [CH12.LX B-lymphocyte cell line expressing
an IPTG {isopropyl B-b-1-thiogalactopyranoside}-inducible IxBo
superrepressor]), we determined that both the AhR and NF-«xB/Rel
proteins are essential for mediating the effects of TCDD on
3'IghRR activity and that these effects appear to be mediated by

an altered NF-«kB/Rel binding profile within the hs1.2 and hs4 en-
hancer. These results suggest that interactions between the AhR
and NF-«B/Rel within the 3'IghRR mediate the inhibitory effects of
TCDD on Ig expression and therefore antibody levels.

MATERIALS AND METHODS

Chemicals and reagents. TCDD in 100% dimethyl sulfoxide (DMSO)
was purchased from AccuStandard Inc (New Haven,
Connecticut). The certificates of product analysis stated the
purity of TCDD to be 99.1%. IPTG, LPS (Escherichia coli), and DMSO
were purchased from Sigma Aldrich (Milwaukee, Wisconsin).
IPTG and LPS were dissolved in water and 1x PBS, respectively.
The AhR antagonist CH223191 was purchased from Calbiochem
(San Diego, California) and dissolved in 100% DMSO.
Resiquimod (R848) was purchased from Enzo Life Sciences
(Farmingdale, New York) and dissolved in 100% DMSO.
Cytosine-phosphate-guanine  (CpG)  oligodeoxynucleotides
(ODN) (5'-TCCATGACGTTCCTGACGTT-3') was purchased from
Eurofins MWG Operon (Huntsville, Alabama) and dissolved in
RNase and DNase free water.

Cell lines. The CH12.IxkBaAA B-lymphocyte cell line (IgM*) was
developed and generously provided by Dr Gail Bishop (Hsing
and Bishop, 1999) and is a variant of the parental CH12.LX cell
line (Bishop and Haughton, 1986), which was derived from the
murine CH12 B-cell lymphoma in B10.H-2°H-4°p/Wts mice
(B10.A x B10.129) (Arnold et al., 1983). The CH12.IkBaAA cell line
stably expresses an IPTG-inducible, degradation resistant IxBa
superrepressor protein (IkBaAA), which sequesters NFkB/Rel
proteins in the cytoplasm (Hsing and Bishop, 1999). The
CH12.y2b-3'IghRR cell line (IgA*) was generated from CH12.LX
cells and is a subclone that stably expresses a transgene (y2b
Igh gene) regulated by the 3'IghRR (Henseler et al., 2009; Shi and
Eckhardt, 2001). Cells were grown in RPMI 1640 media
(MediaTech, Herndon, Virginia) supplemented with 10% bovine
calf serum (Hyclone, Logan, Utah), 13.5 mM HEPES (4-(2-hydroxy
ethyl)-1-piperazineethanesulfonic acid), 100 units/ml penicillin,
100 pg/ml streptomycin, 2 mM L-glutamine, 0.1 mM nonessential
amino acids, 1.0 mM sodium pyruvate, and 50 pM B-mercaptoe-
thanol. Cells were maintained at 37°C in an atmosphere of 5%
CO,. Cell viability was determined by assaying 1.0 ml of cell sus-
pension for Trypan Blue exclusion with a ViCell instrument
(Beckman Coulter, Brea, California).

Vertebrate animals. To validate the results from the cell line stud-
ies, splenocytes from 6-week-old female B6C3F1 mice were also
utilized. No in vivo treatments were performed and all animals
were sacrificed by decapitation in accordance with university
policy and approved under our animal use protocol (AUP 685).
After decapitation, the spleens were aseptically removed and
placed in sterile ice-cold 1x PBS. The spleens were combined
then homogenized with frosted microscope slides, and the
debris cleared by passing the homogenate through a screen fil-
ter. After filtration, the cells were centrifuged for S5min at
250 x g at 4°C, the supernatant was discarded, and the cells
were washed with ice-cold PBS with inversion. The cells were
then subjected once more to centrifugation for 5min at 250 x g
at 4°C. The supernatant was again discarded and the cell pellet
was resuspended in 1ml of red blood cell lysis buffer (10 mM
KHCOs,, 150mM NH,CL, and 0.1mM EDTA-pH 8.0) for 5min,
then diluted 1:10 with ice-cold PBS. The cells were subjected to
a final centrifugation for Smin at 250 x g at 4°C. The superna-
tant was discarded and the pellet was resuspended in culture
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media. The cells were allowed to incubate at 37°C in an atmos-
phere of 5% CO, for 2h. After the incubation, the cells were
slowly decanted out of the culture flask, counted with a ViCell
instrument (Beckman Coulter), and resuspended in culture
media for use in chromatin immunoprecipitation (ChIP)
experiments.

Protein isolation and enzyme-linked immunosorbent assay for y2b
analysis. CH12.y2b-3'IghRR cells were stimulated with either
1pg/ml LPS (TLR4 ligand), 1pug/ml R848 (TLR7 and 8 ligand) or
1uM CpG (TLR9 ligand) and cotreated with either the vehicle
control (0.01% DMSO) or increasing concentrations of TCDD
(0.003-30nM). Treated and naive control CH12.y2b-3'IghRR cells
were plated in triplicate into 12-well plates at a concentration of
2.5 x 10* cells/well and incubated for 48 h. Following the incuba-
tion period, cells were centrifuged at 3000 rpm, lysed with mild
lysis buffer (150mM NaCl, 10mM sodium phosphate pH 7.2,
2mM EDTA, and 1% Igepal) then centrifuged at 14000 rpm.
Supernatants were collected and stored at —80°C until analysis.
To measure y2b, cell lysates were thawed on ice and protein
concentrations were determined by a Bradford assay (Bio-Rad
Laboratories, Hercules, California) according to manufacturer
specifications. Samples were then diluted to the lowest sample
concentration and 2 pg of total protein was analyzed for y2b by
sandwich enzyme-linked immunosorbent assay as described by
Henseler et al. (2009). Colorimetric detection was performed
every minute over a 1-h period using a Spectramax plus 384
automated microplate reader with a 405-nm filter (Molecular
Devices, Sunnyvale, California). The SOFTmax PRO analysis
software (Molecular Devices) calculated the concentration of
v2b in each sample from a standard curve generated from the
kinetic rate of absorption for known y2b concentrations. Results
are represented as percent effect relative to the DMSO control
(set to 100% effect).

Western blot analysis. Following the appropriate treatment con-
centration and incubation period (see Figure 2 and
Supplementary Figure S1), CH12.IkBoAA or CH12.LX cells were
harvested using centrifugation (3000 rpm for 5min at 4°C) and
washed once with 1x PBS. The cells were resuspended in 150 pl
of mild lysis buffer containing freshly added protease inhibitors
(Complete Mini Protease Inhibitor Cocktail; Roche Diagnostics,
Indianapolis, Indiana) and frozen at —80°C. For protein quantifi-
cation, the lysate was thawed on ice and resuspended briefly
then centrifuged at 14000rpm for 5min at 4°C. The whole-cell
lysate was removed from the pelleted cell debris, quantified by
a Bradford assay, and frozen at —80°C until Western blot analy-
sis. Briefly, whole-cell lysates were thawed on ice and 50 ug of
protein from each extract was run on a 10% polyacrylamide gel
at 200V for 30-40 min. The protein was transferred from the gel
to a polyvinylidene fluoride membrane (Millipore, Bedford,
Massachusetts) using an electric current of 100V for 75 min. The
membrane was then immediately immersed in 3% BSA (bovine
serum albumin)/TTBS (tris-buffered saline with 0.05% tween-20)
and rocked overnight at 4°C. The membranes were incubated
overnight at room temperature with either anti-IkBa (sc-371 (C-
21), Santa Cruz, Santa Cruz, California) at a 1:1000 dilution, anti-
AhR (ab2770 Abcam, Cambridge, Massachusetts) at a 1:1000
dilution, or anti-p-actin (Sigma Aldrich) at a 1:10 000 dilution in
3% BSA/TTBS. The membrane was then washed 4 times in TTBS
at 10-min intervals, and the blot was incubated with the appro-
priate horse-radish-peroxidase-conjugated secondary antibody
(goat anti-mouse at 1:8000 or goat anti-rabbit at 1:2500) for 1h.
The blot was washed again 4 times in TTBS, exposed to ECL
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substrate (ThermoScientific, Waltham, Massachusetts) and
analyzed on a Fuji LAS-3000 Bioimager (Tokyo, Japan).

RNA isolation, cDNA synthesis, and real-time PCR. CH12.LX or
CH12.IxBaAA cells at a concentration of 5x 10° cells/ml were
pretreated for 1h with media alone, DMSO or the AhR antago-
nist CH223191 (AhRA, 10 or 30 uM). The cells were then treated
with DMSO or 10nM TCDD and incubated for 8h. The final
DMSO vehicle concentration was 0.11%. Total RNA was isolated
using TRI Reagent (Sigma-Aldrich) according to the manufac-
turer’s protocol. The RNA concentration was determined using
a NanoDrop (ThermoScientific, Wilmington, Delaware) and
200ng total RNA was reverse transcribed to cDNA using the
Tagman Reverse Transcription Reagents kit (Applied
Biosystems, Foster City, California). The expression of f-actin
(endogenous control to normalize ¢cDNA concentrations) and
cytochrome P4501a1 (Cyplal) genes was quantified by real-time
PCR using SYBR Green PCR Master Mix (Applied Biosystems) as
previously described (Fernando et al., 2012; Romer and Sulentic,
2011). Primers for Cyplal and B-actin span an intron and were as
follows: Cyplal Forward Primer—AAGTGCAGATGCGGTCTTCT,
Cyplal Reverse Primer—AAAGTAGGAGGCAGGCACAA, B-actin
Forward Primer—GCTACAGCTTCACCACCACA, and B-actin
Reverse Primer—TCTCCAGGGAGGAAGAGGAT. The results of
the PCR amplification were analyzed using the 7500 system SDS
software to determine relative quantification values (ie, fold-
change) using the 2 24T equation.

Transient transfection and luciferase assay. The Igh luciferase
reporter plasmids were generously provided by Dr Robert
Roeder (Rockefeller University, New York, New York). The Vy-
Luc-hs4 and Vy-Luc-3'IghRR plasmids consist of an upstream
variable heavy chain (Vy) promoter, a luciferase gene and the
hs4 enhancer or the 3'IghRR, respectively, located downstream
of the luciferase gene. Plasmids were constructed using a pGL3
basic luciferase reporter construct (Promega, Madison,
Wisconsin) as described previously (Ong et al., 1998). Transient
transfections were performed as previously described (Henseler
et al, 2009; Sulentic et al, 2004b). Briefly, CH12.LX or
CH12.IkBaAA cells (1.0 x 10) were resuspended in 200 ul of culture
media with 10 pg of plasmid (Vy-Luc-hs4, or Vy-Luc-3'IghRR) and
transferred into a 2-mm gap electroporation cuvette (Molecular
BioProducts, San Diego, California). Cells were electroporated
using an electro cell manipulator (ECM 630; BTX, San Diego,
California) with the voltage at 250V, the capacitance at 150 pF,
and the resistance at 75 Q. For each plasmid, multiple transfec-
tions were pooled in fresh media at 2.0 x 10° cells/ml then imme-
diately treated with the following treatment conditions and
aliquoted in quadruplicate into a 12-well plate and cultured for a
24-h (Vy-Luc-hs4) or 48-h (Vy-Luc-3'IghRR) incubation period in
5% CO, at 37°C. For the CH12.LX cells, they were pretreated for 1h
with DMSO or 30 uM CH223191 (AhRA) then treated with DMSO or
10nM TCDD in the presence of 1pg/ml LPS stimulation. The final
DMSO concentration was 0.11%. For the CH12.IkBaAA cells, they
were divided into 2 equal portions and 1 portion was treated with
100 uM IPTG for 2h to activate the IPTG-inducible IkBaAA trans-
gene whereas the other portion was cultured in the absence of
IPTG to provide a control that lacked IkBaAA transgene expres-
sion. An initial concentration response and time course were con-
ducted to determine the optimum concentration and time of
addition for IPTG-induced IkBaAA expression (Supplementary
Figure S1). After 2 h, the CH12.IxkBaAA cells were treated with
DMSO (0.01%) or varying concentrations of TCDD (0.001-10nM)
with or without LPS stimulation (0.001-1pg/ml). Following the
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appropriate incubation period, cells were lysed with a 1 x reporter
lysis buffer (Promega) and samples were immediately frozen at
—80°C. To measure luciferase enzyme activity, samples were
thawed at room temperature and 20pl of sample lysate was
mixed with 100ul of luciferase assay reagent (Promega).
Luciferase activity or luminescence was measured with a lumin-
ometer (Berthold Detection Systems, Oak Ridge, Tennessee) and
represented as relative light units or percent effect relative to the
appropriate DMSO control (set to 100% effect).

ChIP assay. CH12.LX cells or splenocytes (1.0 x 10’ per treatment
condition) were treated with 0.01% DMSO or 30nM TCDD in the
absence or presence of 1pg/ml LPS stimulation and incubated
for 90 min at 37°C with 5% CO,. After incubation, proteins were
cross-linked to chromatin by incubating the cells with 1% form-
aldehyde for 10min at room temperature with agitation.
Glycine for a 125mM final concentration was then added to
each treatment condition to quench the crosslinking and sam-
ples were agitated for an additional 10 min. Samples were then
centrifuged at 1800 x g for S5min at 4°C. The supernatant was
discarded and the pellet resuspended in ice-cold 1x PBS and
centrifuged at 1800 x g for 5min at 4°C. The supernatant was
again discarded and the cells were subjected to ice-cold lysis
buffer-1 (50 mM HEPES-KOH pH 7.5, 140 mM NacCl, 1mM EDTA,
10% Glycerol, 0.5% Igepal, 0.25% Triton X-100, and Protease
Inhibitor Cocktail) for 20min on ice. The samples were then
centrifuged at 1800 x g for 5min at 4°C. The supernatant was
discarded and the pellet resuspended in lysis buffer-2 (10 mM
Tris-HCl pH 8.0, 200 mM NaCl, 1mM EDTA, 0.5mM EGTA (ethyl-
ene glycol tetraacetic acid), and Protease Inhibitor Cocktail) for
10min at room temperature. The samples were then centri-
fuged at 1800 x g for 5min at 4°C. The supernatant was dis-
carded and the pellet resuspended in 350pl ice-cold low salt
sonication buffer (40 mM Tris-HCL pH 8.0, 100mM NaCl, 1 mM
EDTA, 1% Triton X-100, and Protease Inhibitor Cocktail). DNA
was sheared by sonication (W-225 Sonicator Cell Distrupter,
Heat Systems-Ultrasound, Inc) with a microtip horn at 40%
power for eight 20s, constant pulses and resting for 20s in an
ice/water mix between pulses. After sonication, samples were
heated at 37°C for 5min then supplemented with CaCl, (5mM
final concentration) and treated with 120 units of micrococcal
nuclease (MNase) for 15min at 37°C. EDTA and EGTA for a
20mM final concentration of each were added to the samples
after heating to quench the MNase activity. Additionally, the
final concentration of NaCl was adjusted to 300mM, and the
samples placed on ice for 10min. Samples were then centri-
fuged at 20000x g for 10 min at 4°C, and the supernatant trans-
ferred to 1.5-ml Eppendorf tubes. The samples were then
precleared of free antibody and proteins that nonspecifically
bind the immunoprecipitation (IP) antibodies by mixing with
25l of a protein-G coated magnetic bead slurry (MagnaBind
Protein G magnetic beads, Thermal Scientific, Rockford, Illinois)
and rotated at 4°C for 1h. The samples were then cleared of the
magnetic beads with a magnetic Eppendorf rack. A 10 -pl aliquot
of each sample was then evaluated for total DNA by phenol-
chloroform extraction and DNA quantification with a NanoDrop
Spectrophotometer (ThermoScientific). All cleared pre-IP sam-
ples were then diluted to the same amount of DNA/sample and
stored at —80°C until prepared for use in the ChIP assay. The IP
antibodies (anti-AhR [ab2770 Abcam]|, anti-RelA [A301-823A
Bethyl Laboratories, Inc, Montgomery, Texas], or anti-RelB
[A302-183A Bethyl Laboratories, Inc]) were incubated at a con-
centration of 3pg antibody to every 25pul of protein G-coated
magnetic bead slurry in 1ml of 1x NET buffer (300mM Nacl,

2mM EDTA, 20mM Tris-HCL, 1% Triton X-100, and Protease
Inhibitor Cocktail) for a minimum of 4h at 4°C with rotation.
After the first incubation, 2mg of sheared salmon sperm DNA
(E213-5ml; Amresco, Scion, Ohio) was added to the IP/bead
complex and rotated an additional 1h. The magnetic beads
were then cleared of excess/unbound antibody and salmon
sperm with a magnetic Eppendorf rack. The IP/bead complex
was then resuspended in 200 pul of 1x NET buffer and 25 pl added
to 50ul of each precleared sample. Each sample was then
adjusted to a final volume of 1ml using 1x NET buffer. Samples
were incubated overnight with rotation at 4°C. Using the mag-
netic Eppendorf rack, the samples were sequentially washed
with 1 ml of 150mM NacCl, 500mM NacCl, 250mM LiCl, and
finally 10mM TE. The 2 NaCl washes included 2mM EDTA,
20mM Tris-HCL, 1% Triton X-100, 0.1% SDS, and Protease
Inhibitor Cocktail. The LiCl wash also had 1mM EDTA, 10 mM
Tris-HCL, 1% Igepal, 1% sodium deoxycholate, and Protease
Inhibitor Cocktail. The samples (IP/bead complex with the pro-
tein cross-linked to the DNA) were treated 2 times with 100 pl
elution buffer (100 mM NaHCOs, 1% SDS) for 15 min, and the elu-
ent collected each time. To reverse the cross-linking, the eluent
was placed in a heat block set to 65°C then spiked with NaCl
(195mM final concentration) and 1ul of 10mg/ml RNase was
added to each sample. The samples were incubated for a mini-
mum of 5h, cooled to 45°C, and treated with 1pl of 10mg/ml
proteinase K for 2h. The DNA from the samples was extracted
with phenol/chloroform extraction, and the presence of DNA
was validated with a NanoDrop Spectrophotometer. SYBRGreen
real-time PCR was utilized to analyze the DNA samples (2 pl) as
previously described (Romer and Sulentic, 2011) with the excep-
tion of using the CFX96 Touch Real-Time PCR System (Bio-Rad).
PCR primers were as follows: hs4 Forward Primer—CACA
CCCCACCTGTAGCAC, hs4 Reverse Primer—TGAGGAGGTTGAC
ATGATGG, hs1.2 Forward Primer—CTGATATCTGAGCCCCCAAC,
hs1.2 Reverse Primer—GTGGTCTGGGTAATGGATGG, B-actin
Forward Primer—GCTACAGCTTCACCACCACA, and B-actin
Reverse Primer—TCTCCAGGGAGGAGGAGGAT. B-actin was
measured to determine whether the initial DNA (pre-IP sam-
ples) was equally diluted so that changes in threshold cycle (CT)
could be attributed to treatment conditions within a sample set.
ChIP data are reported as % input (100/27ACT [ormalized ChIPh
where ACT[no]’Inalized ChIP] = (CTChIP - (CTinput - logZ (DiIUtion
Input Factor))) (Livak and Schmittgen, 2001). The Dilution Input
Factor was 100. The data are reported as the combined average
of at least 3 separate experiments.

Statistical analysis of data. Mean = SE was determined for each
treatment group (n=3-4) within a given experiment. A statisti-
cal difference between treatment groups and the controls was
determined by an unpaired, 2-tailed t test for comparisons of 2
groups or by a 1-way ANOVA with a Dunnett’s or Bonferroni’s
Multiple Comparison post hoc test when comparing more than 2
groups. Statistical differences between and within treatments
in the non-IkBoAA and IkBaAA-expressing cells were deter-
mined by a 2-way ANOVA with a Bonferroni’s post hoc test. The
results are either representative of or the combined average of
at least 3 separate experiments.

RESULTS

3'IghRR activation by different Toll-like receptor signaling pathways is
equally sensitive to TCDD-induced inhibition. Toll-like receptors
(TLRs) play an important role in the first line of host defense by
recognition of microbial products. Mouse B lymphocytes
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express several TLR receptors including TLR4, 7, 8, and 9.
Activation of these TLRs results in polyclonal B-lymphocyte
activation and increased Ig expression and antibody secretion.
Interestingly, human B lymphocytes express very low levels of
TLR4 but express higher levels of TLR7 and 9. Correspondingly,
human B lymphocytes are refractory to LPS stimulation but can
be stimulated by ligands for TLR7 or 9 (reviewed in Bekeredjian-
Ding and Jego, 2009). Because our previous results evaluating
the effect of TCDD on 3'IghRR activation were limited to TLR4
stimulation via LPS (Sulentic et al., 2004a,b), which is an ineffec-
tive stimuli for human B lymphocytes, we evaluated the effect
of TLR7/8 or 9 activation on the 3'IghRR and the corresponding
effect of TCDD. The reason for this was 2-fold: (1) to determine
whether TCDD uniquely targets signaling through the extracel-
lular membrane-bound TLR4 or more likely a downstream
effector of all TLRs such as NF-kB/Rel proteins; and (2) to utilize
stimulation that is more representative of human B-lymphocyte
activation via TLRs.

Our previous studies have utilized the well-characterized
CH12.LX mouse B-lymphocyte cell line model, which has been
extensively utilized in studying the effects of TCDD on B-lym-
phocyte function and Ig expression (Fernando et al., 2012;
Sulentic et al.,, 1998, 2000, 2004a,b). Utilizing a variant of the
CH12.LX cell line (ie, CH12.y2b-3'IghRR [CH12.LX B-lymphocyte
cell line stably expressing a 3'IghRR {mouse 3'Igh regulatory
region}-regulated y2b transgene]) that endogenously expresses
IgA and stably expresses a transgene (y2b Igh gene) regulated by
the 3'IghRR (Henseler et al., 2009; Shi and Eckhardt, 2001), we
have previously demonstrated an LPS-induced expression of
the y2b transgene and endogenous IgA that was markedly
inhibited by TCDD (Henseler et al., 2009). Similar to the activa-
tion induced by a TLR4 ligand (ie, LPS), activation of TLR7/8 by
Resiquimod (R848) and of TLR9 by hypomethylated/unmethy-
lated CpG ODN resulted in activation of the 3'IghRR-regulated
v2b transgene (Figure 1). Additionally, TCDD significantly inhib-
ited 3'IghRR activation (and endogenous IgA) in a concentration-
dependent manner regardless of the specific TLR that was
stimulated (Figure 1 and data not shown). As activation of the
NF-kB/Rel signaling pathway is a common result of TLR activa-
tion and our previous results demonstrated a potential coopera-
tive interaction between the AhR and NF-«kB/Rel proteins in the
activity of the hs4 enhancer of the 3'IghRR (Sulentic et al.,
2004a,b), we further investigated the role of NF-kB/Rel proteins
and the AhR in the inhibitory effect of TCDD on the 3'IghRR.

AhR expression and function in the CH12.IkBaAA cells. To initiate
studies that directly evaluate the role of NF-xB/Rel proteins in
the effects of LPS and TCDD on 3'IghRR activity, we utilized
another variant of the CH12.LX cell line (ie, CH12.IkBoAA). The
CH12.IkBoAA cell line stably expresses an IPTG-inducible IxBa
superrepressor protein (IkBazAA), which is resistant to negative
feedback regulation by NF-kB/Rel proteins (Hsing and Bishop,
1999; Romer and Sulentic, 2011). We verified the inducibility of
IkBaAA expression, by treating the CH12.IkBaAA cells with vary-
ing concentrations of IPTG overnight (approximately 17h) or
with 100 pM IPTG from 0 to 5h followed by whole-cell protein
isolation and Western blot analysis. Concentration-response
and time course studies demonstrated maximal expression of
IkBaAA following a 2-h treatment with 100uM IPTG
(Supplementary Figure S1).

Additionally, a functioning AhR signaling pathway is an
important characteristic of a suitable model to study the effects
of TCDD on Igh transcriptional regulation. Therefore AhR
expression and function were evaluated in the CH12.IkBoAA
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FIG. 1. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is a general inhibitor of the
3'IghRR. CH12.y2b-3'IghRR cells were treated with increasing concentrations of
TCDD (0-30nM) and cotreated with the following toll-like receptor ligands: A,
R848 (1pg/ml); B, CpG (1uM); or A and B, LPS (1pg/ml). The LPS and TCDD
cotreatment served as a positive control for TCDD-induced inhibition of the
3'IghRR. 3'IghRR-regulated y2b transgene expression (n =3 per treatment group)
normalized to 2pg total protein was determined by enzyme-linked immuno-
sorbent assay. Results were normalized to the appropriate vehicle control set to
100%, ie, cotreatment of 0.01% dimethyl sulfoxide (vehicle control denoted as
0.0nM TCDD) and stimulation. The means from 3 separate experiments (overall
mean * SE) are represented in the bar graph. The stimulation index for LPS,
R848, and CpG did not differ significantly and was approximately 3-fold above
the unstimulated, naive control. Statistical significance was determined by a 1-
way ANOVA followed by Dunnett's Multiple Comparison test. “*” and “**”
denote significance from the vehicle control (0.0nM TCDD) at P<.01 and
P<.001, respectively. R848, Resiquimod; CpG, cytosine-phosphate-guanine
(TLR9 agonist); LPS, lipopolysaccharide (TLR4 agonist); 3'IghRR, mouse 3'Igh regu-
latory region.

cells and compared with the parental CH12.LX cell line, which
has been well-characterized in terms of the AhR signaling path-
way (De Abrew et al., 2010; Suh et al., 2002; Sulentic et al., 1998,
2000). AhR protein levels were analyzed by Western blot analy-
sis and demonstrated much lower basal levels in CH12.IkBoAA
cells compared with CH12.LX cells (Figure 2A). However, LPS
stimulation for 12 h induced AhR protein levels in both cell lines
(Figure 2) as previously seen in the CH12.LX cells (Sulentic et al.,
1998) and in stimulated primary mouse B lymphocytes (Marcus
et al., 1998; Tanaka et al., 2005) as well as other cell types (Vogel
et al., 2013). Alternatively, treatment with 10nM TCDD for 12h
decreased AhR levels in both cell lines in agreement with pre-
vious studies (Pollenz, 2002) (Figure 2B). IkBaAA expression had
no effect on basal AhR expression or the expression profile
induced by LPS or TCDD (Figure 2). Moreover, confirming the
expression of a functional AhR, TCDD induced Cyplal
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FIG. 2. AhR expression and function in the CH12.IkB2AA cells. CH12.LX (denoted LX) and CH12.IxBaAA cells (pretreated with [+] or without [-] 100 uM IPTG for 2h) were
incubated for 1h (A) or 12h (B) in the absence of further treatment or in the presence of 1 ug/ml LPS with or without a 10nM TCDD cotreatment. “NA” denotes the unsti-
mulated control. Whole cell protein was isolated and analyzed by Western blot analysis. An anti-AhR antibody identified the AhR protein (approximately 95 kDa) and
B-actin served as a loading control. Results are representative of at least 3 separate experiments. C, CH12.LX or CH12.IkBaAA cells were pretreated for 1h with media
alone, dimethyl sulfoxide (DMSO) or the AhR antagonist CH223191 (AhRA, 10 or 30 uM). The cells were then treated with DMSO or 10nM TCDD and incubated for 8h.
Total RNA was isolated, converted to cDNA, and analyzed by real-time PCR for Cyplal transcripts. Results from 3 to 4 separate RNA isolations per treatment are repre-
sented as the relative quantitation (RQ) compared with the respective NA set to 1. The DMSO (0.11% final concentration) vehicle control ranged from less than 1 to 30
RQ and the AhRA alone control ranged from less than 1 to 1.5 RQ (data not shown). Significance between the TCDD-+AhRA treatment and the TCDD alone treatment
was determined by an unpaired, 2-tailed t test. “**”
above bars indicate the percent antagonism induced by the AhRA. AhR, aryl hydrocarbon receptor; CH12.IkBaAA, CH12.LX B-lymphocyte cell line expressing an IPTG-

and “***” denote significance at P <.01 and P <.001, respectively, from the appropriate TCDD treatment. Numbers

inducible IxBo superrepressor; Cyplal, cytochrome P4501al gene; IPTG, isopropyl f-p-1-thiogalactopyranoside; LX, CH12.LX parental cells.

expression in the CH12.IkBaAA cells, which was significantly
reversed by pretreatment with 10uM of the AhR antagonist
CH223191 (AhRA) (Figure 2C). However, the level of Cyplal
induction by TCDD was significantly less in the CH12.IkBoAA
cells (approximately 3-fold less) and more sensitive to the AhR
antagonist as compared with the CH12.LX cells, which was con-
sistent with the difference in AhR protein levels. Additionally,
antagonism of TCDD-induced Cyplal induction in the CH12.LX
cells was much more effective with a 30 uM rather than 10 uM
concentration of the AhR antagonist, ie, 99% inhibition com-
pared with 32% inhibition, respectively (Figure 2C). Despite the
differences in AhR expression levels between the CH12.IkBoAA
and CH12.LX cells, the AhR expressed in the CH12.IkBaAA cell
line is functional and regulated as expected.

IkBaAA expression or AhR antagonism reverse the effects of TCDD on
3'IghRR and hs4 enhancer activity. Interestingly, TLR activation
and TCDD treatment produce a dichotomous effect on 3'IghRR
and hs1.2 enhancer activity versus hs4 enhancer activity. TLR4
activation significantly increases 3'IghRR and hs1.2 activity but
has little effect on hs4 activity, whereas a TCDD cotreatment
profoundly inhibits LPS-induced 3'IghRR and hs1.2 activation
but synergistically increases hs4 activity (Fernando et al., 2012;
Sulentic et al., 2004b). These effects may be at least partially
mediated by NF-kB/Rel proteins as supported by (1) protein-pro-
tein interactions between the AhR and NF-kB/Rel (Kim et al.,
2000; Tian, 2009; Tian et al., 1999; Vogel et al., 2007); (2) the pres-
ence of an NF-xB/Rel binding site (kB site) either in close

proximity or overlapping a DRE-like site within the hs1.2 or hs4
enhancers, respectively (Sulentic et al., 2000); and (3) TCDD-
induced NF-kB/Rel protein binding to the hs4 kB site as well as a
cooperative influence of protein binding to both the DRE and «B
sites on hs4 luciferase reporter activity (Sulentic et al., 2000,
2004a,b).

To explore the role of NF-kB/Rel proteins in the divergent
effects of TCDD on 3'IghRR versus hs4 enhancer activity, we uti-
lized the CH12.IkBaAA cells to modulate the activity of NF-«xB/
Rel proteins regulated by IkBa (primarily RelA and to a lesser
extent c-Rel). In the absence of IkBaAA expression, LPS and
TCDD induced a concentration-dependent profile of effects on
the 3'IghRR and hs4 luciferase reporters (Figs. 3 and 4) that cor-
responded with previous results using the parental CH12.LX
cells (Henseler et al., 2009; Sulentic et al., 2004b), with the excep-
tion of a modest decrease in sensitivity to TCDD, likely due to
the lower levels of AhR expressed in CH12.IkBaAA as compared
with CH12.LX cells (Figure 2). The analysis of 3'IghRR activation
by LPS demonstrated a significant and concentration-depend-
ent increase in overall reporter activity that was significantly
inhibited by 10nM TCDD (Figure 3B). However, TCDD had no
inhibitory effect on basal 3'IghRR reporter activity. TCDD also
demonstrated a concentration-dependent inhibition of LPS-
induced 3'IghRR activation (Figure 3A), though the overall mag-
nitude of inhibition was greater in the CH12.LX cells as com-
pared with the CH12.IkBoAA cells, ie, close to 100% compared
with 50%, respectively (Figs. 5A and 5B; Henseler et al., 2009;
Sulentic et al., 2004b). With the induction of IkBaAA expression,
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FIG. 3. IkBaAA expression abrogates the inhibitory effect of TCDD on 3'IghRR activation. CH12.IkBaAA cells transiently transfected with the Vy (variable Ig heavy chain
promoter)-Luc-3'IghRR luciferase reporter plasmid (3'IghRR) were either cultured for 2h in media alone or with IPTG to activate the IkBaAA superrepressor. The cells
were then cultured in the absence or presence of increasing concentrations of TCDD with 1ug/ml LPS (A) or increasing concentrations of LPS with 10nM TCDD (B).
Luciferase enzyme activity is represented on the y-axis as relative light units (mean + SE, n =4 per treatment group). For graph A, “NA” denotes the unstimulated con-
trol; “C”, the LPS control; and “0.0nM TCDD”, the 0.01% DMSO control. For graph B, “0.0 ug/ml LPS” denotes the unstimulated control; gray bars are treated with 0.01%
DMSO and increasing concentrations of LPS; and checkered bars are treated with 10nM TCDD and increasing concentrations of LPS. Statistical significance was deter-
mined by a 2-way ANOVA followed by a Bonferroni’s post hoc test. “*”, “**”, “***” denote significance at P <.05, P <.01, and P <.001, respectively, from the appropriate
vehicle control (0.0nM TCDD for A or 0.01% DMSO for B). “4”, “+1”, “+$4” denote significance for a specific treatment at P <.05, P < .01, and P < .001, respectively, between
the control cells (no IkBoAA) and the cells induced to express the IkBaAA superrepressor (+ IkBaAA). Results are representative of 3 separate experiments. IkBaAA, IkBa

superrepressor.

we have previously demonstrated a suppression of LPS-induced
3'IghRR reporter activity (Romer and Sulentic, 2011). In the cur-
rent study, expression of IkBaAA also suppressed LPS-induced
3'IghRR reporter activity but this effect was concentration-
dependent and was overcome by a greater concentration of LPS
(Figure 3B, compare 0.1 with 1.0 pg/ml LPS). Regardless, the most
dramatic effect was seen with a cotreatment of LPS and TCDD
in that IkBaAA expression significantly reversed the inhibitory
effect of TCDD (Figure 3). The average of 3 separate experiments

expressed as percent inhibition demonstrated a complete rever-
sal of TCDD-induced inhibition with IkBaAA expression
(Figs. 5A and 5B).

As demonstrated previously, analysis of hs4 activation con-
firmed a variable activation by LPS alone, a significant activa-
tion by TCDD alone, and a synergistic increase in overall
reporter activity by an LPS and TCDD cotreatment that was
dependent on both the concentration of LPS and of TCDD
(Figs. 4A and 4B; Sulentic et al., 2004b). Expression of IkBaAA
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FIG. 4. IkBaAA expression blunts the synergistic activation of hs4 by TCDD and LPS stimulation. CH12.IkBaAA cells transiently transfected with the Vy-Luc-hs4 lucifer-
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repressor (+ IkBaAA). Results are representative of at least 3 separate experiments.

significantly blunted the synergistic increase in hs4 activity
(Figure 4). However, unlike the complete reversal of TCDD-
induced 3'IghRR inhibition by IkBaAA, TCDD and a cotreatment
of TCDD and LPS still induced an approximately 200% increase
in hs4 activity in the presence of the IkBaAA superrepressor
(Figs. 5C and 5D). Taken together, these data support a promi-
nent role of IkBa-regulated NF-«B/Rel proteins in the regulation
of both the 3'IghRR and the hs4 enhancer. Surprisingly, these
NF-«B/Rel proteins not only appear to partially mediate LPS-
induced activation of the 3'IghRR but also mediate the inhibitory
effect of TCDD on LPS-induced 3'IghRR activation (Figs. 3 and 5;
Romer and Sulentic, 2011). However, consistent with previous

mutational analysis (Sulentic et al., 2004b), IxBa-regulated NF-
kB/Rel proteins significantly, but partially, mediated TCDD-
induced activation of the hs4 enhancer as well as the synergis-
tic activation of the hs4 enhancer by a TCDD and LPS
cotreatment (Figs. 4 and 5).

As the effects of TCDD are presumed to be AhR-dependent
and we have previously demonstrated a cooperative interaction
between proteins binding to the overlapping B and DRE bind-
ing site in the hs4 enhancer (Sulentic et al., 2004a,b), we exam-
ined the effect of AhR antagonism on the effects of LPS and
TCDD on the 3'IghRR and hs4 enhancer. The AhR antagonist,
CH223191, had no effect on LPS-induced activation of the


-
-
-
Since 
;
Sulentic etal.

DMSO

1501 A

= 4= +|kBaAA

SALISBURY AND SULENTIC | 451

—f— Control cells

100

3'IghRR

50 1

0.0 0.001 0.01 0.1

| wgiml LPS + 10 nM TCDD

Luciferase Activity
(Percent effect relative to DMSO)

s

=1

(=
y

300 4

200 1

hs4 enhancer

1.0 0.0 001 041 1.0 10 30

[ M TCDD + 1 ugimi LPS

100

0.0 0.001 0.01 0.1

pg/ml LPS + 10 nM TCDD

1.0 0.0 0.01 0.1 1.0 10

nM TCDD + 1 pg/mi LPS
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appropriate DMSO vehicle control (represented by the line at 100%) and the mean from 3 separate experiments (n =3-4 per treatment group) was averaged and repre-
sented on the y-axis as the overall mean * SE. Statistical significance was determined by a 2-way ANOVA followed by a Bonferroni’s post hoc test. “*,” “**,” “**” denote
significance at P<.05, P<.01, and P <.001, respectively, from the appropriate vehicle control (0.01% DMSO for [A] and [C]; 0.01% DMSO + 1 pg/ml LPS for [B] and [D]),
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induced to express the IkBoAA superrepressor (+ IkBaAA). Results are the overall average * SE of 3 separate experiments.

3'IghRR but completely reversed the inhibitory effect of TCDD
(Figure 6A) as previously demonstrated (Wourms and Sulentic,
2015). AhR antagonism also partially inhibited the synergistic
activation of the hs4 enhancer by LPS and TCDD (Figure 6B).
Taken together, these results suggest an interaction between
the AhR and specific NF-kB/Rel proteins, which leads to signifi-
cant modulation of 3'IghRR and hs4 enhancer activity.

TCDD alters the binding profile of NF-xB/Rel proteins within the hs1.2
and hs4 enhancer. To further characterize the role of the AhR and
NF-kB/Rel proteins in the transcriptional activity of the 3'IghRR,
we evaluated by ChIP analysis the binding profile within the
hs1.2 and hs4 enhancers of the AhR and the NF-«B/Rel subunits

RelA and RelB, which have been previously shown to physically
interact with the AhR (Kim et al., 2000; Tian, 2009; Tian et al., 1999;
Vogel et al, 2007). For these studies, we utilized the parental
CH12.LX cell line as it expresses high levels of the AhR. To corre-
late these studies with primary cells, we also utilized primary
splenocytes isolated from female B6C3F1 mice, which express a
high affinity AhR and a functional signaling pathway. ChIP analy-
sis of the CH12.LX cells or mouse splenocytes treated with DMSO
(0.01%), TCDD (30nM), and/or LPS (1pg/ml) for 90min demon-
strated similar binding profiles of the AhR, RelA, or RelB in both
cellular models (Figs. 7-9). Consistent with our previous electro-
phoretic mobility shift assay (EMSA)-Western and ChIP analysis
(Sulentic et al., 2000, 2004b), TCDD in the absence of cellular
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stimulation induced AhR binding within the hs4 enhancer (Figs.
7B and 7D). However, contrasting with previous EMSA-Western
results (Sulentic et al., 2000), TCDD did not induce significant AhR
binding within the hs1.2 enhancer (Figs. 7A and 7C). Previous
studies did not evaluate the effect of cellular stimulation on AhR
binding to the hs1.2 and hs4 enhancers but previous transfection
studies with a hs4 luciferase reporter demonstrated a synergistic
activation of the hs4 reporter with a TCDD and LPS cotreatment
(Sulentic et al., 2000, 2004a,b). Correspondingly, LPS-induced stim-
ulation and TCDD cotreatment synergistically increased AhR
binding within the hs4 enhancer as well as the hs1.2 enhancer
(Figure 7). For RelA and RelB binding, previous EMSA-Western
analysis demonstrated TCDD-induced RelA and RelB binding
within the hs4 enhancer; cellular stimulation was not evaluated,
nor was NF-xB/Rel binding to the hs1.2 enhancer (Sulentic et al.,
2000). The current ChIP analysis demonstrated TCDD-induced
RelA binding to both the hs4 and hs1.2 enhancers; and similar to
AhR binding, a TCDD and LPS-cotreatment synergistically
increased RelA binding within both the hs4 and hs1.2 enhancers
(Figure 8). However, RelB exhibited a very different binding profile
from RelA in that TCDD did not significantly increase binding
within either the hs1.2 or hs4 enhancers (except for an increased
binding to hs4 only in splenocytes) and the cotreatment of LPS
and TCDD resulted in a marked decrease in RelB binding to either
enhancer (Figure 9). Taken together these results suggest a signifi-
cantly altered NF-xB/Rel binding profile (ie, RelA>>RelB) with
TCDD treatment that is greatly enhanced under cellular stimula-
tion. Additionally, in both the CH12.LX cells and mouse spleno-
cytes, the LPS and TCDD cotreatment induces a greater RelA
binding within the hs4 enhancer compared with the hs1.2
enhancer (Figure 8).

DISCUSSION

The 3'IghRR mediates upregulation of Igh expression and CSR,
processes central to B-lymphocyte differentiation and to
mounting an effective antibody response (Manis et al., 1998;
Pinaud et al.,, 2001; Vincent-Fabert et al., 2010). The 3'IghRR is
also a sensitive target of exogenous chemicals, such as TCDD
(Henseler et al., 2009). The current study suggests that the AhR
and the NF-«B/Rel pathway, specifically the NF-«kB/Rel proteins

regulated through IkBa (inhibitor kappa B-alpha protein) degra-
dation (ie, RelA), play an integral role in the overall suppressive
effects of TCDD on the 3'IghRR (Figure 10). This may seem coun-
terintuitive to the stimulatory effect on B-lymphocyte activation
and differentiation usually associated with NF-«B/Rel activation
(Hsing and Bishop, 1999). However, there are 5 NF-kB/Rel subu-
nits (RelA, RelB, c-Rel, p50, and p52) that can form homo- or het-
erodimers and these dimers may have inhibitory or stimulatory
roles depending on the specific transcriptional target and
potential interactions with other transcription factors. For
example, previous studies have demonstrated a stimuli-specific
binding profile of NF-kB/Rel dimers that correlated with Igh
germline transcript expression. Specifically, CD40 ligand
(CD40L) stimulation induced binding within the y; Igh germline
promoter of more p50/RelB and p50/RelA heterodimers whereas
LPS induced more p50/cRel and p50/p50 dimers, which corre-
lated with a significantly greater induction of y; transcripts by
CD40L as compared with LPS stimulation (Lin et al, 1998).
Additionally, overexpression of NF-kB/Rel fusion proteins dem-
onstrated a stimulatory effect of p50-RelB or p50-RelA on the
germline y; promoter but coexpression of p50-cRel inhibited
this activation. However, p50-cRel was not a general inhibitor of
germline Igh promoters in that overexpression of p50-cRel
induced the germline ¢ promoter (Lin et al., 1998).

In the current study, the 3'IghRR rather than intronic pro-
moters was evaluated and based on our earlier mutational stud-
ies demonstrating a cooperative interaction between the
proteins (presumably NF-kB/Rel and AhR) binding to the over-
lapping kB and DRE motifs in the hs4 enhancer and the close
proximity of the B and DRE in the hs1.2 enhancer (Sulentic
et al., 2000, 2004a,b), we hypothesized that TCDD inhibited
3'IghRR by inducing a shift in the NF-«kB/Rel binding profile to xB
sites within the 3'IghRR enhancers (Figure 10). Correspondingly,
our ChIP analysis demonstrated a marked increase in RelA
binding and a significant decrease in RelB binding within both
the hs1.2 and hs4 enhancers following a cotreatment with
TCDD and LPS stimulation that was not as pronounced or was
not seen in the individual treatments. This altered NF-«B/Rel
binding profile may be responsible for the inhibitory effect of
TCDD on LPS-induced 3'IghRR activation (Figure 10). These
effects on NF-«B/Rel binding were not only demonstrated in the
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ml LPS stimulation and incubated for 90 min. The cells were then cross-linked with formaldehyde and the chromatin was immunoprecipitated with an anti-AhR anti-
body. Immunoprecipitated chromatin was analyzed by PCR and represented as % input as described in the Materials and Methods. Each bar represents the overall
mean * SE of 34 separate experiments. “C” denotes the naive (white bar) or LPS (black bar) control. The isotype control represents chromatin immunoprecipitation
with polyclonal IgG. Statistical significance was determined by a 1-way ANOVA followed by Bonferroni’s Multiple Comparison test to determine significance within
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Wk
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and “***” denote significance from the

appropriate DMSO control at P < .05, P < .01, and P < .001, respectively. Results are the overall average + SE of 3-4 separate experiments.

well-characterized CH12.LX B-lymphocyte cell line model but
were also replicated in primary splenocytes.

Notably, the similarity in the treatment-induced AhR and
NF-kB/Rel binding profiles within the hs1.2 and hs4 enhancers
does not appear to explain the dichotomous effect of TCDD
cotreatment on LPS-induced hs1.2 versus hs4 reporter activity.
However, the TCDD and LPS cotreatment did induce greater
binding of RelA to the hs4 enhancer as compared with hs1.2,
which may influence the overall transcriptional effect perhaps
through differential interactions with other transcription fac-
tors or transcriptional machinery. Alternatively, previous muta-
tional analysis studies by Michaelson et al. (1996) have
demonstrated a cooperative transcriptional activation of the
hs4 enhancer by the same transcription factors (ie, NF-xB/Rel,
Oct, and Pax5) that induced a cooperative transcriptional

repression of the hs1.2 enhancer. These authors also demon-
strated a lack of RelA binding within the hs1.2 enhancer using
an EMSA and competition with an anti-RelA antibody; however,
they did not evaluate RelA binding within the hs4 enhancer
(Michaelson et al., 1996). Our previous EMSA-Western analysis,
on the other hand, identified strong TCDD-inducible binding of
all NF-xB/Rel subunits including RelA to the hs4 enhancer; how-
ever, we did not evaluate the effect of stimulation or NF-xB/Rel
binding within the hs1.2 enhancer in those studies (Sulentic
et al., 2000). Taken together, these results are consistent with
the potential for differential transcriptional effects of RelA on
hs1.2 versus hs4 activity.

Moreover, the AhR has been shown to physically interact
with RelA and RelB resulting in altered transactivation
(Beischlag et al., 2008; Kim et al., 2000; Tian, 2009; Tian et al.,
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nal IgG. Statistical significance was determined by a 1-way ANOVA followed by Bonferroni’s Multiple Comparison test to determine significance within unstimulated
or stimulated samples. There was no significant difference between the LPS-stimulated and naive controls. “*,” “**,” and “***” denote significance from the appropriate
DMSO control at P < .05, P <.01, and P <.001, respectively. Results are the overall average * SE of 3—4 separate experiments.

1999; Vogel et al., 2007). Correspondingly, our lab has identified
an interaction by co-IP between the AhR and the NF-«kB/Rel pro-
teins, RelA and RelB, in the CH12.LX murine B-lymphocyte cell
line. However, we were unable to establish a treatment-depend-
ent association, which may be partly due to the protein-protein
interactions masking the antibody-specific epitopes (data
not shown). Several studies have explored the potential func-
tional roles of an AhR-NF-«B/Rel interaction in various cellular
models and support a significant impact on a variety of intracel-
lular processes (reviewed in Tian, 2009; Vogel and Matsumura,
2009). Furthermore, as alluded to above, previous studies dem-
onstrated an inhibitory effect of protein binding to a «B
site within the hs1.2 enhancer in a mature, unstimulated
B-lymphocyte cell line, but binding to this same site was stimu-
latory in a plasma B-cell line (Michaelson et al., 1996). This
dichotomy in regulation was attributed to the presence

or absence of Pax5, an inhibitor of B-lymphocyte differentiation,
which is degraded in activated B lymphocytes and absent in
plasma cells (Michaelson et al, 1996). Therefore, Pax5
may directly inhibit transcription and/or possibly facilitate an
inhibitory NF-kB/Rel binding profile (ie, perhaps RelA) in the
hs1.2 enhancer in unstimulated B lymphocytes. Additionally,
previous studies have demonstrated an AhR-dependent
increase in Pax5 expression in stimulated B lymphocytes fol-
lowing treatment with TCDD (Yoo et al., 2004). Therefore, AhR
activation in stimulated B lymphocytes may lead to altered pro-
tein binding within the hs1.2 and hs4 enhancers, and altered
transactivation, by a combination of directly interacting
with NF-«kB/Rel proteins and sustaining Pax5 expression, which
may also influence the protein binding profile within the
3'IghRR enhancers—ultimately leading to altered Igh gene
expression.
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separate experiments.

The significant reversal of TCDD-induced inhibition of the
3'IghRR with either the AhR antagonist or expression of the
IkBaAA superrepressor further supports an interaction between
RelA and AhR in the inhibitory effect of TCDD (Figure 10).
Qualitative comparisons via EMSA-analysis of RelA and RelB
binding to the hs4 B site that overlaps the DRE in a cell line
with a functional AhR signaling pathway (ie, CH12.LX) versus a
cell line with a nonfunctional AhR signaling pathway (ie, BCL-1)
suggested a greater induction of RelA compared with RelB fol-
lowing TCDD treatment (without cellular stimulation).
However, in the absence of the AhR, RelB binding, as compared
with RelA, appeared to be induced to a greater extent following
TCDD treatment (without cellular stimulation) (Sulentic et al.,
2000). A caveat to this interpretation is the likely differences in
affinity of each primary antibody. However, further supporting
a distinct AhR-NF-xB/Rel interaction, previous mutational

analysis identified a transcriptional role of proteins binding to
both the overlapping kB and DRE sites in the synergistic activa-
tion of the hs4 enhancer following a TCDD and LPS cotreatment
(Sulentic et al., 2004b). Interestingly, an AhR-deficient cell line
(ie, BCL-1) only demonstrated LPS-induced Vy promoter activity
and was completely refractory to TCDD and to the transcrip-
tional activity of the overlapping kB and DRE sites. In contrast,
addition of these binding motifs greatly enhanced reporter
activity in the CH12.LX cells and this activation was dependent
on both the kB and DRE binding sites (Sulentic et al., 2004a), sug-
gesting an essential role of the AhR in TCDD inducibility. This
partly corresponds with the current results utilizing the AhR
antagonist; however, the antagonist did not result in a complete
loss of hs4 activation, which may be due to an incomplete
antagonism of the AhR or differences in cellular models (ie,
BCL-1 vs CH12.LX). Taken together, these results suggest an
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interaction between the AhR and specific NF-kB/Rel proteins
causing an altered NF-kB/Rel binding profile within the hs1.2
and hs4 enhancers that mediates the effects of TCDD and LPS
on the 3'IghRR.

It is difficult to put the stimulatory effect of TCDD and LPS
on hs4 enhancer activity in the context of the inhibitory effect
of TCDD on LPS-induced activation of the entire 3'IghRR.
However, this dichotomy in activation has been seen previously
and was thought to be due to the maturation state of the B lym-
phocyte and the involvement of inhibitory transcription factors
such as Pax-5, which maintains the hs1.2 enhancer but not the
hs4 enhancer in an inhibited state until B-lymphocyte

activation when the levels of Pax-5 are downregulated
(Michaelson et al., 1996). In conjunction with this, TCDD main-
tains Pax-5 expression, which as mentioned above may be par-
tially responsible for the overall inhibitory effect of TCDD on the
3'IghRR (Schneider et al., 2008; Yoo et al., 2004). Various in vivo
knockout animal models have suggested that deletion of any
single enhancer within the 3'IghRR has modest to no phenotypic
effects but deletion of the hs3b and hs4 enhancer resulted in
partially impaired CSR and Ig secretion and deletion of the
entire 3'IghRR resulted in impaired CSR and Ig secretion of all
isotypes (reviewed by Pinaud et al., 2011). Therefore, the appa-
rent dichotomous regulation of the individual enhancer



elements appears to resolve into an overall cooperative regula-
tion of CSR and Igh expression by the intact 3'IghRR.

Although less is known regarding its regulatory influence on
the human IGH gene, the human 3'IGHRR has been associated
with multiple human disease states such as celiac disease, IgA
nephropathy, systemic sclerosis, plaque psoriasis, psoriatic
arthritis, dermatitis herpetiformis, rheumatoid arthritis, sys-
temic lupus erythematosus, and Burkitt’s lymphoma. These dis-
eases have been associated with a polymorphism within the
hs1.2 enhancer excepting Burkitt’s lymphoma, which has not
been evaluated for the hs1.2 polymorphism but does exhibit a
translocation between the c-myc gene and the regulatory ele-
ments of IGH (ie, p enhancer and/or the 3IGHRR) (Aupetit et al.,
2000; Cianci et al., 2008; Frezza et al., 2004, 2007, 2012; Madisen
and Groudine, 1994; Tolusso et al., 2009). Interestingly, the poly-
morphism has been characterized as an approximately 53-bp
invariant sequence within the hs1.2 enhancer that is repeated
up to 4 times and this invariant sequence contains putative
binding sites for NF-kB/Rel, AP-1, SP-1, and NF-1, as well as a
DRE core motif (Chen and Birshtein, 1997; Denizot et al., 2001,
Fernando et al., 2012; Giambra et al., 2005). Consistent with the
current results, our previous studies have identified an AhR-
dependent influence of TCDD on the polymorphic hs1.2
enhancer; however, we also demonstrated a species difference
in that TCDD activated the human hs1.2 enhancer but inhibited
the mouse hs1.2 enhancer (Fernando et al.,, 2012). It is unclear
what effect TCDD would have on the complete human 3'IGHRR
or the actual influence of the human 3'IGHRR on CSR and IGH
expression; however, previous luciferase reporter studies have
demonstrated the ability of the human 3'IGHRR enhancers to
activate intronic promoters for different IGH constant regions,
therefore supporting a role of the human 3'IGHRR enhancers in
CSR (Chen and Birshtein, 1997; Hu et al., 2000; Kim et al., 2004).
Interestingly, NF-kB/Rel dysregulation and activation have been
implicated in the same autoimmune disease states associated
with the hs1.2 polymorphism (Abdou and Hanout, 2008;
Ashizawa et al., 2003; Bell et al., 2003; Dozmorov et al., 2014;
Maiuri et al., 2003; Trynka et al., 2009) and given that the hs1.2
polymorphism contains putative binding sites for both the AhR
and NF-kB/Rel proteins, AhR ligands may influence NF-xB/Rel
binding in the human 3'IGHRR as seen in the current study and
therefore may influence various disease states. The conver-
gence of these 2 transcriptional pathways may provide novel
therapeutic strategies for autoimmune disease and specific B-
cell lymphomas.
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