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Abstract

Aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor that mediates
biological responses to endogenous and environmental chemical cues. Increasing evidence shows
that the AHR plays physiological roles in regulating development, homeostasis and function of a
variety of cell lineages in the immune system. However, the role of AHR in human B cell
development has not been investigated. Toward this end, an /n vitro feeder-free human B cell
developmental model system was employed using human cord blood CD34* hematopoietic stem/
progenitor cells (HSPC). Using this model, we found that AHR activation by the high affinity
ligand, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), significantly suppressed the generation of
early-B cells and pro-B cells from HSPCs, indicating the impairment of B cell lineage
specification and commitment. Addition of an AHR antagonist reversed TCDD-elicited
suppression of early-B and pro-B cells, suggesting a role of AHR in regulating B lymphopoiesis.
Gene expression analysis revealed a significant decrease in the mRNA level of EBF1 and PAX5,
two critical transcription factors directing B cell lineage specification and commitment. In
addition, binding of the ligand-activated AHR to the putative dioxin response elements in the
EBF1 promoter was demonstrated by electrophoretic mobility shift assays and chromatin
immunoprecipitation analysis, suggesting transcriptional regulation of EBF1 by AHR. Taken
together, this study demonstrates a role for the AHR in regulating human B cell development, and
suggests that transcriptional alterations of EBF1 by the AHR are involved in the underlying
mechanism.
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Introduction

Circulating human B cells have an average half-life of 18 days (1). As a result, the
homeostasis of the peripheral B cell population requires lifelong replenishment through B
lymphopoiesis. The development of B cells from hematopoietic stem cells (HSC) involves
stepwise cell fate choices and lineage restrictions. HSCs first generate progenitor cells with
limited lineage potential, which further differentiate into cells that are irreversibly
committed to the B cell lineage.

A lineage-specific transcription factor network directs B lymphopoiesis. The lymphoid
priming in HSC-derived multipotent progenitors is governed by transcription factor IKZF1
(IKAROS), SPI1 (PU.1) and TCF3 (E2A) (2—-4). The interplay between these transcription
factors leads to the loss of myeloid lineage potential and gives rise to common lymphoid
progenitors (CLP). The next step in B lymphopoiesis is B cell lineage specification, which
involves the expression of genes that are functionally important for B cells. One of the
critical transcription factors that governs the specification of the B cell developmental
program is early B cell factor 1 (EBF1). EBF1 is present at low levels in CLPs and is under
the regulation of SPI1, ETS1 and TCF3 (5). Evidence supporting a critical role of EBF1 in B
cell development comes from the observation that £6f1 knockout mice exhibit a complete
block in B cell development at the CLP-like stage (6). Ectopic expression of £bf1 can rescue
B lymphopoiesis from developmentally arrested multipotent progenitors due to deletion of
PU.1 or Ikaros (7, 8). In addition, the expression of EBF1 overcomes the block in B
lymphopoiesis imposed by the absence of E2A (9). Moreover, enforced expression of EBF1
in HSCs skews development favoring B cell lineage commitment (10), further suggesting a
critical role for EBF1 in the regulatory circuitry of B lymphopoiesis. Increased EBF1
activates expression of paired box 5 (PAX5), which reciprocally upregulates EBF1 through a
positive feedback loop (5, 11). The elevated expression of EBF1 and PAXS5 eliminates
alternative cell fates by suppressing non-B cell genes and activates many B cell specific
genes that confer B cell identity (12-14). At this stage, cells lose alternative lineage potential
and are irreversibly committed to the B cell lineage.

Aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor that acts as a
sensor of endogenous and exogenous chemicals. Upon ligand binding the AHR translocates
into the nucleus and heterodimerizes with AHR nuclear translocator (ARNT) (15, 16). The
ligand activated-AHR/ARNT complex functions as a transcription factor, binding dioxin
responsive elements (DRE) within regulatory regions of target genes to affect gene
expression (17-19).

The AHR was initially discovered in an effort to understand how 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD), a ubiquitous environmental contaminant, mediates biological responses
(20). Thereafter, due to its high binding affinity to AHR, TCDD has been widely used as a
probe to study AHR biology, including its role in the immune system (21, 22). Studies
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utilizing endogenous and exogenous AHR ligands, AHR antagonists, and A/rknockout
animal models have suggested physiological roles for the AHR in regulating various
biological processes, including developmental, homeostatic and functional, in
immunocompetent cell populations (23). Examples include a role by the AHR in the
activation and proliferation of HSCs (24, 25), differentiation of Th17 cells and regulatory T
cells (26, 27), maintenance of innate lymphoid cells (28), immunogenicity of dendritic cells
(29), and function of mature B cells (30, 31).

Previous studies have shown that AHR activation attenuates development of B cells in mice
(32, 33). Likewise, our prior studies using human CD34* hematopoietic stem/progenitor
cells (HSPC) have demonstrated an impairment of B lymphopoiesis by AHR activation (34).
The underlying mechanism by which AHR regulates B lymphopoiesis remains elusive. The
objective of this study was to investigate the role of AHR in B lymphopoiesis using an /n
vitro model of human B cell development starting from cord blood CD34* HSPCs (35). The
expression of stage specific markers confirmed that our /n vitro model facilitated the B
lymphopoiesis from HSPCs to pro-B cells. Activation of AHR by TCDD attenuated the
generation of early-B and pro-B cells from CLPs, indicating an impairment of B lineage
specification and commitment. Gene expression analysis revealed that AHR activation
decreased the expression of £EBF1and PAXS5, two transcription factors that are required for
B lineage specification and commitment. In addition, binding of the ligand-activated AHR to
putative dioxin response elements (DRESs) in EBF1 promoter was demonstrated by
electrophoretic mobility shift assays (EMSA) and chromatin immunoprecipitation analysis,
suggesting transcriptional regulation of EBF1 by AHR.

Materials and Methods

Chemicals

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), 1-chlorodibenzo-p-dioxin (MCDD), 2,3,7-
trichlorodibenzo-p-dioxin (TriCDD), and 1,2,3,4,7,8-hexachlorodibenzo-p-dioxin (HXCDD)
were purchased from AccuStandard (New Haven, CT). DMSO and AHR antagonist
CH223191 were purchased from Sigma Aldrich (St. Louis, MO).

CD34* cells and in vitro cell culture

Fresh human CD34* hematopoietic stem/progenitor cells (HSPC) isolated from cord blood
from mixed donors were purchased from All Cells (Emeryville, CA). The in vitro feeder-
free HSPC culture was modified based on a previous study (35). Specifically, CD34* cells
(1x10%cells/well in 96-well tissue culture plates) were cultured in RPMI-1640 media (Life
Technologies) supplemented with 5% human AB serum (serum from human blood type AB
donors; Valley Biomedical), 100 U/ml of penicillin (Life Technologies), 100 pg/ml of
streptomycin (Life Technologies), and 50 UM 2-mercaptoethanol with the addition of IL-6
(25 ng/ml; Sigma Aldrich), FIt3 ligand (25 ng/ml; Miltenyi Biotec), and stem cell factor
(SCF; 25ng/ml; Miltenyi Biotec). On day 7, half of the media was replaced with fresh media
containing IL7 (20 ng/ml; Miltenyi Biotec), FIt3 ligand (25 ng/ml) and SCF (25 ng/ml).
After day 14, cytokine-free media was used to replace half of the media weekly.
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In all cases, cells were treated with TCDD (0.01, 0.1, 1 and 10 nM) or vehicle (VH, 0.02%
DMSO) only on day 0 prior to addition of cytokines. In studies using AHR antagonist
CH223191, cells were treated with antagonist 30 min prior to TCDD treatment.

Human leukocyte packs and isolation of human naive B cells

Leukocyte packs were obtained from Gulf Coast Regional Laboratories (Houston, TX),
diluted with HBSS (pH 7.4, Invitrogen), overlaid on Ficoll-Paque Plus density gradient (GE
Healthcare, Piscataway, NJ), and centrifuged at 1300g for 25 min with low acceleration and
brake rate. The peripheral blood mononuclear cells were isolated from the buffy coat post-
centrifugation, washed, counted and subjected to a magnetic column-based separation that
enriched CD19*CD27™ naive human B cells (more than 95% purity). This negative selection
was conducted using the MACS Naive human B cell isolation kits (Miltenyi Biotech,
Auburn, CA) following manufacturer’s instructions.

Flow cytometric analysis

Antibodies used for flow cytometry included Alexa Fluor 488 anti-human CD34 (clone:
581), BV421 anti-human CD10 (clone: HI10a), APC anti-human CD79a (clone: HM47),
and PE/Cy7 anti-human CD19 (clone: HIB19) from Biolegend (San Diego, CA). At the
indicated time points, cells were harvested and washed using HBSS (pH 7.4, Invitrogen).
Viable cells were identified using Live/Dead Fixable Aqua Dead Cell Stain (Invitrogen).
Cell surface Fc receptors were blocked by incubating cells with human AB serum (Valley
Biomedical). For cell surface staining, cells were incubated with antibodies in FACS buffer
(1X HBSS containing 1% BSA and 0.1% sodium azide, pH 7.4-7.6) for 30 min and then
fixed using Cytofix fixation buffer (BD Biosciences) for 10 min. For intracellular staining,
fixed cells were permeabilized by incubating in Perm/Wash Buffer (BD Biosciences) for 20
min and incubated with antibodies (anti-CD79a) for 30 min. In all cases, flow cytometric
analyses were performed on a FACS Canto Il cell analyzer (BD Biosciences) and data were
analyzed using FlowJo. For data analysis, the gating strategy was to first gate on singlets and
viable cells, and then gated on lymphocytes.

PrimeFlow RNA assay

PrimeFlow RNA assay, a flow cytometry based RNA detection technology, was conducted
following manufacturer’s instructions (eBioscience, San Diego, CA). Specifically, 1 x 106
cells were harvested, permeabilized followed by intracellular staining using PE anti-human
CD79a (clone: HM47). Cells were then incubated with £BF1 mRNA specific target probes
(VA1-19733; Affymetrix, Santa Clara, CA) for 2 hours. After incubation, cells were washed
and incubated with pre-Amplification and Amplification probes for 3 h, followed by
incubation with fluorophore conjugated label probes for 1 h. Cells were resuspended in
FACS buffer (1X HBSS containing 1% BSA and 0.1% sodium azide, pH 7.4-7.6) and
analyzed by flow cytometry.

Spanning-tree progression analysis of density-normalized events (SPADE)

The SPADE (36) algorithm was used to visualize the dynamics of B lymphopoiesis and its
alteration by TCDD. SPADE enables extraction of cellular hierarchy and heterogeneity from
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multi-parametric single-cell cytometry data in an unsupervised manner. The algorithm
contains four computational modules: (i) density-dependent down-sampling of the
cytometry data; (ii) agglomerative clustering of the down-sampled data into clusters of cells;
(i) construction of a minimum spanning tree connecting the clusters into a hierarchy; and
(iv) mapping of each cell in the original data to the most similar cluster in the tree (36).
Specifically, we used the SPADE 3.0 application (http://pengqiu.gatech.edu/software/
SPADE/, accessed Jan. 17, 2017) based on MATLAB (R2014a, The MathWorks, Inc.,
Natick, MA). Algorithmic parameters were set to default values with number of desired
clusters set as 100.

Real-time quantitative PCR

Total RNA was isolated using the RNeasy Kit (Qiagen, Valencia, CA) and was reverse-
transcribed into cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). The expression level of target genes was assessed by TagMan Gene Expression
Assays: AHR (Hs00907314_m1), CYP1ALl (Hs01054797_gl), EBF1 (Hs03045361_m1),
PAX5 (Hs00277134_m1), ETS1 (Hs00428287_m1), TCF3 (Hs00413032_m1) and SPI1
(Hs02786711_m1). Real-time gPCR was performed on ABI PRISM 7900HT Sequence
Detection System (Applied Biosystems). The relative steady-state mMRNA level for target
genes was calculated by normalizing to the 18S ribosomal RNA and fold change was
calculated by AACT method (37).

Western blot analysis

Cells were harvested and lysed using lysis buffer that consisted of 50 mM Tris-HCI (pH
7.5), 1.5 mM MgCl,, 100mM NaCl, ImM DTT, 1 mM Na3V04, 25 mM NaF, 0.2% (v/v)
Igepal, 5% (v/v) glycerol and protease inhibitor (Roche, Indianapolis, IN). Total protein
samples were prepared and the protein concentrations were determined using the BCA assay
(Sigma, St Louis, MO). Proteins were separated on 4-20% Tris-HCI gels (Bio-Rad
Laboratories, Hercules, CA), transferred to nitrocellulose membranes, and probed with
primary antibodies: anti-EBF1rabbit mAb (Abcam EPR4183) or anti-Actin mouse mAb
(Sigma A5441), and secondary antibodies: anti-rabbit IgG (Sigma A1949) or anti-mouse
IgG (Sigma A3673). The blots were incubated with ECL Western blotting substrate (Pierce,
Rockford, IL) and exposed to X-ray films.

Electrophoretic mobility shift assays (EMSA) and EMSA-Western analysis

a. Nuclear Protein Preparation—Nuclear protein was isolated from HEPG2 cells as
previously described (38) with a few modifications. Briefly, HEPG2 cells were treated with
vehicle (0.01% DMSQO) or TCDD (30 nM in DMSO) for 2h at 37°C. Cells were washed
twice with 10 mM HEPES (pH 7.5), incubated at 37°C for 15 min, then harvested in MDH
buffer (2 mM MgCl,, 1 mM DTT, 2mM HEPES, pH 7.5, with protease inhibitor (Roche,
Indianapolis, IN)) and homogenized using a Dounce homogenizer. The homogenates were
centrifuged at 1000g for 5 min, washed twice with MDHK buffer (2 mM MgCl,, 1 mM
DTT, 2mM HEPES, pH 7.5, and 100 mM KCI, with protease inhibitor) and centrifuged. The
crude nuclear pellets were resuspended in HEDGK4 buffer (25 mM HEPES, pH 7.5, 1 mM
EDTA, 1 mM DTT, 10% (v/v) glycerol, and 400 mM KCI, 200 pM phenylmethylsulfonyl
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fluoride, with protease inhibitor) (50 ul per plate of confluent cell) and incubated on ice for
30 min for high-salt extraction followed by centrifugation at 14,000 x g, 4°C for 15 min.
The supernatants were ultracentrifuged at 99,000 x g, 4°C for 1 h. The protein concentration
in supernatants was determined using the BCA assay (Sigma, St Louis, MO).

b. DRE Oligonucleotides—The consensus DRE has been previously described (39). The
oligonucleotide sequence for consensus DRE is: GGCTTGCGTGCGA. The oligonucleotide
sequences for three putative DRES in the promoter region of human £BFI gene are DRE4
(-6371): CACCTTTGCGTGCTGCG, DRES6 (-5918): TGCCCTGGCGTGACCAT and
DRE7 (-5789): TAGAGCTCACGCAAGCT. Complementary pairs of DRE oligomers were
synthesized and HPLC purified (Integrated DNA Technologies), followed by annealing and
end labeling using T4 polynucleotide kinase (New England BioLabs) and y-32P ATP
(PerkinElmer).

c. EMSA and EMSA-Western—Nuclear extracts (10 ug of protein) were incubated with
double stranded poly (dI-dC) (0.5 pg) (Sigma) for 30 min at room temperature. The 32p-
labeled DRE oligomer (240,000 — 480,000 cpm) (for EMSA) or unlabeled DRE oligomer
(10 pmol) (for EMSA-Western) was added and incubated for another 30 min at room
temperature. The final buffer condition in the binding reaction was: 25 mM Hepes (pH7.5),
1mM EDTA, 1mM DTT, 10% glycerol, 100 mM KCI. Protein:DNA complexes were
resolved on a 4% non-denaturing PAGE gel in TGE buffer (25 mM Tris, 380 mM glycine, 2
mM EDTA). The radiolabeled portion of the EMSA gel was dried on 3-mm filter paper, and
autoradiographed. The non-radiolabeled portion of the EMSA gel was incubated in soaking
buffer (375 mM Tris-HCI, pH 7.5, 1% SDS) for 2 h at room temperature, transferred to
nitrocellulose blotting membrane (GE Healthcare Life Sciences) overnight using transfer
buffer (30 mM Tris, 240 mM glycine, 20% methanol). The protein:DNA complexes on the
blot were blocked in TBST buffer (25 mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.1% Tween
20) with 5% nonfat milk for 1 h at room temperature. The anti-human AHR purified (Clone:
FF3399, eBioscience) primary antibody was then added at 1:1000 dilution and incubated for
2 h at room temperature. The blot was washed using TBST buffer and incubated with the
anti-mouse 1gG-HRP (Sigma A3673) antibody in TBST buffer with 5% nonfat milk for 1 h.
The blot was incubated with ECL Western blotting substrate (Pierce, Rockford, IL) and
exposed to X-ray films.

d. Competition EMSA—Nuclear extracts (5 ug of protein) were incubated with double
stranded poly (dI-dC) (1-4 ug) (Sigma) for 15 min at room temperature. The competitor
DNA, which is an un-labeled consensus DRE or mutated DRE oligonucleotide, was added at
100 fold excess, relative to the labeled DRE oligonucleotides. The oligonucleotide sequence
for the mutated DRE is: GGC TTG ATG TCG AAG. After incubation for 15 min, the 32P-
labeled DRE oligomers (DRE4 or DRE7, 0.12 pmol, 480,000 cpm) were added incubated
for an additional 15min. The final buffer condition in the binding reaction was: 25 mM
HEPES (pH7.5), ImM EDTA, 1mM DTT, 10% glycerol, 100 mM KCI. Protein:DNA
complexes were resolved on a 4% non-denaturing PAGE gel in TGE buffer (25 mM Tris,
380 mM glycine, 2 mM EDTA). The competition EMSA gel was dried on 3-mm filter paper,
and visualized by autoradiograph.
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Chromatin immunoprecipitation (ChiP) and ChIP-gPCR analysis

Statistics

Results

Human CD34* HSPCs were cultured as described above for 28 days. On day 28 cells were
treated with vehicle (VH, 0.02% DMSO) or TCDD (1 nM). Three hours post treatment cells
were harvested for ChlP assays using ChIP-1T High Sensitivity kit following manufacturer’s
instructions (Active Motif). Specifically, cells were fixed at room temperature for 15 min
followed by quenching for 5 min. The cells were washed twice with ice-cold PBS and lysed
on ice. The cross-linked chromatin was sheared by sonication. Chromatin
immunoprecipitation was conducted by incubating sheared chromatin (18 ug) with either
anti-AHR antibody (4 ug, BML-SA210, Enzo Life Sciences) or negative control antibody (4
ug, Active Motif) (mock ChIP reaction) overnight. The AHR-containing chromatin
complexes bound to anti-AHR antibody were isolation by incubating with protein G agarose
beads followed by filtration. The isolated chromatin complexes were incubated with
proteinase K at 55°C for 30 min and at 80°C for 2 h to reverse cross-links. Thereafter, the
ChIP enriched genomic DNA was purified using DNA purification column (Active Motif).

ChIP enriched DNA was analyzed using quantitative PCR (qPCR). Primers were designed to
amplify regions in EBFI promoter that contains putative AHR binding sites (DRES). The
sequence of primers were: DRE4 (-6371): ACT TCC TTC GAG GGA CAATTT
(Forward), ATC ATA CAC ATC TCG CAT CCC (Reverse); DRE6 (-5918): CTT GCG GAT
GTG CTT TAA TGG (Forward), CTG TAT TCT CCC GAC TCA GAA TG (Reverse); and
DRE7 (-5789): CCA CAT TTA CTA TGT GAC CTC CT (Forward), ATG GGC ATC AGG
AAC ATC C (Reverse). In addition, positive control and negative control PCR primer pairs
were included in analysis. The positive control primer set amplifies an AHR binding region
in CYP1A1 promoter. The sequence of the primer is: CTG ACC TCT GCC CCC TAG A
(Forward), GGG TGG CTA GTG CTT TGA TT (Reverse). The negative control primer set
amplifies a region in a gene desert on human chromosome 12 (Human Negative Control
Primer Set 1, Active Motif). A standard curve was produced using Input DNA isolated from
sheared chromatin. For each primer set, SYBR Green based gPCR were conducted using
ChIP DNA samples along with the dilution series of Input DNA standards. The data was
expressed as a percent of input.

Statistical analyses were performed using GraphPad Prism 5.00 (Graphpad Software, San
Diego, CA). Data were graphed as mean + SEM. Statistical comparisons were performed
using t-test, one-way ANOVA with Bonferroni or Dunnett’s multiple comparison posttest, or
two way ANOVA with Bonferroni posttest depending on the experimental design. Data
presented as fold-change were transformed using logarithmic transformation prior to
statistical analysis.

An in vitro feeder cell free system facilitates early-B and pro-B cell development from
human CD34+ hematopoietic stem/progenitor cells (HSPC)

The /n vitrohuman B lymphopoiesis model was established using human cord blood-derived
CD34" HSPCs based on a previous study (35). To monitor the developmental progression
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for B lymphopoiesis, the expression of cell markers (CD34, CD10, CD79a and CD19)
demarcating discrete B cell developmental stages was quantified by flow cytometry (40)
(Fig. 1). CD34" HSPCs (94.7% in purity) were cultured in media supplemented with
specific growth factors and cytokines on day 0. After two weeks (day 14), the emergence of
CD10™ cells (approximately 2%) was observed, which contained common lymphoid
progenitors (CLP). On day 21, a substantial population of early-B cells (CD10* CD79a*
CD197) (40, 41) was derived from CLPs (approximately 60% of CD10* cells). Ultimately,
pro-B cells (CD10" CD79a* CD19*) emerged on day 28 (approximately 23% of CD10*
cells), demonstrating the establishment of an /n vitro human B lymphopoiesis model for
assessing the consequence of AHR activation on B cell development.

AHR activation by TCDD suppressed the generation of early-B and pro-B cells

To assess the effects of AHR activation on human B lymphopoiesis, human HSPCs were
treated with vehicle (0.2% DMSO) or TCDD (0.01, 0.1, 1 and 10 nM) on day 0. In the
vehicle (VH) treated samples, the CD10* cell population, which includes CLP, early-B and
pro-B cells, increased with time (Fig. 2). The step-wise emergence of CLP, early-B and pro-
B cells from HSPC cultures demonstrated the progression of B lymphopoiesis. With TCDD
treatment, the CD10" cell population was decreased in a concentration dependent manner,
which is mainly attributable to the decrease in early-B cells and pro-B cells (Fig. 2). Indeed,
the percentage of early-B and pro-B cells was significantly decreased by TCDD at
concentrations as low as 0.1 nM, whereas no significant change was observed in CLP
population (Supplement Fig. 1). In addition, the SPADE computational tool was employed
for extraction of cellular hierarchy from high-dimensional cytometry data (36) to visualize
the dynamics of B lymphopoiesis and its disruption by TCDD (Fig. 3A). Cells were
clustered into nodes based on the expression of cell markers CD34, CD10, CD79a and
CD19. Then the nodes of cell clusters were colored according to the expression intensity of
CD79a, a marker for early-B and pro-B cells. In vehicle (VH) treatment, HSPCs developed
along a definite trajectory of differentiation and gradually generated early-B and pro-B cells
indicated by increasing expression of CD79a.. With TCDD treatment, the progression of B
lymphopoiesis was delayed or even arrested in a concentration-dependent manner (Fig. 3A).
Quantification of the percentage of CD79a.™ cells further confirmed suppression of B
lymphopoiesis by TCDD (Fig. 3B).

AHR-mediated suppression of B lymphopoiesis by TCDD

To investigate AHR involvement in TCDD-elicited suppression of human B lymphopoiesis,
the expression and functionality of AHR in hematopoietic stem and progenitor cells (HSPC)
was determined. HSPCs expressed high levels of AHR mRNA, notably higher than naive
peripheral blood B cells (Fig. 4A). The level of AHR mRNA in HSPCs increased modestly
during the 28-day culture period, with TCDD treatment showing minimal effects (Fig. 4B).
The expression of CYP1A1, a known AHR regulated gene, was markedly increased in a
concentration-dependent manner in HSPCs by TCDD treatment (Fig. 4C), indicating the
AHR signaling pathway to be functional in HSPCs. Next, a structure-activity-relationship
experiment was conducted to confirm AHR involvement. Four polychlorinated dibenzo-p-
dioxin (PCDD) congeners were used: 1-chlorodibenzo-p-dioxin (MCDD), 2,3,7-
trichlorodibenzo-p-dioxin (TriCDD), 1,2,3,4,7,8-hexachlorodibenzo-p-dioxin (HXCDD) and
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TCDD. The rank order for AHR binding affinity is: MCDD < TriCDD < HxCDD < TCDD
(20, 42). The treatment of PCDD congeners (1 nM) on HSPCs resulted in suppression of
early-B and pro-B cell generation (Fig. 5). The magnitude of suppression was correlated
with AHR binding affinity for respective congeners, suggesting AHR activation as a key
event in TCDD-elicited suppression of B lymphopoiesis. To further confirm AHR
involvement, a well-characterized AHR antagonist, CH223191, was utilized. HSPCs were
treated with vehicle (0.2% DMSO), CH223191 (CH) (0.3, 1, 3, 10 uM), TCDD (1 nM) or a
combination of CH and TCDD (Fig. 6). Compared to vehicle control (no CH or TCDD), 1
nM TCDD treatment significantly decreased the percentage of early-B cells that emerged
from HSPCs, which was attenuated in a concentration-dependent manner by addition of the
AHR antagonist (Fig. 6 and supplement Fig. 2). Therefore, the results from both the
structure-activity-relationship experiments and those utilizing the AHR antagonist
demonstrate AHR-mediated involvement in suppression of B lymphopoiesis by TCDD.

EBF1 and PAX5 expression in HSPCs were reduced by AHR activation

As shown in Fig. 2 and supplement Fig. 1, AHR activation by TCDD suppressed the
generation of early-B and pro-B cells but not their preceding progenitor CLPs, suggesting
that AHR activation impedes B cell lineage specification and commitment. Two important
transcription factors governing B cell lineage specification and commitment are EBF1 and
PAXS5. EBF1 is a critical regulator in driving the B cell specification program (9, 10). EBF1
activates the expression of PAX5. Together, EBF1 and PAX5 direct cell fate choice during
lymphopoiesis leading to B cell lineage commitment (12-14). Gene expression analysis
revealed that £BF1 mRNA levels were increased over time as cells progressed toward B cell
lineage (Fig. 7A, VH groups); however, this up-regulation of £BF1 was suppressed in the
presence of TCDD (Fig. 7A). By employing PrimeFlow, we quantified the £BFI mRNA
levels in individual cells by flow cytometry. First, the intracellular protein levels of CD79a
and mRNA levels of EBF1 were measured simultaneously (Fig. 7B). The co-expression of
EBFI mRNA and cytoplasmic CD79a protein suggests that the expression of £B8F1 is B cell
lineage specific. Then, an extended concentration response using TCDD was performed.
TCDD treatment decreased the percentage of £BFI-expressing cells (Fig. 7C,D); however,
the average expression level of EBFI mRNA in the EBFI-expressing cells, as represented by
MFI, was not decreased (Fig. 7E), demonstrating an all-or-none (binary) decrease in EBF1
mMRNA levels by TCDD treatment. The decrease in EBF1 at the protein level was also
demonstrated by Western blotting (Fig. 7F,G). Given that EBF1 regulates PAX5, the effect
of TCDD on PAX5 expression was also investigated. Consistent with EBF1, PAX5 mRNA
increased over time, but was suppressed by TCDD treatment (Fig. 8).

To explore the involvement of AHR in TCDD-elicited suppression of EBF1 and PAXS5, an
AHR antagonist was used. HSPCs were treated with vehicle (0.2% DMSQO), CH223191
(CH) (0.3, 1, 3, 10 uM), TCDD (1 nM) or in combination with CH and TCDD. Compared to
vehicle control (no CH or TCDD), 1 nM TCDD treatment significantly decreased EBF1
mMRNA,; however, the decrease was reversed in a concentration-dependent manner with the
addition of increasing amounts of the AHR antagonist (Fig. 9A). Likewise, similar effects
were observed for PAX5 mRNA (Fig. 9B). These findings suggest that AHR activation by
TCDD leads to suppression of EBFIand PAXS.
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During B lymphopoiesis, the initiation of the EBF1-PAXS5 regulatory axis involves multiple
transcription factors that activate EBF1 expression, including ETS1, TCF3 and SPI1 (5). To
explore the possibility that the suppression of EBF1 and PAX5 by AHR activation results
from the alterations of upstream regulators, we examined the expression of ETS1, TCF3 and
SPI1 in the presence of TCDD (Fig. 10). The time course and concentration response study
showed a modest suppression of ETS1 and TCF3 and enhancement of SPI11 by TCDD
treatment, suggesting that effects on upstream regulators may also contribute, in part, to the
suppression of EBF1 expression.

Ligand-activated AHR binds to DREs in EBF1 promoter

EBF1 has been identified as a putative target for AHR in a genome-wide ChlP-on-chip and
gene expression microarray study in a murine cell line (43). In addition, we have identified
13 putative AHR binding sites (DRE) in the human EBFI promoter region (Fig. 11A). The
matrix similarity scores (MSS) of these DREs were calculated based on the position weight
matrix (39). All 13 DREs in the £BFI1 promoter have a MSS higher than the threshold score
based on experimentally confirmed DREs (39). To further explore whether AHR
transcriptionally regulates EBF1 expression by direct binding within the £BF1 promoter, we
selected 3 DREs (DRE 4, 6 and 7) with the highest MSS to assess AHR binding using
electrophoretic mobility shift assays (EMSA) (Fig. 11B) and by EMSA-Western analysis
(Fig. 11C). Briefly, nuclear protein was isolated from cells treated with vehicle (0.02%
DMSO) or TCDD (30 nM), incubated with 32P-labeled (Fig. 11B) or unlabeled (Fig. 11C)
DRE oligomers. The nuclear protein-DNA complex was resolved on a non-denaturing PAGE
gel. TCDD-induced protein binding to DRE 4 and 7 was observed (Fig. 11B). In addition,
the protein-DNA complex for DRE4 and 7 located at the same position as consensus DRE,
indicating the binding of AHR to DRE4 and 7. Protein binding to DRES, as evaluated by
EMSA, appeared to be independent of TCDD treatment and located at a different position as
compared to DRE4 and 7, which might be due to the binding of nuclear proteins besides
AHR to the DNA oligomers. To confirm the presence of AHR, the protein-DNA complex
was transferred to a nitrocellulose membrane and probed with anti-AHR antibody (Fig.
11C). Consistent with the EMSA results, AHR was detected in the TCDD-induced protein-
DNA complex for all three DREs (Fig. 11C). In addition, competition EMSA were
performed to demonstrate binding specificity (Fig. 11D). Nuclear extracts were incubated
with 32P-labeled DRE4 or DRE7 with addition of unlabeled (cold) consensus DRE or
mutated DRE oligonucleotide at 100 fold excess, relative to the labeled DREs. The TCDD-
induced DNA-protein binding intensity was decreased by addition of unlabeled consensus
DRE oligonucleotide; however, the same magnitude of decrease was not observed by the
addition of cold mutated DRE (Fig. 11D), further demonstrating binding specificity of
nuclear proteins to DRE4 and 7. Moreover, to confirm that ligand-activated AHR binding to
DREs in EBF1 promoter can occur in HSPCs, chromatin immunoprecipitation (ChlP)
analysis was conducted. CD34" HSPCs were cultured for 28 days and treated with vehicle
(VH, 0.02% DMSO) or TCDD (1 nM). ChlIP reactions were performed using either anti-
AHR antibody or negative control antibody (mock). DNA primers specific to DREs in EBF1
promoter were used to quantify the enrichment of AHR-bound chromatin using g-PCR.
TCDD-induced enrichment at DRE4, 6 and 7 in EBF1 promoter indicated AHR binding to
these loci in HSPCs (Fig. 11E). The consistent findings via EMSA, EMSA Western and
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ChIP demonstrated that TCDD-activated AHR is able to bind to DRESs in the human E£BF1
promoter. Together with the aforementioned findings of AHR-mediated decrease in EBF1
MRNA levels, our study suggests direct transcriptional regulation of EBF1 by AHR
activation.

Discussion

In this study, we employed a feeder-free culture system that facilitated /n vitrohuman B
lymphopoiesis starting from cord blood-derived CD34* cells. Activation of AHR using a
high affinity agonist suppressed the generation of early-B and pro-B cells but not their
preceding progenitor CLPs (Fig. 2 and supplement Fig. 1), suggesting an arrest during B cell
lineage specification and commitment. This interruption of development was visualized
using the SPADE algorithm (Fig. 3), showing that cells failed to progress along the
development trajectory to become early-B and pro-B cells. With the addition of AHR
antagonist, the arrest of B cell development was ablated. Interestingly, HSPCs treated with
AHR antagonist alone showed an accelerated progression toward B cell lineage (Fig. 6 and
supplement Fig. 2), suggesting a physiological role of AHR in regulating B lymphopoiesis
through endogenous AHR activation. A growing list of endogenous AHR ligands has been
identified which include indigoids, equilenin, tryptophan metabolites, arachidonic acid
metabolites and heme metabolites (44). As a growing body of evidence suggests that
endogenous AHR activation modulates immune responses (45, 46), our study provides new
insights into the physiological role of AHR in human B lymphopoiesis.

Given the crucial role of EBF1 in the regulatory circuit underlying B cell lineage
specification and commitment, we hypothesize that AHR-mediated suppression of EBF1 is
involved in the mechanism by which AHR activation suppresses human B lymphopoiesis.
The decrease in EBFI mRNA levels by TCDD during B lymphopoiesis was demonstrated
by both qPCR and PrimeFlow analyses. Interestingly, TCDD decreased £8F1 mRNA levels
in an all-or-none (binary) rather than graded mode: i.e., TCDD reduces the proportion of
EBFI mRNA expressing cells in a concentration-dependent manner (Fig. 7C, D) rather than
decreasing the £BFI mRNA levels in cells that express £8F1 mRNA (Fig. 7E). This binary
switch-like behavior of £BF1 expression is not unexpected, as the positive feedback loop
between EBF1 and PAX5 forms a bistable memory module, which is a characteristic
regulatory motif that governs cell fate decisions during cellular development (47, 48).

Within the B lymphopoiesis regulatory circuit, the expression of PAX5 is activated by EBF1
(12), which is consistent with our observation that the up-regulation of EBF1 mRNA
precedes that of PAX5 during B cell development (Fig. 7A, Fig. 8 and Fig 9, VH groups). In
our study, AHR activation suppressed both EBF1 and PAX5. Given that EBF1 and PAX5 act
in a hierarchical manner, we speculate the suppression of PAXS5 is a consequence of AHR-
mediated suppression of EBF1. To explore whether the down-regulation of EBF1 results
from AHR-mediated alterations of upstream transcription factors, we examined the
expression of ETS1, TCF3 and SPI1, which are known to initiate EBF1 expression during B
lymphopoiesis (5). Unlike the responses of EBF1 to AHR activation (Fig. 7A), all three
transcription factors exhibited modest changes that occurred only in the late stage of the 28
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day culture period (Fig. 10). Hence, we hypothesize that AHR can exert direct
transcriptional regulation of EBF1.

It is established that AHR is a ligand-activated transcription factor, which regulates gene
expression by binding to DREs in regulatory regions of target genes. Here we demonstrate
the binding of the ligand-activated AHR to three putative DRESs within the £BF1 promoter
using EMSA and EMSA-Western analysis. EMSA has high sensitivity but falls short in
specificity. Bioinformatic predictions suggest that there are multiple putative binding sites
for transcription factors besides the AHR, even within the short 17-bp oligonucleotide probe
we used in this assay. Indeed, the failure to detect TCDD-induced protein binding to DRE6
is likely the result of other nuclear proteins binding to DRES in addition to AHR, which
masked visualization of AHR-DRE binding by EMSA. To increase the specificity of
detecting AHR-DRE binding, we conducted EMSA-Western analysis. The advantage of the
EMSA-Western analysis is the ability to identify specific DNA binding proteins using
antibodies, which in this case were used to identify the AHR. Due to the specificity of the
EMSA-Western assay, AHR-DRES® binding was detected, which was otherwise masked in
EMSA analysis by the binding of other proteins to the DNA probe. Consistent with EMSA
and EMSA-Western assays, the ChIP analysis in HSPCs also demonstrated that the ligand-
activated AHR is capable of binding to DREs in £BF1 promoter, suggesting that AHR
transcriptionally impairs £BF1 expression.

AHR exhibits diverse mechanisms of action in regulating gene expression. In addition to the
classic pathway of dimerizing with ARNT to influence gene expression, AHR has also been
reported to interact with a variety of coactivators and corepressors (49). The potential
transcriptional impairment of EBF1 by AHR might result from interactions with
corepressors. Alternatively, AHR binding to promoter regions of EBF1 might directly
interfere with the ability of other transcription factors to bind to their cognate DNA
sequences, leading to the disruption of £BF1 transcription (50).

In this study, we employed a feeder-free culture system to demonstrate that the activation of
AHR by TCDD impairs human B lymphopoiesis. In a prior study (34), we also observed
decreased B lymphopoiesis with TCDD treatment using culture systems containing various
stromal cell components; however, the magnitude of suppression was not as profound as in
the current study. Differences in sensitivity to TCDD using the different culture systems are
not surprising and can likely be attributed to several factors. Because TCDD is highly
lipophilic, one likely contributing factor is that in addition to binding CD34" cells, a portion
of the TCDD is also bound to stromal cells therefore reducing the overall TCDD exposure of
HSPCs. A second likely contributing factor is that stromal cells or soluble cytokines
produced by stromal cells promote B lymphopoiesis and therefore attenuated the suppressive
effect of TCDD. Since the influence of stromal cells and there secretory factors are poorly
defined, here we employed a feeder-free culture system to explore the direct effects of AHR
activation on human B lymphopoiesis and the underlying mechanism.

To study the role of AHR, we used a high affinity AHR agonist, TCDD. TCDD is a
ubiquitous environment contaminant, which exhibits a wide spectrum of toxicity including
immunotoxicity (51, 52). TCDD has been shown to suppress humoral immunity by
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disrupting the function of human mature B cells (31, 53, 54). Here the reported impairment
of B cell development may represent an additional mechanism of immune suppression by
TCDD. Due to the relatively short life span of circulating B cells, the homeostasis of the
peripheral B cell population requires lifelong replenishment through B lymphopoiesis. As a
result, suppression of B lymphopoiesis by TCDD could impair the competency of humoral
immunity. In addition, TCDD exposure has been epidemiologically associated with
increased incidence of non-Hodgkin’s lymphoma and multiple myeloma (55-59). As the
disruption of £BF1 and PAX5 has been frequently implicated in human leukemia (60, 61),
the TCDD-elicited decrease of EBF1 and PAX5, as reported in this study, might contribute
to the carcinogenic effect of TCDD.

In summary, we show that AHR activation suppresses B cell lineage specification and
commitment, which is attenuated by AHR antagonist, suggesting a physiological role of
AHR in regulating human B lymphopoiesis. The AHR-mediated suppression of EBF1,
together with the binding of ligand-activated AHR to DRESs in EBF1 promoter, suggests that
transcriptional regulation of EBF1 is involved in the mechanism by which AHR regulates B
lymphopoiesis.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The developmental process of human CD34* hematopoietic stem/progenitor cells
(HSPC) to lineage committed B cells

A) A schematic representation of different stages in B cell development. B) Cord blood-
derived human CD34* HSPCs were cultured for up to 28 days. Cells were harvested at
indicated time points and analyzed by flow cytometry for cell markers characterizing

developmental stages, including CD34, CD10, cytoplasmic CD79a (cyCD79a) and CD19.

Data are representative of four independent experiments.
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Figure 2. TCDD treatment decreased the percentage of the CD10" cell population during B
lymphopoiesis

Cord blood-derived human CD34* HSPCs were treated with vehicle (VH, 0.02% DMSO) or
TCDD (0.01, 0.1, 1 or 10 nM) on day 0 and cultured for up to 28 days. Cells were harvested
on day 14, 21 and 28. The percentage of the CD10* cell population was assessed by flow
cytometry, which includes common lymphoid progenitors (CLP) (CD10* CD79a.~ CD197),
early-B cells (CD10* CD79a* CD197) and pro-B cells (CD10* CD79a* CD19%). Data are
presented as mean + SE of triplicate measurements. Data are representative of three
independent experiments with similar results.
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Figure 3. TCDD treatment impeded B cell development
Human CD34* HSPCs were treated with vehicle (VH, 0.02% DMSO) or TCDD (0.01, 0.1,

1 or 10 nM) on day 0 and cultured for up to 28 days. A) SPADE visualization of median
CD79a levels in clustered groups of cells along the HSPC to B cell developmental
trajectory. Cells were clustered into nodes based on the expression of cell markers CD34,
CD10, CD79a and CD19. The size of a node reflects the size of the cell population in that
cluster. The nodes of cell clusters were colored according to the expression intensity of
CD79a. Panels along columns represent time points, while rows represent treatments, with
the first row representing vehicle treatment. Cells progressed chronologically along a
lymphopoiesis trajectory with more differentiated cells (CD79a hi) towards the right of each
panel. This progression is disrupted by TCDD in a concentration-dependent manner, as
indicated by a depletion of the early-/pro- B cell subpopulation. B) The percentage of
CD79a* cells in the total cell population was quantified by flow cytometry. Data are
presented as mean + SE of triplicate measurements. ***p <0.001, compared to VH using
two way ANOVA with Bonferroni posttest. Data are representative of three independent
experiments with similar results.
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Figure 4. AHR expression and CYP1A1 induction in HSPCs
A) AHR mRNA levels in human peripheral blood naive B cells and CD34" HSPCs after 7

days of culture were determined by real-time quantitative PCR and normalized to 18s
ribosomal RNA. Data are presented as mean + SE of triplicate measurements. *p <0.05,
compared to naive B cells by t-test after logarithmic transformation. B,C) Human CD34*
HSPCs were treated with vehicle (VH) or TCDD (0.01, 0.1, 1 or 10 nM) on day 0 and
cultured for up to 28 days. Cells were harvested weekly. The mRNA levels of AHR (B) and
CYPI1A1 (C) were determined by real-time quantitative PCR and were normalized to 18s
ribosomal RNA. Data are presented as mean + SE for triplicate measurements. * p <0.05,
**p <0.01, ***p <0.001, compared to the VH using a two way ANOVA with Bonferroni
posttest after logarithmic transformation. Data are representative of two independent
experiments with similar results.
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Figure 5. Structure-activity-relationship assay

Human CD34* HSPCs were treated with vehicle (VH) or with 1nM of a chlorinated dioxin
congener (MCDD, TriCDD, HxCDD or TCDD) on day 0. The rank order for AHR binding
affinity is: MCDD < TriCDD < HxCDD < TCDD. Cells were harvested on day 21 and
analyzed by flow cytometry. Cells were first gated on CD10*. A) The gating scheme of
early-B cells (CD10" CD79a* CD197) and pro-B cells (CD10* CD79a* CD19%). B)
Quantification of early-B and pro-B cell percentages in (A). Data are mean + SE of triplicate
measurements. * p <0.05, ***p <0.001, compared to VH using a one way ANOVA with

Dunnett’s multiple comparison test. Data are representative of three independent

experiments with similar results.
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Figure 6. AHR antagonist reversed the TCDD-mediated decreasein CD10* cell population
Human CD34* HSPCs were treated on day 0 with vehicle (0.02% DMSQ), AHR antagonist

CH223191 (CH) (0.3, 1, 3 or 10 uM), TCDD (1 nM) or the combination of CH and TCDD.

Cells were cultured for up to 28 days and harvested at the specified time points. The
percentage of CD10* cell population was assessed by flow cytometry, which includes

common lymphoid progenitors (CLP) (CD10* CD79a. ~ CD19"), early-B cells (CD10*
CD79a* CD197) and pro-B cells (CD10* CD79a* CD19%). Data are presented as mean +
SE of triplicate measurements. Data are representative of two independent experiments with

similar results.
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Figure 7. TCDD decreased EBF1 expression
Human CD34* HSPCs were treated with vehicle (VH) or TCDD (0.01, 0.1, 1 or 10 nM) on

day 0. Cells were cultured for up to 28 days and harvested at the specified time points. A)
The mRNA levels of £EBFI were determined by real-time quantitative PCR and were
normalized to 18s ribosomal RNA. Data are presented as mean + SE of triplicate
measurements. * p <0.05, ***p <0.001, compared to the VH using a two way ANOVA with
Bonferroni posttest after logarithmic transformation. B) The PrimeFlow staining of £BF1
MRNA and intracellular CD79a on day 24. C) The PrimeFlow staining of £8F1 mRNA on
day 28 post treatment. D) The percentage of the £BF1 mRNA expressing cells as gated in C.
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E) The mean fluorescence intensity (MFI) of EBFI mRNA in EBFI mRNA expressing cells
as gated in C. Data are presented as mean + SE of triplicate measurements. ***p <0.001,
compared to VH by one way ANOVA using a Dunnett’s multiple comparison test. F) EBF1
immunoblot on day 24 post treatment by VH or TCDD (30nM). G) Quantification of EBF1
protein levels relative to actin in (F). Data are representative of three independent
experiments with similar results.
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Figure 8. TCDD decreased PAX5 expression
Human CD34* HSPCs were treated with vehicle (VH) or TCDD (0.01, 0.1, 1 or 10 nM) on

day 0. Cells were cultured for up to 28 days and harvested at the specified time points. The
MRNA levels of PAX5 were assayed by real-time quantitative PCR and were normalized to
18s ribosomal RNA. Data are presented as mean + SE of triplicate measurements. * p <0.05,
**p <0.01, ***p <0.001, compared to the VH using a two way ANOVA with Bonferroni
posttest after logarithmic transformation. Data are representative of three independent
experiments with similar results.
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TCDD (1 nM) or a combination of CH and TCDD on day 0. Cells were

cultured for up to 28 days and harvested at the specified time points. The mRNA levels of

Figure 9. AHR antagonist reversed the TCDD-elicited suppression of EBF1 and PAX5 expression
EBFI(A) and PAX5 (B) were determined by real-time quantitative PCR and were

normalized to 18s ribosomal RNA. Data are presented as the mean + SE of triplicate
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measurements. a = significantly different compared to vehicle control, b = significantly

different compared to the TCDD (1 nM) treated group, by two way ANOVA with Bonferroni

posttest after logarithmic transformation. Data are representative of two independent

experiments with similar results.
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Figure 10. The effects of TCDD on the expression of transcription factorsthat regulate EBF1
Human CD34* HSPCs were treated with vehicle (VH) or TCDD (0.01, 0.1, 1 or 10 nM) on

day 0. Cells were cultured for up to 28 days and harvested weekly. The mMRNA levels of
SPI1(A), TCF3(B) and £751 (C) were determined by real-time quantitative PCR and were
normalized to 18s ribosomal RNA. Data are presented as the mean + SE of triplicate
measurements. * p <0.05, **p <0.01, ***p <0.001, compared to the VH using a two way
ANOVA with Bonferroni posttest after logarithmic transformation. Data are representative
of three independent experiments with similar results.
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Figure 11. DNA binding analysis of the ligand-activated AHR to putative dioxin response
elements (DRE) within the EBF 1 promoter

A) Schematic of predicted DRE sites in human £BF1 gene promoter region. B, C, D)
Nuclear protein was isolated from HEPG2 cells treated with vehicle (V, 0.01% DMSQO) or
TCDD (T, 30nM). B) Nuclear protein was incubated with 32P-labeled DRE oligomers.
Protein:DNA complexes were resolved on a 4% nondenaturing PAGE gel, dried and
visualized by autoradiograph. C) Nuclear protein was incubated with unlabeled DRE
oligomers. Protein:DNA complexes were resolved on a 4% nondenaturing PAGE gel,
transferred to nitrocellulose, and probed with anti-AHR antibody. Arrow indicates specific
binding of AHR to DRE oligomers. D) Nuclear protein was incubated with 32P-labeled DRE
oligomers (DRE4 or DRET7), with addition of excess unlabeled consensus or mutated DRE
oligomer relative to the labeled DREs. Protein:DNA complexes were resolved on a 4%
nondenaturing PAGE gel, dried and visualized by autoradiograph. Results are representative
of three independent experiments. E) Human CD34" HSPCs were cultured as described in
the Materials and Methods for 28 days. On day 28, cells were treated with vehicle (VH,
0.02% DMSO) or TCDD (1 nM). Three hours post treatment cells were harvested for
chromatin immunoprecipitation (ChIP) analysis. ChIP reactions were performed using either
anti-AHR antibody or negative control antibody (mock). DNA primers specific to DRE 4, 6
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and 7 in EBF1 promoter were used to quantify the enrichment of AHR-bound chromatin
using g-PCR. A positive control primer set that amplifies a AHR binding region in CYP1A1l
promoter as well as a negative control primer set that amplifies a region in a gene desert on
human chromosome 12 were also included. * p <0.05, **p <0.01, ***p <0.001, compared to
VH by one-tailed t-test.
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