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Abstract. Polycyclic aromatic hydrocarbons (PAH) are environmental chemicals that
mediate immunosuppression. In long-term bone marrow B-cell lymphopoiesis mod-
els, PAH induce apoptosis in immature (preB) lymphocytes. Since the biologic func-
tion of PAH is often mediated by the aryl hydrocarbon receptor/transcription factor
(AhR), the role of the AhR or AhR-regulated genes was assessed in preB cell apop-
tosis. Specifically, a bone marrow—derived preB cell line (BU-11) was cultured on
monolayers of the AhR* bone marrow—derived stromal cell line BMS2, hepatoma sub-
lines that express various levels of AhR activity (Hepa-1c1c7 and variants), AhR*
thymic epithelial cells, and primary bone marrow stromal cells from wildtype or
AhR™~ mice. Cultures were treated with one of two prototypic PAH, 7,12-dimethyl-
benz[a]anthracene (DMBA) or benz[a]pyrene (B[a]P), and the percentage of cells un-
dergoing apoptosis measured. The data demonstrated that: 1) bone marrow- and
hepatic-derived stromal/adherent cells support preB cell growth and regulate apop-
tosis induced by DMBA or B[a]P; 2) B[a]P is more effective than DMBA when preB
cells are maintained on Hepa-1c1c7 monolayers than when maintained on BMS2
monolayers; 3) DMBA is more effective than B[a]P when preB cells are cultured on
BMS2 monolayers; 4) a-naphthofiavone, an AhR antagonist and cytochrome P-450
inhibitor, blocks preB cell apoptosis in both BU-11/Hepa-1¢1¢7 and BU-11/BMS2 cul-
tures; 5) although preB cells grow well in Hepa-1c1c7 or BMS2 supernatants, addition
of PAH in the absence of hepatic- or bone marrow—derived adherent cells does not
result in preB cell apoptosis; 6) preB cell apoptosis is dependent on AhR activity
in adherent hepatic- or bone marrow-derived stromal cells; and 7) apoptosis is
induced by DMBA when preB cells are maintained on primary bone marrow stromal
cell monolayers from wildtype but not from AhR~~ mice. Collectively, the data indi-
cated that AhR-regulated activities in the hematopoietic microenvironment influence
the susceptibility of immature lymphocytes to low-dose PAH exposure.

[P.S.E.B.M. 1999, Vol 221]

This work was supported by NIH Grant ROI-ES06086. Supertund Basic Research
Grant #1P42ES 07381, ACS Grant IRG-97R, and a Veterans Administration Medicul
Rescarch Division Center Grant to the Boston Environmental Hazard Center. K.K.M.
was supported by an EPA STAR fellowship.

! To whom requests for reprints should be addressed at Dcepartment of Environmental
Health, Boston University School of Medicine, 80 East Concord St. (S-105). Boston.
MA 02118. E-mail: rocket! @bu.edu

Received September 18. 1998. [P.S.E.B.M. 1999, Vol 221]|
Accepted March 4, 1999,

0037-9727/99/2213-0242$14.00/0
Copyright © 1999 by the Society for Experimental Biology and Medicine

242 AhR AND PreB CELL APOPTOSIS

he aryl hydrocarbon receptor/transcription factor

(AhR) is a 90-kDa heat shock protein— and XAP-2

(hepatitis B virus X-associated protein 2)-associated
cytosolic protein that binds polycyclic aromatic (PAH) and
halogenated aromatic hydrocarbons (HAH) (1, 2). Binding
of these common environmental contaminants to the AhR is
followed by receptor transport to the nucleus where the AhR
associates with at least one cofactor, the aryl hydrocarbon
nuclear translocator (ARNT) (3-6). Both the AhR and
ARNT contain helix-loop-helix motifs and are members of
the Per/ARNT/Sim (PAS) family of transcription factors



(5-9). The activated AhR-ARNT-ligand complex binds xe-
nobiotic responsive elements (XRE) upstream from targeted
genes and enbances their transcription (6, 10, 11). Increased
transcription from a large number of genes is induced by the
activation of the AhR upon ligand binding. A list of AhR-
ligand inducible genes includes CYP-IAI, 1A2, and 1Bl
(12, 13), proto-oncogenes c-myc, c-erb-A, c-fos, and c-jun
(14-16), and genes encoding cytokines TGF-o, TGF-8, and
interleukin-1B (17, 18).

In addition to inducing transformation of multiple cell
types and influencing cell cycle (19, 20), AhR ligands such
as 7,12-dimethylbenzanthracene (DMBA) and benzo{a]py-
rene (B[a]P) frequently suppress both the cellular and hu-
moral components of the immune response (21-34), HAH
also generate profound immunosuppression manifest as thy-
mic atrophy, inhibition of proliferation, and/or altered dif-
ferentiation patterns in immature lymphocytes (23, 35-37).
Indeed, the developing immune system appears to be par-
ticularly susceptible to AhR ligands (38-40). In some, but
not all model systems, immunosuppression induced by PAH
or HAH is dependent on AhR activation (22, 25, 28, 41).

Since stromal cells of the lymphopoietic microenviron-
ment provide growth and differentiation signals to develop-
ing lymphocytes, we and others have suggested that the
profound effects of AhR ligands on lymphocyte develop-
ment could result from modulation of the cells that contrib-
ute to the lymphopoietic microenvironment (42-45). Previ-
ous studies demonstrating PAH-induced, preB cell apopto-
sis in long-term bone marrow cultures, a model system for
B lymphopoiesis (46, 47), have been consistent with this
hypothesis (42). In the present studies alternative microen-
vironments were provided for a bone marrow-derived preB
line by a panel of stromal/adherent cells expressing various
levels of AhR or by supernatants from stromal/adherent cell
cultures. With these modifications it was possible to: 1)
directly compare preB cell apoptosis induced by two pro-
totypic PAH, B[«¢]P, and DMBA; 2) confirm a critical role
for stromal/adherent cells in PAH-induced preB cell ap-
optosis; and 3) directly test the hypothesis that the AhR,
and/or AhR-controlled genes, regulate PAH-induced preB
cell apoptosis.

Materials and Methods

Cell Lines. Cell lines were maintained at 37°C in
10% CO, and, unless noted, in DMEM with 4.5 g/l glucose
(BioWhittaker, Walkersville, MD) supplemented with 10%
FCS (Gibco/BRL, Grand Island, NY), 2 mM L-glutamine
(Gibco/BRL), 10 pg/ml gentamicin (Gibco/BRL), and 5 x
107> M 2-mercaptoethanol. PreB cell lines were obtained by
harvesting stromal cell-adherent B cells from primary
Whitlock-Witte cultures (43, 46) and transferring them to
monolayers of a cloned bone marrow stromal cell line,
BMS2 (47). Cells of one such line, termed BU-11, uni-
formly expressed the early preB cell marker CD43 and con-
tained a rearranged immunoglobulin heavy chain gene (43).
Since murine AhR polymorphisms affecting AhR expres-

sion and function have been reported, it should be noted that
BU-11 and BMS?2 cells were derived from C57BL/6 (ARR™")
and [B6 x D2]JF1 (AhR*'/AhR?) mice that express rela-
tively high levels of high-affinity AhR (48).

BU-11 cells were grown on BMS2 monolayers and
cells passed every 4 days at a 1:7 dilution onto BMS2
monolayers. Hepa-1clc7 (Hepa-1; AKR™ ) and its variant
lines TAOc1BP'cl (Hepa-1TAO) and BP'c! (Hepa-1BP'cl;
Ref, 49) were obtained from Dr. J. P. Whitlock, Jr. (Stan-
ford University), and cells passed every 4-7 days at a 1:10
dilution. The Hepa-1 mutant c2 (Hepa-1c2; Ref. 6) was
obtained from Dr. O. Hankinson (UCLA) and cells passed
every 4-7 days at 1:10. A fibroblast line derived from SIM
mice and commonly used to support embryonic stem cells
(STO), was obtained from Dr. M. Carroll (Harvard Medical
School) and passed every 4-7 days at a 1:10 dilution. BU-11
cells were also grown long-term in Hepa-1 or BMS2 cell
supernatant in the absence of an adherent monolayer by
passage at a 1:5 dilution every 3-4 days. The murine
TE427.1 thymic epithelial cell line (AhR™') (50, 51) was
obtained from Dr. S. Vukmanovic (NY University) and
passed every 4-7 days at a 1:10 dilution, BU-11 growth was
effectively supported by all the above adherent cell lines.
Previous data showed that 11-7 supports BU-11 growth in
the absence of supporting cells (43). Therefore, it is possible
that I1-7 per se, secreted from the above adherent cell lines,
provides the major growth support; however, we have not
investigated this possibility.

AhR""~ mice (9) were the generous gift of Dr. C. Brad-
field (University of Wisconsin Medical School). To gener-
ate primary bone marrow stromal cells from wildtype and
AhR™" mice, AhR*"~ heterozygote breeding pairs were set
up and offspring analyzed for AhR genotype by AhR-
specific Southern analysis of tail DNA. Bone marrow was
expunged from homozygous AhR** and Ahr™" littermates,
washed, and plated at a concentration of 10° cells/ml in
DMEM supplemented with 20% FCS, l-glutamine, and
2-mercaptoethanol as described above. Culture dish—
adherent monolayers were washed several times over the
next 2-week period to remove hematopoietic cells. Cells
were harvested by treatment with 0.25% trypsin and trans-
ferred to 75 cm? flasks for long-term culture.

Apoptosis Induction. Apoptosis experiments were
performed in 24-well plates over a period of 5 days. Stro-
mal/adherent cells (7-10 x 10%) were plated on Day 1 and
10° BU-11 cells were added on Day 2. On Day 3, PAH or
vehicle (acetone, 0.1% final concentration) was added to
triplicate wells for each condition. Forty-two hours later
(optimized for signal to noise ratio in the P.1. staining assay)
BU-11 cells from individual wells were collected by gently
pipetting and harvesting 1.3 ml of suspended cells for DNA
staining. Each well was assayed individually by flow cy-
tometry and results of triplicate wells were averaged in each
experiment. Triplicate wells were pooled for DNA extrac-
tion and gel electrophoresis. In experiments where a-naph-
thoflavone (a-NF; Sigma Chemical Co., St. Louis, MO)
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was tested for inhibition of PAH-induced apoptosis, 107 M
o-NF was added 3 hr before PAH.

Flow Cytometry Assay for Apoptosis. Pro-
pidium iodide staining and flow cytometry to quantitate
apoptosis were performed as previously described (22).
Briefly, cells were washed in cold PBS containing 1% FCS.
pelleted. and resuspended in 0.5 ml hypotonic fluorochrome
solution containing 50 pg/ml propidium iodide (P.I.)
(Sigma Chemical Co., St. Louis, MO). 0.1% sodium citrate.
and 0.1% Triton X-100 (Sigma). Cells were analyzed for
P.I. fluorescence, forward light scatter, and side light scatter
parameters with a Becton Dickenson (San Jose, CA)
FACscan flow cytometer. Apoptotic cells were defined as
those in which P.I. fluorescence was weaker than in the
Gy/G; cell cycle peak.

DNA Fragmentation Gels. Approximately 10°
cells washed once in cold RPMI were suspended in 4°C
TEX (10 mM Tris pH 7.5/1 mM EDTA/0.2% Triton X-100)
and incubated on ice for 7 min. Particulate matter was pel-
leted at 14,000 RPM. Sodium acetate (0.25 M) was added to
the supernatants, and DNA was extracted with phenol/
chloroform and precipitated with ethanol. The precipitate
was dissolved in TE buffer (10 mM Tris pH 7.5/1 mM
EDTA) and loading buffer (1/5 volume) containing TE, 1%
SDS, 40% sucrose bromphenol blue, and 3 pug/ml RNaseA
was added. DNA was then loaded into dry wells of a 1.5%
agarose gel in Tris acetate buffer and electrophoresis begun.
Once the samples completely entered the gel, the gel was
totally submerged in TE buffer for electrophoresis.

Western Immunoblotting. Adherent stromal cells
were harvested by a 3-min treatment with 0.25% trypsin
(Gibco/BRL). Cells were washed twice in PBS, resus-
pended in lysing buffer (1% Triton X-100, 150 mM NaCl,
25 mM Tris/HCI, 1 pg/ml aprotenin, 10 pg/ml leupeptin, 1
mM EDTA, 50 mM NaF, 1 mM sodium orthovanadate, 1
mM PMSF) and centrifuged for 10 min at 15,000g. Protein
concentrations in supernatants were measured with a bicin-
choninic acid protein assay reagent kit (Pierce Chemical
Co., Rockford, IL). Samples were analyzed by standard
mini 10% SDS polyacrylamide gels. Proteins were trans-
ferred from gels to nitrocellulose filters (Bio-Rad, Hercules,
CA) or PVDF paper (Millipore, Bedford, MA) at 150 volts
for 1 hr. Transfer was monitored by staining membranes
with Ponceau S (Sigma). Filters were blocked with TBST
buffer (20 mM Tris, 0.5 M NaCl, 0.03% Tween 20, pH 7.5)
containing 5% dry milk, washed twice for 5 min in TBST
and incubated with monoclonal anti-AhR antibody Rptl
(52) at a 1/10,000 dilution for 1 hr at room temperature.
Filters were washed three times with TBST and incubated
for 1 hr at room temperature with a 1:6,000 dilution of
HRP-goat anti-mouse antibody (Sigma). Filters were
washed twice and developed by enhanced chemilumines-
cence and autoradiography (DuPont NEN Research Prod-
ucts Co., Boston, MA).

RT-PCR for AhRR mRNA. Adherent cells were
grown on 10-cm dishes to near confluence and lysed

244 AhR AND PreB CELL APOPTOSIS

directly with “RNAzol” (Leedo Medical Laboratories,
Houston, TX); RNA was extracted as described by the
manufacturer. BU-11 cells were harvested, centrifuged, and
the pellet lysed with RNAzol. RNA samples (5-pg) were
electrophoresed in 1.5% 10 mM phosphate agarose gels
prior to RT-PCR to monitor RNA integrity.

RT-PCR was performed as described by the manufac-
turer (SuperScript Preamplification System; Gibco/BRL)
using random hexamers to prime first strand cDNA synthe-
sis. The MgCl, concentration was adjusted to 2.5 mM to
maximize specific signal. The primers for amplifying AhR
mRNA were: 5'-CTGGCAATGAATTTCCAAGGGAGG-
3’ and 5'-CTTTCTCCAGTCTTAATCATGCG-3'. These
primers were chosen to enclose the sequence that encodes
the putative murine AhR ligand-binding domain (53). The
random primed cDNA fragments were amplified with Taq
for 35 cycles (94°C for 40 sec; 59°C for 50 sec; 72°C for
45 sec +2 sec/cycle). ARNT mRNA was generally ampli-
fied in the same reaction using the following ARNT-specific
primers, 5'-CTTGGAGGCAGCAGATGGCTTTC-3’
and 5’-CCTTGATGTAGCCTGTGCAGTGG-3'. Amplified
DNA (10 pl) was electrophoresed through 3% gels (3:1
NuSieve:LE agarose, FMC, Rockland, ME) and DNA vi-
sualized by ethidium bromide staining.

Results

Liver Parenchyma-Derived Hepa-1c1c7 Celis
Support preB Cell Growth and PAH-Induced Ap-
optosis. Hepa-1c1c7 (Hepa-1) is a liver parenchyma-
derived hepatoma that expresses high levels of AhR (10). A
number of Hepa-1 variants exist that express variable levels
of either AhR or the AhR dimerization partner ARNT (54).
To investigate the mechanisms that contribute to PAH-
induced B-cell apoptosis, particularly with regard to a role
for the AhR, BU-11 preB cells were transferred from bone
marrow stromal cell (BMS2) monolayers and adapted for
growth on monolayers of adherent Hepa-1 cells. BU-11 cell
growth rates and surface phenotype were identical whether
BU-11 cells were maintained on BMS2 or Hepa-1 cells.
BU-11 cells maintained on Hepa-1 monolayers underwent
morphologic changes consistent with apoptosis (i.e., cellu-
lar and nuclear condensation) within 24 hr of exposure to
107° M B[a]P. DNA extracted from these BU-11 cells and
electrophoresed through 1.5% agarose gels exhibited DNA-
fragmentation ladders typical of apoptotic cells as early as
12 hr after exposure to 107 M B[a]P (Fig. 1A).

PAH-induced BU-11 apoptosis in the presence of
Hepa-1 and BMS2 monolayers was quantitated by flow cy-
tometry. BMS2/BU-11 co-cultures were challenged with
107® M DMBA, and Hepa-1/BU-11 co-cultures were chal-
lenged with 107® M B[a]P since these PAH generate the
maximal levels of apoptosis in the respective culture sys-
tems (see below). Both Hepa-1 and BMS2 monolayers sup-
ported significant levels of preB cell apoptosis (Fig. 1B).
While background levels of apoptosis in BU-11 cell popu-
lations were generally under 10%, apoptosis levels in the
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Figure 1. DMBA and B[a]P induce apoptosis in BU-11 cells. Vehicle, DMBA or B[a]P were added to BU-11 cells cultured on either Hepa-1
or BMS2 cell monolayers and assayed for apoptosis by DNA gel electrophoresis or flow cytometry. (A) Cultures of BU-11 cells growing on
Hepa-1 cell monolayers were treated with vehicle (“control”) or 10~ M B[a]P and aliquots of approximately 10° BU-11 cells removed at various
time points thereafter. DNA was extracted, electrophoresed through 1.5% agarose gels, and visualized with ethidium bromide. (B) Cultures of
BU-11 cells growing on BMS2 or Hepa-1 cell monolayers were treated with 10° M DMBA or B[4]P respectively. Forty eight hours later BU-11
cells were harvested, stained with propidium iodide in hypotonic buffer, and analyzed for DNA staining by flow cytometry.

presence of B[a]P and Hepa-1 cell monolayers often
reached 80%. The percentage of BU-11 cells undergoing
apoptosis in BMS2 cultures treated with 10® M DMBA
consistently reached 40%—50%. These results indicate that
supporting cells other than those derived from the bone
marrow microenvironment can provide an adequate envi-
ronment for PAH-mediated preB cell apoptosis.
Adherent Cells Supporting preB Cell Growth
Dictate Relative preB Cell Sensitivity to B[a]P and
DMBA. Since the bone marrow and liver microenviron-
ments may provide distinct signals to developing lympho-
cytes (55), the relative sensitivities of BU-11 preB cells to
B[a]P and DMBA in the presence of BMS2 and Hepa-1 cell
monolayers were assessed. Significant levels of apoptosis in
BU-11 cell populations were observed at both DMBA or
B[a]P doses tested, 107 and 10~ M, regardless of which
cell monolayer provided growth support (P < 0.05, Fig. 2).
Higher levels of B[a]P-induced apoptosis were observed
when BU-11 cells were grown on Hepa-1 monolayers (63
14%, at 107 M) as compared to BU-11 cells grown on
BMS2 monolayers (27 + 4% at 10°° M, P < 0.01). Con-
versely, higher levels of DMBA-induced apoptosis were
reached when BU-11 cells were grown on BMS2 monolay-

EHepa-1/BU-11
GBMS2/BU-11

Apoptosis(%)

10°M
Bla}pP DMBA

Figure 2. Stromal/adherent cells supporting preB cell growth dictate
preB cell sensitivity to B[a]P and DMBA. Vehicle, DMBA or B[a]P
were added to Hepa-1/BU-11 or BMS2/BU-11 cell cultures in tripli-
cate wells. After 40 hr BU-11 cells were harvested, stained with
propidium iodide in hypotonic buffer, and analyzed by flow cytom-
etry. Data presented represent the average percentage of BU-11
cells undergoing apoptosis * standard errors from three experi-
ments. An asterisk indicates a significant difference in the percent-
age of apoptotic BU-11 cells between cultures treated with the same
PAH at the same dose but with different supporting cell monolayers,
P < 0.05. Ali PAH-treated cells exhibit apoptosis levels that are sig-
nificantly above vehicle background, P < 0.05.
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ers (55 = 7% at 107 M) as compared with BU-11 cells
supported by Hepa-1 cells (32 + 8% at 10™° M, P < 0.02).
Lower doses of PAH, 1077 M or lower, result in lower
apoptotic levels; however, at these doses the differences of
BU-11 apoptotic levels that result between B[a]P and
DMBA exposure with BMS2 or Hepa-1 are statistically
insignificant (not shown). This differential sensitivity to dif-
ferent PAHs was not due to adherent cell conditioning of
BU-11 cells, since BU-11 cells cultured on Hepa-1 mono-
layers, transferred to BMS2 monolayers, and exposed to
DMBA or B[u«]P exhibited the same relative sensitivities as
BU-11 cells constantly maintained on BMS2 monolayers
(not shown). Therefore, the microenvironment provided by
each supporting cell line regulates PAH efficacy as assayed
by induction of preB cell apoptosis.

B[a]P- and DMBA-Induced Apoptosis are Inhib-
ited by a-Naphthoflavone. Since DMBA and B[a]P are
known to activate the AhR (6) it was predicted that the AhR,
or genes controlled by the AhR (e.g., genes encoding cyto-
chrome P-450s), would play a role in PAH-induced preB
cell apoptosis. To test this hypothesis, cultures of BU-11
preB cells maintained on Hepa-1 monolayers were treated
with DMBA or Bl«]P in the presence or absence of a-NF,
a known AhR antagonist and cytochrome P-4501A inhibitor
(24, 26, 56). a-NF (107%) M had no affect on background
Ievels of BU-11 cell apoptosis (Table 1). In contrast, a sig-
nificant percentage of BU-11 cells underwent apoptosis 42
hr following addition of either DMBA or B[a]P (Table I).
DMBA-induced apoptosis was completely blocked and the
majority of B[a|P-induced apoptosis (about 60% accounting
for background apoptosis) was blocked by 107® M -NF.
Furthermore, Ble]P, a poorly metabolized and weak AhR
ligand, did not induce BU-11 cell apoptosis (not shown).
These results are consistent with the hypothesis that
DMBA- and B[a]P-induced apoptosis of BU-11 cells in
Hepa-1/BU-11 cultures is mediated at least in part by the
AhR and/or AhR-controlled gene products.

BMS2 and Hepa-1 Cells, but not BU-11 preB
Cells, Express AhR mRNA. If the AhR, or AhR-
regulated gene products, contribute to PAH-induced preB
cell apoptosis, then PAH exert their effects by directly in-
teracting with AhR* preB cells and/or indirectly by affect-
ing AhR™-supporting cell monolayers. Previous work sug-
gested the latter possibility since primary preB cells and
BU-11 preB cells did not appear to express detectable levels
of AhR mRNA or protein (43). To extend these findings and

10 address the possibility that culture of BU-11 cells on
Hepa-1 cells induces AhR expression, BU-11, Hepa-1, and
BMS?2 cells were assayed for expression of AhR and ARNT
mRNAs by RT-PCR. Consistent with previous reports, high
levels of both AhR and ARNT mRNA were detected in
Hepa-1 cells (Fig. 3). Similarly, significant levels of AhR
and ARNT mRNA were detected in BMS2 cells. In con-
trast, no AhR mRNA was detected in BU-11 cells main-
tained either on BMS2 or Hepa-1 monolayers. Therefore, if
the AhR or AhR-regulated genes influence PAH-induced
preB cell apoptosis, then the most proximal effects of PAH
exposure are likely to occur in supporting stromal/adherent
cells that then indirectly effect preB cell apoptosis.

Interestingly, a significant amount of ARNT mRNA
RT-PCR amplification product was observed from BU-11
mRNA (Fig. 3), suggesting independent regulation of the
levels of mRNA expression of AhR and ARNT dimeriza-
tion partners in immature lymphocytes. Furthermore, RT-
PCR of BMS2 cell mRNA resulted in two different sized
ARNT RT-PCR products (Fig. 3), whereas the RT-PCR of
Hepa-1 cell mRNA showed only the expected, single 453-
nucleotide product. This result could represent differential
splicing of ARNT mRNA in BMS2 cells similar to that
reported in human cell lines (6, 57).

Induction of preB Cell Apoptosis Requires AhR
Complex-Competent Stromal Cells. Three ap-
proaches were taken to further test the hypothesis that preB
cell apoptosis is effected through intermediary, AhR*-
supporting cells. In the first approach, the ability of PAH to
induce apoptosis in BU-11 preB cells maintained in condi-
tioned media in the absence of a supporting cell monolayer
was evaluated. This approach was based on the demonstra-
tion that preB cells can be maintained for several weeks in
IL-7. Indeed, BU-11 cells were easily grown in supernatant
from either BMS2 or Hepa-1 cell cultures. When BU-11
cells were maintained in BMS2 or Hepa-1 culture superna-
tants and treated with vehicle, background levels of apop-
tosis averaged 11 + 6% and 9 + 2%, respectively, and did
not significantly change following addition of 107°-107" M
DMBA or Bla|P (Table II). Failure of BU-11 cells to un-
dergo apoptosis was not likely due to PAH resistance ac-
quired when grown in the absence of adherent supporting
cells since BU-11 cell populations maintained in condi-
tioned media, transferred back to Hepa-1 or BMS2 cell
monolayers, and exposed to either DMBA or B[a]P, exhib-
ited the same kinetics and magnitude of apoptosis as BU-11

Table I. a-Naphthoflavone Blocks DMBA and B[a]P-Induced Apoptosis of BU-11 PreB Cells in
Hepa-1/BU-11 Co-Cultures

Vehicle a-NF DMBA DMBA + a-NF B[alP Bla]P + o-NF
9718 6.1+£07 406+ 18 84+ 1.1" 827+ 27 32.6 + 2.0*

Note. BU-11 cells were cultured on Hepa-1 cell monolayers and treated in triplicate wells with vehicle, 10-° M DMBA, 10~° M B[a]P, 107° M
a-NF or equimolar concentrations (107% M) of PAH + «-NF. BU-11 cells from triplicate wells were harvested after 42 hr, stained with propidium
iodide, and the percentage of cells undergoing apoptosis in each well determined by fiow cytometry. The three measurements of apoptosis
for each group were averaged in each experiment. Data from 2-3 independent experiments are presented as the mean percentage apoptosis
+ standard error. An asterisk denotes significant inhibition of apoptosis (P < 0.02).

% Apoptosis
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Figure 3. Relative expression of AhR and ARNT mRANAs in Hepa-1,
BMS2, and Bu-11 celis. Culture dish-adherent, Hepa-1 and BMS2
cells were treated with 0.25% trypsin, harvested, washed, and
whole-cell RNA extracted. BU-11 cells were grown in 0.04 pm filtered
Hepa-1 or BMS2 cell supernatant to preclude contamination with
stromal cells. RT-PCR was performed on 5 g total RNA. AhR- and
ARNT-specific primers were used simultaneously as described in
“Materials and Methods” and PCR products examined by agarose
gel electrophoresis. The BU-11 RT-PCR segment of the gel has
different background than the rest of the gel since two gels were
pasted together. Any background difference simply reflects more
background ethidium bromide; relative comparison between AhR
and ARNT bands are just as valid. AhR and ARNT mRNA RT-PCR
products are 334 nt and 453 nt, respectively.

cell populations grown continuzously on supporting cell
monolayers (not shown). These results are consistent with a
requirement for supporting cells for delivery of an apoptosis
signal(s) to preB cells.

In the second approach, BU-11 cells were grown on
seven different supporting stromal/adherent cell monolayers
expressing various levels of AhR activity and tested for
apoptosis in response to DMBA and B[a]P. Hepa-1TAO
expresses AhR, which apparently is defective in PAH bind-
ing, and Hepa-1c2 cells produce little or no AhR (6, 49, 54).
Hepa-1BP'C1 is a Hepa-1 variant that expresses low levels
of ARNT protein (49). STO is a mouse fibroblast line used
to propagate embryonic stem cells (58), and TE427.1 is a
thymic epithelial cell line that provides a microenvironment
sufficient for thymocyte-positive selection (51). RT-PCR
was performed to confirm or determine the levels of AhR
and ARNT mRNAs in these supporting cell lines (Fig. 4).
High levels of ARNT and AhR mRNAs were detected in
Hepa-1 and in TE427.1 cells. In contrast, Hepa-1TAO,
Hepa-1BP'cl, Hepa-1c2, and STO cells were all defective
in expression of AhR and/or ARNT mRNA.

Results obtained by AhR protein-specific immunoblot-
ting were consistent with RT-PCR results in that high levels
of AhR were detected in Hepa-1, Hepa-1BP'cl, and
TE427.1 cells. Little or no AhR was detected in STO, Hepa-
1c2, or Hepa-1TAO cells (Fig. 5).

The levels of apoptosis induced by 107°-1077 M
DMBA or B[a]P in BU-11 cell populations maintained on
the seven supporting cell monolayers are presented in Table
I1. Relative to vehicle controls, significant apoptosis in BU-

11 cell populations was induced by the higher dose of either
DMBA or B[a]P when BU-11 cells were supported by any
of the AhR*/ARNT" cell lines (i.e., BMS2, Hepa-1, or
TE427). Significant apoptosis was induced in BU-11 cell
populations from BMS2/BU-11 and TE427/BU-11 cultures
exposed to 10°-10"7 M DMBA (up to 55% and 59%, re-
spectively). In marked contrast, little or no apoptosis was
induced by either PAH in BU-11 cell populations main-
tained on any of four AhR complex (i.e., AhR and/or
ARNT)-defective cell lines (Hepa-1TAO, Hepa-1BP'cl,
Hepa-1¢2, STO). The very low level of apoptosis observed
in BU-11 cell populations from Hepa-1TAO/BU-11 cul-
tures treated with B{a]P may reflect a low level of defective
AhR reported to bind PAH, albeit weakly, and normal levels
of ARNT in this Hepa-1 variant (Fig. 4; Refs. 49, 54).
Similarly, the low level of apoptosis in Hepa-1BPcl may
reflect a low level of ARNT and normal AhR levels (Fig. 4;
Refs. 49, 54). In general, the ability of DMBA and Ba]P to
induce preB cell apoptosis correlated with the relative levels
of both AhR and ARNT in the supporting stromal/adherent
cell monolayers.

Finally, the ability of DMBA to induce BU-11 cell
apoptosis in cultures of BU-11 cells and primary bone mar-
row stromal cells derived from either AhR** or AhR™~
mice was tested. Stromal cells from AhR™" and AhR*"™*
mice were morphologically indistinguishable and were
equally effective at supporting long-term BU-11 cell
growth, BU-11 cells were transferred from BMS2 mono-
layers to monolayers of primary bone marrow stromal cells
derived either from AhR** mice or from AhR™" litter-
mates. Vehicle or 10°-10° M DMBA was added 1 day
later. Addition of as little as 10 M DMBA to AhR**
stromal cel/BU-11 cultures significantly induced apoptosis
in BU-11 cell populations within 24 hr (Fig. 6). Although
there was a modest trend toward apoptosis at higher DMBA
doses, statistically significant levels of apoptosis were not
observed when BU-11 cells were supported by AhR™ bone
marrow stromal cells and cultures exposed to 10°-107% M
DMBA. These results demonstrated that primary bone mar-
row stromal cells must express AhR in order for stromal
cell-dependent preB cells to undergo significant apoptosis
in response to DMBA exposure.

Discussion

The primary goal of the present studies was to test the
hypothesis that the AhR and/or AhR-controlled gene prod-
ucts in the lymphoid microenvironment are required for
PAH-induced preB cell apoptosis. These studies were mo-
tivated by numerous reports implicating a role for the AhR
in suppression of mature lymphocyte responses (25, 28-30,
32, 41) and suggesting AhR-dependent modulation of lym-
phocyte development (59). To evaluate the specific require-
ment for AhR* stromal/adherent cells in DMBA and B[a]P-
induced preB cell death, we modified a well-characterized
model of B lymphopoiesis, in which preB cell growth is
dependent on monolayers of adherent bone marrow stromal
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Table Il. AhR* Supporting Cells are Required for Optimal PAH-Induced PreB Cell Apoptosis

Supporting stromal/adherent . . DMBA (M) Bla]P (M)
cell line/supernatant ARR/ARNT Vehicle 108 10-7 10© 107

BMS2 cells +/+ 13.6 £5.6 65.4 + 10.4* 373+ 11.7* 271 £41* 227 +9.7
BMS2 supernatant NA 11.1 £6.3 17.6 £ 13.1 134175 141 £ 9.1 11671
Hepa-1 cells ++/++ 115+14 32.0+8.2" 30.7 £ 8.0" 66.4 + 16.1* 242 + 2.7
Hepa-1 supernatant NA 9.3+17 14114 8.9+09 102+ 0.7 11.2+2.3
Hepa-1TAO celis low/+ 17722 19.7+ 34 20.0+ 3.9 249+75 229+ 3.2*
Hepa-1BP‘c1 cells ++/low 16.2+4.4 16.8 + 3.9 192+73 257 +5.9* 23.8+6.3
Hepa-1c2 cells low/— 19.5+ 3.1 172+ 3.2 19.8+2.0 21.2+21 17.7£0.9
STO cells low/— 17.0+42 20.8 + 4.7 17.8+5.7 20.8 +4.2 16.7 + 6.2
TE427 celis ++/++ 11657 58.8 + 13.1* 46.5 + 18.1* 41.0 £ 18.3* 14154

Note. BU-11 cells were maintained either in stromal/adherent (BMS2, Hepa-1) cell supernatants or monolayers of stromal/adherent cells as
indicated. Vehicle, DMBA, or B[a]P were added to triplicate wells. After 42 hr, BU-11 cells from triplicate cells were harvested, and apoptosis
in each well was quantitated by the propidium iodide/flow cytometry method. The three measurements of apoptosis for each group were
averaged in each experiment. Data from 2—4 independent experiments are presented as the mean percentage apoptosis + standard error. An
asterisk indicates a significant increase in the percentage of apoptotic cells relative to vehicle controls, P < 0.05.

“ Relative AhR and ARNT mRNA expression as assessed by RT-PCR (Fig. 4).
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Figure 4. Relative expression of AR and ARNT mRNA in Hepa-1
variants, STO fibroblasts, and TE427.1 thymic epithelial cells. Cul-
ture dish—-adherent Hepa-1, Hepa-1TAO, Hepa-1BP'C1, Hepa-1c2
cells, STO fibroblasts, and TE427.1 thymic epithelial cells were
treated with 0.25% trypsin, harvested, washed, and whole-cell RNA
extracted. AhR- and ARNT-specific RT-PCR was performed as de-
scribed in Figure 3.

cells. In the present system, parenchymal hepatic cells and
their AhR complex variants, embryonic fibroblasts, thymic
epithelial cells. or primary AhR™ bone marrow stromal cells
were substituted for AhR*-cloned bone marrow stromal
cells or AhR™ primary bone marrow stromal cells. Condi-
tioned media from stromal/adherent cells were also used to
determine if PAH induce preB cell apoptosis in the absence
of stromal/adherent accessory cells.

The results indicated that preB cells are not the imme-
diate targets of PAH toxicity but rather that preB cell death
is effected secondarily to changes occurring in supporting
stromal or parenchymal accessory cells. When conditioned
media from stromal/adherent cells were used instead of sup-
porting monolayers, even relatively high doses of PAH did
not induce preB cell apoptosis. Furthermore, the level of
preB cell apoptosis directly correlated with the number of
stromal/adherent cells present in culture (data not shown).
By implicating nonlymphoid cells in the regulation of lym-
phocyte function, these results are reminiscent of reports
implicating thymic epithelial cells as the primary targets of
AhR ligand—mediated thymocyte immunosuppression (44,
45) and macrophages as a potential target of PAH-mediated
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Figure 5. Relative expression of AhR protein in cells Hepa-1 vari-
ants, STO fibroblasts, and TE427.1 thymic epithelial cells. Culture
dish—-adherent Hepa-1, STO, Hepa-1¢2, Hepa-1BP'C1, Hepa-1TAO,
and TE427.1 cells were treated with 0.25% trypsin, harvested,
washed, and whole-cell protein extracted. Proteins (30 pg/lane) were
electrophoresed through 10% SDS-polyacrylamide gels and trans-
ferred to nitrocellulose filters. AhR protein was detected with AhR-
specific RPT-1 monoclonal antibody and HRP-goat anti-mouse im-
munoglobulin antibody and visualized by chemiluminescence.

suppression of B-cell responses (60). In a broader sense,
nonlymphoid cells of the thymic or bone marrow microen-
vironment have been shown previously to regulate apopto-
sis in immature lymphocytes (61-63). The results presented
here may be contrasted with those demonstrating that sev-
eral other apoptosis-inducing agents (e.g., dexamethasone,
prostaglandin E2, ceramide) induce immature lymphocyte
apoptosis in the absence of accessory cells (64-66).
When stromal/adherent cells were co-cultured with
preB (BU-11) cells at the time of PAH exposure, stromal/
adherent cell lines expressing significant levels of AhR and
ARNT (BMS2, Hepa-1, TE427) were capable of supporting
maximal PAH-mediated preB cell apoptosis. In contrast,
stromal/adherent cell lines expressing low or undetectable
levels of AhR or ARNT (Hepa-1TAO, Hepa-1BP'cl, STO)
were either incapable or weakly capable of supporting
apoptosis. Previous RT-PCR quantitation indicated 3-4-
fold higher amounts of AhR-mRNA in Hepa-1 relative to
BMS?2 (43). It is possible that the higher levels of AhR in
Hepa-1 may have a role in the induction of higher overall
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Figure 6. Primary bone marrow stromal cells from AhR** but not
AhR~~ mice support optimal DMBA-induced preB cell apoptosis.
Primary bone marrow stromal cells were harvested by trypsin treat-
ment and transferred to 5-cm? wells at a concentration of 10° celis/
ml. Twenty four hours later 5 x 10* BU-11 cells were added and
allowed to adhere to stromal cell monolayers for 24 hr, after which
vehicle or DMBA was added to duplicate cultures. Twenty four hours
later BU-11 cells were harvested, stained with propidium iodide in
hypotonic buffer, and analyzed for percentage of apoptotic cells.
Data presented represent the average percentage of BU-11 cells
undergoing apoptosis + standard error from three experiments.

levels of BU-11 apoptosis supported by Hepa-1 versus
BMS2 stroma via mechanisms that involve either direct
AhR interactions or indirect transcriptional activation of
genes affecting PAH metabolism such as CYP1Al or
CYPIBI1 (73). PAH-induced preB cell apoptosis was the
result of a “gain of function” and not a loss of stromal/
adherent cell function vis-a-vis: 1) the growth or viability of
the stromal/adherent cell lines tested was not overtly af-
fected even by the highest PAH doses, and 2) since the
presence of stromal/adherent cell-conditioned medium itself
supports BU-11 cell growth, BU-11 preB cells in BMS2/
BU-11 or Hepa-1/BU-11 co-cultures undergo PAH-induced
apoptosis amid conditions that would otherwise support
growth. These data strongly support the hypothesis that the
AhR, and/or AhR-regulated gene products, are required for
stromal/adherent cell generation of an apoptosis signal.
This conclusion was further strengthened by studies
with stromal cells from AhR** and AhR™~ mice. DMBA at
limiting concentrations (10~'-107® M) induced apoptosis in
co-cultures of wildtype preB cells and AhR*™* but not
AhR™ bone marrow stromal cells. At higher DMBA doses
(107°-10° M), a statistically insignificant trend toward low
levels of apoptosis in co-cultures of preB cells with AhR™~
bone marrow stromal cells was noted. This observation, and
the failure of a-NF to block high-dose B[a]P-induced
apoptosis completely (Table I), suggest a possible AhR-
independent component to PAH-induced apoptosis. A simi-
lar AhR-independent component to an otherwise AhR-
dependent suppression of mature lymphocyte responses has
previously been reported (25). The potential to overcome
AhR dependency at higher PAH doses may partially explain
the sometimes conflicting reports on the role of the AhR in
PAH-induced immunosuppression (25, 28-30, 32, 41).

There are muitiple, nonmutually exclusive pathways
through which the AhR could mediate stromal/adherent cell
changes that lead to preB cell apoptosis. First, ample evi-
dence provides support for direct intracellular signaling via
an AhR-activated protein phosphorylation cascade (67).
Second, the recent demonstration of AhR association with
an immunophilin-like molecule (68, 69) suggests direct ac-
tivation of intracellular signaling pathways analogous to
those involved in cytokine regulation in lymphoid cells.
Third, activated AhR may directly induce transcription of
any one of a myriad of genes (70), the products of which
could signal preB cell death. Finally, and arguably most
likely, AhR-regulated P-450(s) could oxidize parent PAH
resulting in production of reactive metabolites that alter cell
function, possibly by inducing a state of oxidative stress and
activating gene transcription factors such as NF-«kB (71,
72). The dramatically reduced capacity of AhR complex—
defective hepatic parenchymal cell lines and AhR™ bone
marrow stromal cells of support apoptosis would then be
attributed to their compromised ability to induce P-450 fol-
lowing PAH exposure (9).

Several predictions can be made based on the hypoth-
esis that PAH metabolism is required for apoptosis. First,
pharmacologic inhibitors of AhR activation and P-450 en-
zyme activity would be predicted to be potent inhibitors of
PAH-induced apoptosis. Indeed, a-NF is both an AhR an-
tagonist and P-450 inhibitor that inhibits PAH-induced
apoptosis (Table I). Second, PAH that are metabolized dif-
ferently in different stromal/adherent cells would be pre-
dicted to differ in their ability to induce apoptosis in preB
cells co-cultured with these disparate stromal/adherent cells.
Recent studies have demonstrated differential expression of
cytochrome P-4501A1 and 1B1 in Hepa-1 and BMS2 cells
(73). Since P-4501A1 and 1B1 are believed to be the most
important P-450 isoforms for B[a]P and DMBA metabolism
respectively, it would further be predicted that these PAH
would exhibit different capacities to induce preB cell ap-
optosis in co-cultures of preB cells with Hepa-1 or with
BMS2 cells. In fact, B{a]P is more potent in the Hepa-1/
BU-11 system whereas DMBA is more potent in the BMS2/
BU-11 system (Fig. 2). In addition, since B[a]P and DMBA
have different AhR affinities (3), their reciprocal ability to
induce apoptosis in the BMS2 and Hepa-1 cell systems
argues against the possibility that AhR affinity alone deter-
mines immunotoxic potency. However, the role of P450
enzymes and corresponding metabolism will require further
examination since preliminary experiments indicated that
one general inhibitor 1-aminobenzotriazole (not shown) did
not inhibit apoptosis whereas o-NF, which also inhibits cer-
tain P450s (and AhR), does block apoptosis (Table I and
Ref. 43). Preliminary experiments indicate that stable meta-
bolic products do not have a direct role in the induction of
BU-11 apoptosis in this model, since supernatants taken
from PAH-treated BMS2 or Hepa-1 cells and added to BU-
11 cells grown alone, only in conditioned media from un-
treated BMS2 or Hepa-1 cells, do not induce BU-11 apop-
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tosis. This, however, does not indicate whether or not meta-
bolic products indirectly affect BU-11 cells by regulating
the supporting stromal cells. Finally, if AhR ligand metabo-
lism is critical to induction of the apoptosis signal, it would
be predicted that TCDD, a high-affinity AhR ligand that is
poorly metabolized, would be at best a weak inducer of
apoptosis. In fact, TCDD does not induce apoptosis in either
the BMS2/BU-11 or the Hepa-1/BU-11 system (data not
shown). Clearly, additional studies are required to deter-
mine if PAH metabolism is necessary and/or sufficient for
induction of the stromal/adherent cell-derived death signal.

The nature of the PAH-induced apoptosis signal de-
rived from the stromal/adherent cells remains to be deter-
mined. However, experiments conducted thus far do not
support a role for Fas-Fas ligand interactions, TGF, or TNF
in PAH-induced preB cell apoptosis. Specifically: 1) Fas
ligand is not induced in stromal cells, and preB cells do not
express Fas; 2) DMBA does not induce TGF-B,. B., B; or
TNF-a mRNAs in bone marrow stromal cells: and 3) re-
combinant TGF-B, or TNF-a do not recapitulate preB cell
apoptosis in stromal cell/preB cell cultures (data not shown).

Finally, the results presented here, as well as those
previously reported, demonstrate that the developing im-
mune system is particularly sensitive to AhR ligands. It is
widely accepted that a critical phase in immune system
development is deletion of autoantigen-reactive clones
through apoptosis induction (74, 75). The ability of low
PAH doses to activate the cell death program during lym-
phopoiesis in an antigen-independent fashion suggests the
potential for these common environmental chemicals to
skew the developing lymphocyte repertoire and to generally
suppress production of mature lymphocytes. Either of these
outcomes could significantly compromise the host’s ability
to respond to infectious agents and developing tumors.
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