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Lymphomas and leukemias are the most common cancer in children and young
adults and in

utero

exposure to carcinogens may contribute to the etiology of these

cancers. A polycyclic aromatic hydrocarbon (PAH), dibenzo[a,l]pyrene (DBP), was
administered to pregnant mice (15 mg/Kg b.w., gavage) on gestation day 17. Significant
mortalities in young offspring were observed due to T-cell lymphoma. Lung and liver
tumors also were observed in survivors at 10 months of age. To assess the role of the

Aryl Hydrocarbon Receptor (AHR), we utilized crosses ofB6129SF1/J (responsive) mice
with strain 129S1/SvImJ (non-responsive). Offspring born to AHR non-responsive
mothers had greater susceptibility to lymphoma, irrespective of offspring genotype.

Responsive offspring displayed increased mortality if the mother was responsive. Lung
adenomas showed Ki-ras mutations and exhibited a 50% decrease and a 35-fold increase
in expression of Rb and p19/ARF mRNA, respectively.

To examine the risk/benefit of maternal dietary phytochemical treatment against
transpiacental cancer, 2000 ppm indole-3- carbinol (13C) was given to pregnant mice

through diet from gestation day 9 till weaning. 13C significantly lowered mortality
caused by lymphomas regardless of the maternal genotype, and also reduced lung tumor
multiplicity in offspring born to AHR b-l/d dams. Distribution of 13C in most maternal
and fetal tissues was quantified following a single gavage of ['4C]-13C to the pregnant
mice. DBP-DNA adducts were observed in both maternal and fetal tissues by 33P
postlabeling and HPLC analysis and were modulated by 13C and AHR genotype. 13C

also modulated phase I and phase II enzyme protein expression in dams and gene
expression in newborn thymus. 13C chemoprotection may involve modification of the

bioavailability of DBP to the fetus and/or modulation of gene expression in the fetus as
well.

This is the first demonstration that transpiacental exposure to an environmental PAH
can induce a highly aggressive lymphoma in mice. These results raise the possibility that
PAH exposures to pregnant women could contribute to similar cancers in children and
young adults and, that the addition of chemoprotective agents to the maternal diet may
reduce cancer risk among offspring.
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Indole-3-Carbinol in the Maternal Diet Provides Chemoprotection for the Fetus Against
Transpiacental Carcinogenesis by Dibenzo[a,l]pyrene in the B6 129 Mouse Model: Role
of the Aryl Hydrocarbon Receptor

Chapter 1

Introduction

Lymphomas and leukemias are the most common cancers in U.S. children and the
dominant form is acute lymphoblastic leukemia (ALL) (Anderson 2004; Lightfoot and
Roman 2004; Jensen et al. 2004). Approximately 80-90% of childhood cancer is of
unknown etiology, but evidence exists for a contribution from in utero exposure to
environmental chemicals including cigarette smoke and pesticides (Alexander et al. 2001;

Ma et al. 2002; Jensen et al. 2004; Flower et al. 2004). Transpiacental exposure to
polycyclic aromatic hydrocarbons (PAHs), a group of environmental pollutants produced
from the incomplete combustion of many organic materials, has been shown to cause
DNA damage in newborns (Whyatt et al. 1998, 2001) and is also associated with
increased cytogenic damage that has been linked to childhood leukemia (Bocskay et al.
2005).

Rodent models have been used to elicit mechanisms of carcinogenesis. There are
several transpiacental models utilized by different laboratories to study chemically
induced cancer, however, the primary targets for these transpiacental carcinogens were
lung and liver. There were no reports of lymphoma from transpiacental exposure to
chemical carcinogens.
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The Aryl Hydrocarbon Receptor (AHR), which is involved in PAH metabolism
through induction of cytocbrome P-450 (CYP), has been shown to play a significant role
in tumorigenesis. In mice, the AHR gene exists as four alleles (AHR', AHR b-2 AHRb3
and AHRd). Different strains of mice exhibit differential sensitivity to environmental

carcinogens depending on their genetic makeup, such as their binding affinity for the

AHR and/or allelic variations in loci such as Ki-ras. AHR, AHRb2 and AHRb3 alleles
encode high-affinity receptors in responsive strains (e.g., C57BL/6J, BALB/c, A/J). The
AhR" allele encodes a low-affinity receptor in non-responsive strains (e.g., DBA/2J,
1 29/svJ). Crosses between AHRb and AHRd strains have shown that responsiveness is

dominant (Thomas et al. 2002).

To better understand PAH and transpiacental carcinogenesis, especially
lymphoma, our laboratory utilized a novel transplacental mouse model, the heterozygous

AHR responsive B6l29 SF1/J (AHRl'd) mouse crossed with the AHR non-responsive
129Sv/ImJ (AHR) mouse. The advantage of using the B6129F1 was perceived to be
that this is the more conmion genetic background for knockout mouse models that could
be employed in future studies to examine the mechanism(s) of PAH-dependent
transplacental carcinogenesis. Also, it provides an equal number of AHR responsive and
AHR non-responsive offspring within two separate maternal AHR environments. Thus,
we could directly examine the effect of both maternal and fetal AHR genotypes on
transplacental carcinogenesis.

Dibenzo[a,l]pyrene (DBP) (Figure 1-lA) is the most potent PAH carcinogen in
fish (Reddy et al. 1999a, 1999b) and rodent models and is a multi-organ carcinogen in

the mouse, producing cancers of the ovary, skin, uterus and liver in addition to

production of lymphomas (Higginbotham et al. 1993; Buters et al. 2002). DBP had been
detected in cigarette smoke (Snook et al. 1977) and coal smoke (Mumford et al. 1995).
There has been no report of DBP in the literature as a transpiacental carcinogen.

CH2OH
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Figure 1-1. Structure of Dibenzola,1]pyrene (A) and Indole-3carbinol (B)
We hypothesize that DBP is a transpiacental carcinogen in this mouse model and
causes liver and lung cancers as well as lymphoma in offspring. Furthermore, the
transplacental cancer caused by DBP will be related to maternal and fetal AHR genotype.

DBP may also cause Ki-ras mutation in offspring tumors. To test these hypotheses, we
conducted a transplacental experiment presented in chapter 2.

Phytochemicals have been studied as chemoprotective agents against cancer over
the past 20 years (Greenwald and McDonald 1997, Greenwald 1999; Kelloff et al. 2000).

However, to our knowledge none of the chemoprotective phytochemicals under test have

ru

been evaluated in a transplacental model. These phytochemicals are consumed in the diet
or taken as supplements by women of childbearing age. The relative risk/benefit for the
fetus is unknown.

Indole- 3-carbinol (13C) (Figure 1-1B) is a major component of cruciferous

vegetables and chemoprotective in a number of animal studies (reviewed by Dashwood
1998). 13C is also available to the public as an over the counter dietary supplement and is

undergoing clinic trials for chemoprotection of women against breast cancer (Bell et al.
2000; Lawrence et al. 2000). One hypothesized mechanism of action of 13C and its acid
condensation products is that they function as blocking agents via modulation of phase I

enzymes, cytochrome P450s (CYPs) and phase II enzymes (glutathione S- transfereases
(GSTs) and UDP-glucuronosyltransferases (UGTs)) which play important roles in the
carcinogenesis of PAHs. The induction of CYPs often results in bioactivation of PAHs to
active intermediates which covalently bind to DNA, leading to gene mutations and
cancer. Induction of GSTs and UGTs usually represents detoxification (Sundberg et al.
2002).

In experiments presented in chapter 3, 2000 ppm of 13C was added to the diet of

pregnant mice from gestation day 9 through nursing, and the chemoprotective effects of
13C, as a function of maternal and fetal AHR genotype, was studied.

Based on our transpiacental tumor data shown in chapters 2 and 3, we focused on
the mechanism of DBP transpiacental carcinogenesis and 13C protection in chapter 4.
The bioavailability of 13C to maternal and fetal tissues, the molecular dosimetry of DBP

in maternal and fetal target organs, the induction of phase I and phase II enzymes and a

comprehensive gene expression profile in neonate thymus are all presented in this
chapter.

Chapter 2

In Utero

Exposure of Mice to Dibenzo[a,l]pyrene Produces Lymphoma in the Offspring:
Role of the Aryl Hydrocarbon Receptor

Zhen Yu, Christiane V. Loehr, Kay A. Fischer, Mandy A. Louderback, Sharon K.
Krueger, Roderick H. Dashwood, Nancy I. Kerkvliet, Clifford B. Pereira, Jamie E.
Jennings-Gee, Stephanie T. Dance, Mark Steven Miller, George S. Bailey and David E.
Williams
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ABSTRACT
Lymphomas and leukemias are the most common cancer in children and young
adults and in utero exposure to carcinogens may contribute to the etiology of these

cancers. A polycyclic aromatic hydrocarbon (PAH), dibenzo[a,l]pyrene (DBP), was
administered to pregnant mice (15 mg/Kg b.w., gavage) on gestation day 17. Significant
mortalities in offspring, beginning at 12 weeks of age, were observed due to an
aggressive lymphoma, diagnosed as T-cell lymphoblastic lymphoma (T-LBL).
Lymphocytes invaded numerous tissues including thymus, spleen, liver, kidney and lung.

All mice surviving 10 months, exposed in utero to DBP, exhibited lung tumors; some
mice also had liver tumors. To assess the role of the Aryl Hydrocarbon Receptor (AHR)

in DBP transplacental cancer, we utilized crosses ofB6129SF1/J (AHR"', responsive)
mice with strain 129S 1/SvImJ (AHRdId, non-responsive). This design allowed for
determination of the effect of both maternal and fetal AHR status on carcinogenesis.

Offspring born to AHR non-responsive mothers had greater susceptibility to lymphoma,
irrespective of offspring genotype. If the mother was responsive, an AHR responsive
genotype in offspring increased mortality two-fold. In DBP-induced lymphomas, no
evidence was found for TP53, 13-catenin or Ki-ras mutations, but lung adenomas of mice

surviving to 10 months of age had G+T transversion (Cys) and G*A transition (Asp)
mutations in Ki-ras codon 12, as well as G*C transversions (Arg) in codon 13. Lung
adenomas exhibited a 50% decrease and a 35-fold increase in expression of Rb and
p1 9/ARF mRNA, respectively. This is the first demonstration that transpiacental
exposure to an environmental PAH can induce a highly aggressive lymphoma in mice,

and raises the possibility that PAH exposures to pregnant women could contribute to
similar cancers in children and young adults.

INTRODUCTION
Lymphomas and leukemias are the most common cancers in U.S. children
(Anderson 2004; Lightfoot and Roman 2004). Although childhood cancers represent less
than 1% of all cancers, the 12,400 annual cases result in 2,300 deaths, the greatest cause
of disease-related deaths in U.S. children, second only to accidents among all childhood

deaths. Approximately 80-90% of childhood cancer is of unknown etiology, but
evidence exists for a contribution from in

utero

exposure to environmental chemicals

including cigarette smoke and pesticides (Alexander et al. 2001; Ma et al. 2002; Jensen et

al. 2004; Flower et al. 2004). However, the evidence is equivocal, and only in

utero

exposures to ionizing radiation and diethyistilbestrol have been definitively linked to
enhanced cancer rates in children and young adults (Anderson 2004).

In rodent models, transpiacental carcinogenesis has been induced by
environmental chemicals such as the tobacco-specific nitrosamine, 4-(methylnitrosamino)

-1-(3-pyridyl)-1-butanone (NNK) (Anderson et al. 1989), the food mutagen, 2-amino-imethyl-6-phenylimidazo[4,5-b]pyridine (PhIP) (Hasegawa et al. 1995) and the PAH, 3methyicholanthrene (3-MC) (Miller et al. 1 990a, 1 990b; Miller 1994). The primary

targets for these transpiacental carcinogens were lung and liver. PAHs are environmental
pollutants produced from the incomplete combustion of many organic materials including
cigarettes, coal, cooking oil, wood and diesel. The Aryl Hydrocarbon Receptor (AHR),
which is involved in PAH metabolism through induction of cytochrome P-450 (CYP),

has been shown to play a significant role in tumorigenesis. Different strains of mice
exhibit differential sensitivity to environmental carcinogens depending on their genetic
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makeup, such as their binding affinity for the AHR andlor allelic variations in loci such

as Ki-ras. For example, transplacental administration of 3-MC to backcrosses between
B6D2F1 (AHR

Id

responsive) and D2 (AHRdId, non-responsive) mice, results in lung

and liver tumors in offspring 1 year after birth (Miller 1994). An AHR non-responsive
maternal genotype enhances risk of carcinogenesis to the fetus. In contrast, if the fetus is
AHR responsive, the tumor incidence is higher regardless of the maternal genotype

((Miller et al. 1990a, 1990b, 1998; Miller 1994). The role of the AHR appears to be

through regulation of Cyplal and/or Cypibi, both of which metabolize 3-MC (and other
PAHs) to carcinogenic metabolites (Miller et al. 1 990b, 1989; Miller 1994; Shimada et al.
1996, 2001; Luch et al. 1998; Kleiner et al. 2004). In the AHR responsive mother,

induction of Cyplal and/or Cypibi is thought to result in enhanced maternal metabolism
and reduced bioavai!ability to the fetus, compared to the non-responsive mother. A
responsive fetus exhibits enhanced risk for tumor formation, independently of the

maternal genotype, as induction of Cyplal and/or Cypibi in target organs produces
greater bioactivation. In the B6D2F1 x D2 crosses, 3-MC transpiacentally induced lung
and liver adenomas and carcinomas in one year old offspring with a high incidence of Kiras mutations (Wessner et al. 1996; Leone-Kabler et al. 1997; Gressani et al. 1998). Kiras mutations, resulting in activation of Ki-ras, have been linked to tumor susceptibility.
Allelic polymorphism in Ki-ras confers differential susceptibility to mutation of this gene

as a result of exposure to PAHs. A polymorphism in the second intron of Ki-ras, deletion
of a 37 bp repeat, has been linked to lung tumor susceptibility, compared to animals
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without this deletion, which are classified as Ki-ras-resistant strains containing the Kiras' allele (Ryan et al. 1987; Malkinson 1999).

DBP is the most potent PAH carcinogen in fish (Reddy et al. 1999a, 1999b) and
rodent models and is a multi-organ carcinogen in the mouse, producing cancers of the
ovary, skin, uterus and liver in addition to production of lymphomas (Higginbotham et al.

1993; Buters et al. 2002). DBP is a PAH containing both a bay region and a fjord
region. CYP metabolism produces the very potent mutagenic and carcinogenic fjord
region metabolite, (-)-anti-(11R,125)-dihydrodiol 13S,14R-epoxide ((-)-anti-DBPDE)
(Melendez-Colon et al. 1997, 1999; Luch et al. 1999a; Mahadevan et al. 2003). Studies

with knockout mice have demonstrated a crucial role for Cypibi metabolism in DBP
(and other PAHs) carcinogenesis (Buters et al. 1999, 2002, 2003; Heidel et al. 2000).
These results are consistent with studies using expressed human and mouse enzymes,

which show Cypibi to have greater activity in generating (-)-anti-DBPDE, relative to
Cyp 1 al or Cyp 1 a2. Cyp lb 1 is abundant in many extrahepatic tissues of fetal and adult

mouse and is regulated in part through the AHR (Hakkola et al. 1997; Xu and Miller,
2004; Xu et al. 2005).

In this study we demonstrate, for the first time, that DBP is a transpiacental
carcinogen in the mouse producing mortalities due to an aggressive thymic lymphoma as

early as 3 months of age. The maternal, as well as the fetal AHR genotype, influenced
the risk of DBP-dependent mortality. In mice surviving to 10 months of age, a 100%
tumor incidence was observed in the lung, with additional tumors observed in the livers

of some mice. DBP- transpiacental production of T-cell lymphoblastic lymphoma (T-
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LBL) in young adult mice, as well as lung and liver cancer in middle-age mice, raise
concerns about the risks to humans from in

utero

exposures to PAH carcinogens.

MATERNAL AND METHODS
Chemicals and diets. DBP was obtained from the NCI chemical carcinogen
repository, Midwest Research Institute (Kansas City, MO) at a purity greater than 98%
by HPLC analysis. AIN93G and AIN93M diets were obtained from Dyets, Inc.
(Bethlehem, PA).

Treatment of mice. Eight week old B6129SF1/J and 129S1/SvImJ mice were
purchased from The Jackson Laboratory (Bar Harbor, Maine) and housed in the
Laboratory Animal Resource Center at Oregon State University under controlled
conditions of 20 ± 1° C and 50± 10% humidity and a light/dark cycle of 12 h in microisolator cages (Super Mouse 750TM MicroIsolatorTM, Life Products, Inc., Seaford, DE)

with CareFRESH bedding. Mice were fed powdered AIN93G diet ad

libitum

throughout

breeding and gestation and offspring were fed pelleted AIN93G diet for the first three
months and continued with A1N93M diet ad

lib

until euthanized. Reciprocal crosses

between B6 129SF 1 /J and 1 29S 1 /SvImJ mice were carried out to produce fetuses

gestating in both AHR responsive and non-responsive, respectively, environments. On
the 17th day of gestation, pregnant mice were treated with either vehicle (corn oil,

5 ml/Kg b.w.) or 15 mg/Kg b.w. DBP in corn oil by gavage. Upon delivery, the number
and sex of live births were recorded. The offspring were nursed for 21 days and then
weaned onto AIN93G diet and each sex from the same litter (up to S per cage) housed in
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micro-isolator cages. Sentinels were housed in the same colony and tested commercially
for viral or bacterial pathogens and parasites; (MU Research Animal Diagnostic
Laboratory, Columbia, MO); all tests were negative. Upon signs of morbidity, pain or
distress the mice were euthanized with an overdose of CO2 and necropsied. Surviving
mice were euthanized at 10 months of age and necropsied. All procedures for treatment,
housing and euthanasia of the mice used in this study were approved by the Oregon State
University Institutional Animal Care and Use Committee.

Histopathology and immunohistochemistry. The following tissues were
collected at necropsy: heart, thymus, lung, spleen, liver, kidney, abnormal lymph node,

testes or ovaries, colon and skin. Tissues were fixed in 10% formalin, stained with H&E
and analyzed by light microscopy. For determination of the cellular origin of the

lymphoma, tumors were stained and analyzed by immunohistochemistry (n20) and by
flow cytometry (n=4) and were demonstrated to be of T-cell origin. For
immunohistochemistry, tissues were sectioned at 4-5 microns and placed on Microprobe

slides (Fisher). Following rehydration, slides underwent high temperature antigen
retrieval using citrate buffer, pH 6.0 (Dakocytomation, Carpinteria, CA) for 10 mm in a
microwave pressure cooker (Tendercooker) and cooled to room temperature for 20 mm.

Slides were washed in Automation buffer (Biomeda, Foster City, CA) followed by
blocking in 3% H2O2 in methanol for 10 mm. After washing in dH2O, slides were placed

in the Microprobe capillary gap slide holder (Fisher) and repeatedly washed and blotted
to ensure good capillary flow. Slides were blocked first in 1.5% normal goat serum,
washed and blocked with Serum Free Blocking Solution (Dakocytomation) for 10 mm
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and then blotted. Primary antibody was applied for 30 mm at room temperature. CD-3
antibody was AbCam ab5690 at a dilution of 1:100 in antibody diluent with background
reducing compounds (Dakocytomation). The negative control was Universal Negative
Control Rabbit (Dakocytomation). Slides were blotted and washed 6 times in Automation
buffer followed by Envision + HRP rabbit polymer (Dakocytomation) for 45 mm and
again washed and blotted in Automation buffer. The chromagen Nova Red (Vector
Laboratories, Burlingame, CA) was applied for 5 mm. Slides were counterstained in Gill
hematoxylin (Shandon, Pittsburgh, PA) followed by 1% lithium carbonate for 30 s,
cleared in xylene and coverslipped.

The lung tumors were diagnosed as hyperplasia, adenoma, adenoma with
progression, and carcinoma (Foley et al. 1991) and the liver tumors as foci and adenoma.

Typing of tumor cells by flow cytometry. Single cell suspensions of tumor cells
were in media supplemented with 10% FBS and 15 mM HEPES. Debris was allowed to
settle by gravity. Viability of the cells was determined microscopically by trypan blue
exclusion. Cells were washed and resuspended in PBS containing 1% BSA and 0.1%
sodium azide. Nonspecific binding of antibodies to Fc receptors was blocked with

hamster and rat IgG (Jackson Immunoresearch, West Grove, PA). The cells were stained
with fluorochrome-labeled antibodies to CD3 (145-2C1 1), CD4 (GK1.5), CD8 (53-6.7)

and B220 (RA3-682), all purchased from BD Biosciences. For some samples, cell
viability was determined using propidium iodide. Separate samples were stained with
isotype-matched immunoglobulin to determine nonspecific binding. Data were collected
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on freshly stained cells using a Beckman-Coulter FC500 flow cytometer. Data analysis
was performed using Winlist software (Verity Software House).

Analysis of Ki-ras mutations and quantitative PCR for mRNA expression
levels of Rb, p16/Ink4a, cyclin Dl and p19IARF. Allele specific oligonucleotide
hybridization (ASO) was performed for Ki-ras mutation analysis. For Ki-ras analysis of
lymphomas, DNA was purified from tumor tissue samples using the Promega Wizard
Genomic DNA Purification Kit according to the manufacturer's instructions (Promega

Corporation, Madison, WI). For lung adenomas, DNA was prepared for Ki-ras analysis
from paraffin-embedded tumor samples by tissue lysis in 100 p1 digestion buffer (50 mM
Tris-HC1, pH 8.0, 0.5% Tween 20 with freshly added Proteinase K at a final

concentration of 200 pl/ml). Samples were digested overnight at 37°C and the Proteinase
K inactivated the next day by heating at 95° C for 8 mm. Two (lymphoma) or 10 (lung

adenoma) t1 of DNA isolated from each tumor were amplified using specific primers for

exons 1 and 2 of the Ki-ras gene. All ofthereactions were carried out in a 100 p1
reaction volume using either 2 units of AmpliTaq Gold (Perkin Elmer Life Sciences,

Boston, MA) or 4 units of Eppendorf Taq (Brinkman Instruments, Inc., Westbury, NY)
with supplied reaction buffers (supplemental Mg2 as either MgC12 (2.5 mM, Ampli Taq)

or MgOac (1 mM, Eppendorf Taq)), 200 pM dNTPs, and amplimers for exons 1 or 2
(exon 1 only for adenomas) of the Ki-ras gene, added at a final concentration of 0.2 pM
and overlaid with 100 p1 of mineral oil. After denaturation for 2 mm at 94°C, the samples
were amplified by 40 cycles of denaturation for I mm at 94°C, annealing for 2 mm at
55°C (lymphomas, exon 1) or 60°C (adenomas, exon 1), and extension for 2 mm at 72°C,
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followed by a final extension step for 7 mm at 72°C. Primers for exons 1 and 2 of Ki-ras

were synthesized by Integrated DNA Technologies (IDT, Corallville, IA). Primer
sequences for exon 1 (lymphomas) were forward 5'-ATGACTGAGTATAAACTTGT,
and reverse 5'-TCGTACTCATCCACAAAGTG, which produced a 98-bp fragment; or
for lung adenomas; forward 5'-GACTGAGTATAAACTTGTGGTGG and reverse 5'CAAAGCACGGATGGCATCTTG, which produced either a 383-bp fragment in mice

harboring the Ki-ras' allele in B6 mice or a 345-bp fragment in mice with the KirasS
allele; primer sequences for exon 2 (lymphomas only) were forward 5'-TACAGGAAAC
AAGTAGTAATTGATGGAGAA, and reverse 5 '-ATAATGGTGAATATCTTCAAATG
ATTTAGT, which produced a 171 -bp fragment. Each amplification reaction included
procedure controls, which lacked tumor tissue but were mock extracted and taken through

the entire protocol, and negative buffer controls for the PCR amplification reactions. All
samples were amplified in a BioRad iQCycler thermocycler. The sizes of the PCR
products were confirmed on a 2% agarose gel.

For lymphomas and lung adenomas homozygous for Ki-ras, 30 jl of PCR
products, diluted in 170 p1 of sterile water, were heat denatured and blotted directly onto a

Nytran membrane filter (Schleicher & Schuell, Keene, NH) using a Schleicher & Schuell

minifold II slot blot apparatus. For lung adenomas heterozygous for Ki-ras, Southern
blotting was performed to separate the two alleles for determination of the identity of the

allele of Ki-ras containing mutations. Twenty p1 of PCR products were electrophoresed
on 1% agarose gels, denatured for 30 mm in 1.5 M NaC1, 0.5mM NaOH, followed by
neutralization for 30 mm in 1 M Tris-HC1 (pH 7.4), 1.5 M NaCI. Gels were then

17

subjected to capillary transfer overnight in 20X SSC onto Ambion BrightStar-Plus

positively charged nylon membranes (Ambion, Austin, TX). The amplified DNA
products were fixed to the membrane by ultraviolet cross linking, and the filters were
prehybridized in 5 x SSC, pH 7.0, 50 mM sodium phosphate, pH 7.0, 5 X Denhardt's

solution, 0.5% SDS, 100 jig/mi of salmon sperm DNA at 37°C for 1.5 h. Membranes
were hybridized overnight in the prehybridization buffer containing 5 x 1

6

cpm/ml of a

20-hp oligonucleotide to mouse Ki-ras codons 12, 13 (lung adenomas, 12 and 13 only),
or 61 (Clontech, Palo Alto, CA). The oligomers were 5'-end-labeled with 32P to a specific

activity >l0 cpm/pmol using T4 DNA polynucleotide kinase. After hybridization, the
filters were washed under stringent conditions (3°C below the Tm) that allowed only fully

matched probes to remain bound to DNA (Xu and Miller 2004; Xu et al. 2005). The blots
were visualized on a Molecular Dynamics Typhoon 8600 Phosphorlmager 445 SI

(Sunnyvale, CA). In addition to ASO analysis, for lymphoma samples, approximately
50% of the initial PCR products from exon 1 were directly sequenced by the Wake Forest
University School of Medicine DNA Sequencing and Gene Analysis Facility. Direct PCR
sequencing was performed using the ABI PRISM Dye Terminator Cycle Sequencing

Ready Reaction Kit (Perkin Elmer Life Sciences) according to the manufacturer's

instructions to confirm the results of the ASO analysis. For lung adenomas all ASO
detected mutations were confirmed by sequence analysis.

For quantitative PCR for mRNA expression levels of Rb, p16/Ink4a, cyclin Dl
and p1 9/ARF SYBR Green fluorescence dye was used. Total RNA was isolated from

lung tumor samples using Qiagen RNAeasy mini Kit (Qiagen Inc. Valencia, CA). cDNA
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synthesis was performed by RT-PCR using the iScript eDNA Synthesis Kit (Bio-Rad,

Hercules, CA), with the reaction conditions recommended by Bio-Rad. Primers were
designed using IDT web-site primer design software to avoid amplification of

contaminating genomic DNA by placing primers to amplif' across adjoining exons.
Plasmid external standards were generated for each target gene as essentially described in
Xu and Miller (2004) as well as for -actin for normalization of RNA input and RT
efficiency. Briefly, target gene standards were PCR amplified from mouse tissue cDNA

using primers described in Table 2-1 (standards). These PCR products were directly
cloned into TOPO TA cloning vectors as specified by Invitrogen (Carlsbad, CA).

Isolated clones were grown in culture media and positive clones were selected by reamplification from the culture of the desired product. Plasmid DNA for each target gene
cDNA fragment was purified with the Plasmid Mini Kit (Qiagen, Valencia, CA) and
verified by DNA sequencing (by the Wake Forest University DNA sequencing core

laboratory, as described above). The cDNA plasmid concentrations were measured by
optical density spectrophotometry and copy numbers calculated as in (Xu and Miller,
2004). Serial dilutions from the cDNA plasmid standards were used to generate standard

curves (range with

108

- 101 copies). To minimize inter-assay variability, sample

analyses in all experiments were performed with the same dilution series for each genespecific standard. All real-time RT PCR reactions were initially denatured for 4 mm at
94° C and then amplified for 40 cycles with 30 s steps for denaturation, annealing and

extension using optimized annealing temperatures and primers shown in Table 2-1 (realtime). Only data generated with a PCR efficiency falling between 95-105% were used.

Table 2-1 Conditions used for real-time RT PCR analysis of Rb, pl6Ink4a, cyclin Dl, p19ARJF and 13-actin
Gene
(accession #)

Primer Sequence

Primer Sequence

(F)

(R)

Real-time
Annealing
Temp (°C)

CAGGAGGAGCAATGATCTTGA
GAGAGGACAAGCAGGTTCAAGGTT

58.7

Rb (E12560)

ATTGCTGACAGGATGCAGAA
CCCTTGCATGGCTTTCAGATTCAC

(standard)
Rb (real-time)
Cyclin Dl

CCTTGCATGGCTTTCAGATTCACC
TGTTCGTGGCCTCTAAGATGAAGG

CCTTCTCCATCCTTGGACTGCTTA
CAGGTTCCACTTGAGCTTGTTCAC

59

GTTCGTGGCCTCTAAGATGAAGGA

CACTTGAGCTTGTTCACCAGAAGC

59

CAACGCCCCGAACTCTTT

TTGAGCAGAAGAGCTGCTACGT

CAACGCCCCGAACTCTTT

GCAGAAGAGCTGCTACGTGAAC

3-actin (X03765)*

PCR
Length
(bp)
78

94
63

136

(BC04484 1)

(standard)
Cyclin Dl
(real-time)
pl 6

128
81

(AF332 190)

(standard)
p164'
(real-time)
1 9ARF(L76092)

GGCTAGAGAGGATCTTGAGAAGAGG GCCCATCATCATCACCTGGTCCAGG

¶ Additional exon-intron boundary information obtained from Ensembi Mouse Genome Browser.
*Same primer set used for both generation of the standard and real-time analysis.

59

77

61.2

63
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At completion melt-curve analysis was performed to ensure the generation of a single

product. Florescence data was collected from replicate wells (minimum of 2) for each
sample and extrapolated by ICycler software (Bio-Rad, Hercules, CA), using software set
thresholds to determine copy number based on standard curves generated from the cDNA

standard dilution series. All samples were normalized against 3-actin to control for
differences in RNA input and reverse transcriptase efficiencies.

Analysis of f-catenin and TP53 mutations. Following the isolation of genomic
DNA from thymic lymphomas and normal mouse thymus, mutation screening was
performed using PCR-based single-strand conformation polymorphism (SSCP) analysis
coupled with direct sequencing. Screening of the 13-catenin gene

(CInnbl)

was conducted

as reported previously (Blum et al. 2003), with primers flanking a 150-b p region that

encompassed codons 31-45. The same basic approach was used in subsequent
experiments that examined hotspot regions in exons 5, 6, 7 and 8 of the TP53 gene.

Primers and PCR conditions were as reported previously (Salim et al. 2003).

Genotyping for AHR b-i and d alleles. At necropsy, an 8 mm ear-punch was
collected and lysed overnight at 55°C in 100 p.1 of DirectPCR Lysis Reagent (Viagen

Biotech, mc, Los Angeles, CA) containing proteinase K, followed by 45 mm at 85°C.

The lysis reaction was centrifuged for 10 s and was used directly in a PCR reaction with
allele-specific primers to permit one-tube genotyping of the AHR alleles. Discrimination

of genotypes was based on fixed strain- and allele-specific differences in exon 10 at

AA589 and AA591. The common forward primer was: 5'-GAAGCATGCAGAACGAG

GAG. Allele-specific reverse primers were: AHRbI, 5'-caagcttataTGCTGGCAAGCçG
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AGT TCAG; and AHRd, 5'-TGCTGGCAAGCGGAGTTCATL Lowercase nucleotides
do not match the mouse sequence but allow allele-specific size discrimination of
products, while underlined nucleotides distinguish the AHR alleles. A 10 pA PCR
reaction contained lx GeneAmp buffer and 0.25 units AmpliTaq Gold polymerase
(Applied Biosystems), 3.5 mM MgCl2, 0.2 mM of each dNTP, 0.2 p.M of each primer

and 0.8 p.1 DNA. PCR cycling conditions included an initial 10 mm 95°C enzyme
activation step that was followed by 28 cycles of: 45 s at 95°C to denature the DNA; 45 s
at 58°C for primer annealing; 1 mm at 68°C for extension. A fmal cycle with a further 10
mm extension at 68°C concluded the reaction. PCR products were separated on Novex®

8% TBE gels (Invitrogen Life Technologies, Carlsbad, CA). AHR b-l/d heterozygotes
yielded two PCR products of 158-bp and 148-bp, respectively. AHR did homozygotes
yielded a single product of 148-bp. The molecular weight ladder was MspI cut pBR322

DNA (New England Biolabs, Beverly, MA). Ethidium bromide was used to stain the
DNA; visualization was by UV.

Statistical analysis. For comparing diet treatments, the experimental unit is the
pregnant female and the litters represent clusters for analyzing measurements made on

the offspring. Cox (proportional-hazard) regression was used for survival modeling with
litters as clusters (marginal model) to get robust standard errors and z-tests for comparing
groups (coxph function in S-plus version 6.2 as described previously (Themeau and

Grambsch 2000). Linear models (SAS for Windows) were used for analyzing mRNA
expression levels from real-time RT-PCR. A mixed model with random litters was used
whenever there was any evidence of "litter effects" (non-zero litter variance component
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in the SAS Mixed procedure). Otherwise, for two groups the model reduced to a t-test
with either equal- or unequal-variance (in the SAS t test procedure). Litter sizes were
analyzed with the Wilcoxon rank-sum test (in the SAS Nparlway procedure).

RESULTS
The treatment protocol used here resulted in four experimental groups of
offspring (Table 2-2). Treatment of pregnant mice with a single 15 mg/kg dose of DBP
by gavage on day 17 of gestation did not elicit acute maternal or fetal toxicities; there was
no significant DBP-dependent reduction in litter size (Table 2-2) or birth weight (data not

shown). The AHR responsive mothers had significantly larger litters and the ratio of
responsive to non-responsive pups was greater than unity (Table 2-2), as has been
previously observed with the B6D2F1 mothers compared to D2 mothers in the 3-MC
transpiacental carcinogenesis model (Anderson et al. 1995). Beginrting at approximately
3 months of age, offspring exposed to DBP

in utero

had difficulty in breathing, as well as

anemia and hypoxia that resulted in morbidity requiring euthanasia. Most mortality
occurred between 3-6 months of age (Figure 2-1). Gross necropsy revealed large thoracic

masses and enlarged spleens, livers and lymph nodes. There was no sex difference with
respect to DBP-dependent mortality (data not shown). The cause of death was
determined to be an aggressive lymphoma that involved numerous organs, and in some

cases normal tissue was difficult to find (Figure 2-2). Lymphoblasts were arranged in
sheets, had medium to large nuclei with one to multiple nucleoli and a high number of

mitotic figures. Tumor cell degeneration and death was frequent and resulted in a starry
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sky appearance. Immunohistochemistry (Figure 2-3) demonstrated that these cells were

CD3+. Flow cytometric analysis of the thymic tumors from 4 mice confirmed a T cell
phenotype (CD3+, B220-). Of three tumors that were further characterized, two
expressed CD4-CD8+ predominately and one expressed both CD4-CD8+ and
CD4+CD8+ phenotypes. Based on these findings, the lymphomas were classified as a T-

cell lymphoblastic lymphoma. An uncommon heart lesion was noted in a few of the
offspring exposed to DBP in utero and was characterized by an endothelial proliferation
resembling hemangiosarcoma.

Table 2-2 Effect of treatment and genotype of dam on litter size, genotype, gender
ratio and survival of offspring
Treatment and genotype
of dam
(# of offspring)

Litter size *

Control- AHR responsive
(n=55)
DBP-AHR responsive

7.8 ± 0.5 a

7.1 ±0.6 a

(n121)
Control-AHR non-responsive
(n=53)
DBP-AHR non-responsive

(n102)

4.8 ± 0.6

b

Genotype ratio
(AHR h/d: AHR )

Gender ratio
(male:female)

Mortality at
10 months
(%)

1.50

1.20

5.5

(32:21)

(30: 25)

(3/55)

1.35

1.09

68.6#

(65:48)

(63: 58)

(83/121)

1.08

1.30

11.3

(27:25)

4.1 ± 0.4

b

(30: 23)
(6/53)
89.2#
0.71
0.82
(39:55)
(46: 56)
(91/102)
6; different superscripts indicate statistically significant

*Lifter size data is presented as mean + SE, n
difference (p < 0.05 by Wilcoxon rank test)
Survival was lower in DBP treated groups compared to controls for AHR responsive dams and AHR non
responsive dams (p<O.000I both cases).

When the study was terminated at 10 months, 89% and 69% of the mice born to
DBP-treated non-responsive and responsive mothers, respectively, had succumbed to

lymphoma. Several mortalities were observed over this same period in offspring born to
mothers given corn oil alone and none of these mice had neoplasms. Looking at all
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offspring together, a non-responsive maternal AHR genotype enhanced the risk of
mortality 1.8-fold compared to the responsive maternal AHR genotype (Figure. 2-lA)

(p0.004). When the genotype of the offspring is considered, AHR responsiveness led to
greater risk of mortality in both maternal genotypes (Fig. 2-1B). When the mother was
AHR responsive, the estimated increased risk for responsive offspring was 2.1-fold (p =

0.007). When the mother was AHR non-responsive, the estimated increased risk was
only about 1.4-fold (p 0.21). Although the observed effect of offspring genotype was

larger in AHR responsive mothers, the difference was not statistically significant

(interaction in two-way factorial model, p=O.3). The ratio of AHR responsive: nonresponsive offspring was somewhat lower (0.71) in litters from non-responsive mothers

treated with DBP (Table 2-2). This may indicate

in utero

toxicity in responsive pups

exposed to a higher dose of DBP, due to greater carcinogen bioavailability from the
nonresponsive mothers, in agreement with the results obtained previously by Miller's
laboratory with 3-MC (reviewed in Miller 2004).
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Figure 2-1. Survival of offspring born to AHR responsive or non-responsive mice
treated with DBP on day 17 of gestation.
A. Survival of offspring born to DBP treated dams compared with control groups.
% Survival = live offspring / total offspring of this group x 100%. (A); offspring born
to AHR responsive dams treated with corn oil; total n = 55. (Y); offspring born to AHR
non-responsive dams treated with corn oil; total n = 53. (.);offspring born to AHR
responsive dams treated with DBP; total n = 121. (a); offspring born to AHR nonresponsive dams treated with DBP; total n = 102.
B. Effect of offspring and dam AHR responsiveness on survival. % Survival = live
offspring / total offspring of the same genotype of this group x 100%. (0); nonresponsive offspring (AHR d/d) born to AHR responsive dams treated with DBP; total n =
48. (.);responsive offspring (AHR b1/d) born to AHR responsive dams treated with
DBP; total n= 65. (o); non-responsive offspring (AHR did) born to AHR non-responsive
dams treated with DBP; total n = 55. (a); responsive offspring (AHR b1/d) born to AHR
non-responsive dams treated with DBP; total n = 39.
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Figure 2-2. Histopathology of tissues taken from morbid mice euthanized prior to
10 months of age. Evidence for an aggressive lymphoma invading multiple tissues.
Multiple tissues were taken from mice euthanized prior to the end of the 10 month
study period. Mice were euthanized upon display of signs of morbidity or distress as
described in the IACUC approval for this study. The thymus (A) shows dense sheets of
round cells with little cytoplasm and large nuclei and nucleoli. An example of a mitotic
figure is indicated by the arrow. The spleen (B) was mildly to severely enlarged in all
mice euthanized; diffusely, the red pulp is effaced by neoplastic cells; the horizontal
arrow marks a lymphoid follicle; the vertical arrow highlights infiltration of neoplastic
lymphocytes along the entire margin. The kidney (C) was also a target for infiltration by
the transformed lymphocytes. In the example shown here, little normal tissue with
tubules and glomeruli is visible; an example of a mitotic cell is depicted by the vertical
arrow. In addition, the liver (D), lung (E) and adipose (F) tissue of some mice was
infiltrated with these neoplastic lymphocytes to the degree that little normal tissue
remains.

0

w
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Figure 2-3. Immunohistochemistry for CD3. The cell membrane of neoplastic
lymphocytes invading the kidney is intensely stained. Resident glomerulus and tubules
are unstained. See Materials and Methods for complete experimental detail.

All mice surviving to 10 months of age that were exposed in

utero

to DBP

exhibited hyperplasia, adenoma, adenoma with progression, andlor carcinoma of the lung
(Figure 2-4) compared to a 7-10% spontaneous incidence in offspring born to mothers
given vehicle alone (Table 2-3). The average number of lung tumors in tumor-bearing
mice exposed to DBP was 13.5-14.0, compared to 1.2-1.3 in the controls (Table 2-3). No
significant effect of sex or genotype was discerned on lung tumor multiplicity (data not
shown). Liver tumors (primarily foci with the remainder adenomas) were also observed

C

in mice surviving to 10 months, but only in those exposed to DBP

in utero.

In the case of

liver, there was a marked sex difference in tumor incidence (Table 2-3), such that males

had a much greater incidence than females. There was no effect of genotype on liver
tumor incidence in offspring born to AHR responsive mothers (Table 2-3). In offspring
born to AHR non-responsive mothers, there appeared to be an effect of AHR genotype,

but only a few mice (n1 1) survived to 10 months of age.

Figure 2-4. H & E staining of an adenoma in the lung from a 10 month old mouse
born to a mother exposed to DBP during pregnancy.
A protruding, well demarcated, non-encapsulated mass comprises uniform, cuboidal
cells arranged in a tubulo-acinary pattern that are supported by scant fibrous stroma. See
Materials and Methods for complete experimental detail.

31

Table 2-3 Lung and liver tumors in offspring surviving to 10 months of age
LUNG
Treatment

Incidence
5/50 (10%)

Control- AHR responsive Dam (n50)
DBP-A}IR responsive Dam (n38)
Control-AHR non-responsive Dam (n=46)

DBP-AHR non-responsive Dam (n1 1)

Multiplicity*
1.2 + 0.2

38/38 (100%)

14.0 ± 1.5

3/46( 7%)

1.3 ±0.3

11/11 (100%)

13.5 ± 1.6

LIVER
Treatment

Incidence

DBP-AHR responsive dam
(n=38)
DBP-AHR non-responsive

dam (n1 1)

Male
14/20
(70%)

Female
1/18
(6%)

4/6
(67%)

0/5
(0%)

Multiplicity*

4.5 ±0.9
3.8 ± 0.5

Offspring Genotype
Responsive
5/14
(3 6%)

Nonresponsive
10/24
(42%)

0/3
(0%)

4/8
(50%)

*Datr is presented as mean + SE for multiplicity.

Thymic lymphomas from morbid mice euthanized between 3-6 months of age and
lung tumors from mice necropsied at 10 months of age were analyzed for mutations in
Ki-ras, TP53 and 13-catenin. No mutations in Ki-ras (exon 1, codons 12, 13 and exon 2,
codon 61) or TP53 (exons 5-8) were observed in thymic lymphomas. In the lung, four
tumors spontaneously formed in control mice were determined to be negative for Ki-ras

mutations in codons 12 andl3. Only 3/14 (21%) lung tumors from mice exposed to DBP
in

utero harbored Ki-ras mutations (1 G*T transversion in codon 12 (cys), 1 G*A

transition in codon 12 (asp) and 1 G*C transversion in codon 13 (arg)). This incidence
is much lower than previously observed (80%) in offspring from B6D2F1 x D2 crosses
exposed to 3-MC

in

utero (Miller 2004; Miller et al. 2000; Anderson et al. 1985). We

also examined the expression of Rb, p16/Ink4a, cyclin Dl and p19/ARF in lung
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adenomas by real-time RT-PCR. mRNA levels for p1 6Ink4a and cyclin Dl were
unchanged, Rb was decreased 50% and p19/ARF was enhanced 35-fold (Table 2-4).

Table 2-4 Quantitative real-time PCR of Rb, p16, cyclin Dl and p19 in normal lung
tissue from pups born to untreated mothers and from lung adenomas from pups
born to mothers exposed to DBP
Tissue Sample

Rb*

p16*

Cyclin D1*

p19*

Control (n4)

9.0±1.3

3.6±0.8

24.9±2.8

0.3±0.03

DBP-Lung Adenomas (n13)

4.4±0.6

3.5±0.4

27.8±4.0

10.6±3.9

p-values

p004a

0702b

=09727b

p<00001C

*AlI values are normalized to 3-actin expression (x 1000) and present as mean + SE.
aFrom mixed model with random litter effects. bFrom standard (equal-variance) t-test (no evidence of litter
effects). cFrom unequal variance t-test on log scale (no evidence of litter effects).

DISCUSSION
A number of studies in animal models have demonstrated that environmental
carcinogens are capable of inducing tumors transplacentally (Anderson et al. 1989, Miller

et al. 1990a). Epidemiology studies indicate that

in utero

exposure to xenobiotics can

render children at increased risk for a number of diseases, including cancer (Anderson
2004; Lightfoot and Roman 2004; Alexander et al. 2001; Ma et al, 2002; Jensen et al.

2004; Flower et al. 2004). For example, exposure to the anti-seizure drug phenytoin in
utero,

has been linked to development of T-cel! lymphoblastic lymphoma (T-LBL) in

humans (Murray et al. 1996).
Treatment of the pregnant, AHR responsive, B6D2F 1 (crossed to an AHR non-

responsive D2 male) or a D2 (crossed to a B6D2F1 male) mouse with the synthetic
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model PAH, 3-MC, produces lung adenomas in offspring by 1 year of age (Miller et al.
1989, 1990a, 1990b, 1998, 2000; Miller 1994, 2004; Gressani et al. 1998; Anderson et

al. 1995). The transpiacental tumor response in this model is a function of the AHR
genotype. A non-responsive AHR genotype (D2, AHRWd) in the mother markedly

enhances the lung tumor incidence regardless of the fetal/offspring genotype. A
responsive fetal/offspring genotype markedly enhances the lung tumor incidence

irrespective of the maternal genotype. Thus, the highest tumor incidence is observed in
AHR responsive offspring born to AHR non-responsive mothers, presumably due to fetal
metabolic activation of greater amounts of 3-MC due to low clearance/metabolism by the
mother. In the present study, we used the potent PAH carcinogen, DBP which, unlike 3MC, is present in the environment. In addition, we utilized a B6129F1 X 129 cross (the
129 strain has the same AHRd/d genotype as the D2 mouse), rather than the previously

used B6D2F1 X D2 cross. The advantage of using the B6129F1 was perceived to be that
this is the more common genetic background for knockout mouse models that could be
employed in future studies to examine the mechanism(s) of PAH-dependent
transplacental carcinogenesis.

Rather than development of lung adenomas at 1 year, exposure of pregnant mice
to DBP led to appearance of very aggressive lymphomas in offspring beginning at 3
months of age that were determined by histopathology and immunohistochemistry to be a

T-cell lymphoblastic lymphomas (T-LBL). In a previous study (Buters et al. 2002), DBP
treatment (daily, 5 times a week for 3 weeks at a dose of 1.07 mg/kg (total dose of
approximately 15 mg/kg b.w.)) of mice on the mixed B6 129 genetic background resulted

in tumors after 12 months in a number of tissues, including ovary, skin, lymphoma,

uterus and liver. The lymphomas were classified as lymphoblastic (primarily T cell
origin) or follicular (large B cell) lymphomas. In this same study, the cancer incidence at

most sites markedly declined in Cypib] knockout mice of the same genetic background.
These results are consistent with other studies showing Cypibi to be the most efficient
CYP enzyme in bioactivation of DBP ((Shimada etal. 1996, 2001; Luch etal. 1998;
K!einer et al. 2004; Buters et al. 2002), and to be required for DBP- or DMBA-induced
carcinogenesis (Buters et al. 1999, 2002, 2003; Heide! et al. 2000; Luch et al. 2002).

As in the B6D2F1 X D2 crosses, in which the dam was treated with 3-MC, a nonresponsive AHR maternal genotype and a responsive fetal genotype enhanced the cancer
risk in offspring, on!y in our study the primary cancer resulted in early mortalities from

an aggressive lymphoma, rather than the development of lung tumors at 1 year. The
lymphomas were diagnosed as a T-LBL and were observed only in offspring in which the

mothers were exposed to DBP during pregnancy. The study design did not involve crossfostering of pups, so that DBP exposure could have continued throughout lactation from

deposition of DBP in mothers milk. Subsequent studies would be required, employing a
cross-fostering design, to determine exactly how much of the carcinogenicity of DBP was
due strictly from transp!acental exposure and how much from nursing. Previous studies
with transpiacental exposure to 3-MC that did (Miller 1994) or did not (Anderson et al.
1985) employ foster mothers would indicate that little of the 3-MC transplacental

carcinogenesis comes from lactation exposure. In either case, the present experimental
design would better recapitulate possible human exposures.
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All mice surviving to 10 months of age, exposed to DBP in utero, exhibited
multiple lung tumors, i.e., hyperplasia, adenoma, adenoma with progression, andlor
carcinoma. The spontaneous incidence of lung tumors in the B6 1 29F 1 X 129 cross was

7-10%, markedly higher than the relatively resistant B6D2F1 X D2 pups (Wessner et al.
1996). Liver tumors in offspring were also caused by DBP exposure to the pregnant

mouse, but as has been seen in other mouse models, including the transplacental 3-MC
model, the liver tumor incidence was much higher in males than females.

None of the thymic lymphomas analyzed by SSCP exhibited any mutations in Ki-

ras, 3-catenin or TP53. The p53 null mouse on the B6/129 genetic background exhibits
mortality from a T-cell lymphoma, with a time course similar to that observed with DBP
in the present study (Jacks et al. 1994). We also did not observe any TP53 mutations in
the lung tumors in mice surviving to 10 months of age, consistent with the 3-MC,
B6D2F 1 X D2 transplacental model (Miller 1999). TP53 mutations are frequently
observed in human lung cancers (Hernandez-Boussard and Hainaut 1998), whereas the

role of TP53 mutations in T-cell lymphomas is not entirely clear, perhaps owing to the

number of different cell lineages from which the lymphomas can arise. Alterations in
p53 are frequently found in human leukemia-lymphoma cell lines (Drexier et al. 2000)
and certain T-cell lymphomas in humans have a high incidence of TP53 mutations
(Marrogi et al. 1999), whereas others display p53 dysregulation without mutation (BritoBabapulle et al. 2000). In this study, 3/14 lung adenomas from offspring born to mothers
exposed to DBP during pregnancy exhibited Ki-ras mutations, a frequency markedly
lower than seen following transplacental exposure to other PAHs in other mouse strains

(Miller et al. 2000). Real time PCR measurements of p16 and cyclin Dl expression in
lung adenomas did not show any change in expression levels compared to normal lung
tissue; however, Rb levels were reduced 50% and p19/ARF levels elevated 35-fold. A
reduction in Rb protein expression in lung adenomas has previously been observed in the
3-MC transplacental tumor model of Miller and colleagues (Rollins et al. 1998). Rb
normally forms a repressor complex with E2F1 which down-regulates p19/ARF

expression (Rowland et al. 2002). Hence, the increase in p19/ARF may be due to the
significant reduction of Rb available to form the repressor complex.

In conclusion, we have demonstrated for the first time that transpiacental (and
possibly lactational) exposure to a PAH can result in a high incidence of mortality in
young adult offspring due to an aggressive T-LBL, a disease also observed in humans.
The AHR genotype is important in response to this environmental carcinogen; a non-

responsive maternal genotype enhanced the risk, presumably due to greater
bioavailability to the fetus, and the risk was further augmented by a responsive fetal

genotype, presumably due to induction of Cyplal and/or Cypibi bioactivation in fetal
target tissues (originally proposed by Miller 1994). The non-responsive genotype of the
129 mouse is due to the presence of the d allele. Possession of the d allele shifts the
dose-response of chemicals, for which toxicity is mediated through the AHR, by an order

of magnitude, compared to the responsive allele (Okey et al. 2005b). Studies with a
humanized AHR mouse indicate that the human AHR resembles the mouse AHRd allele

with respect to ligand binding affinity and response (Moriguchi et al. 2003). The human
AHR also exhibits genetic polymorphisms, but it is still not clear what the impact of
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various genotypes has on expression of AHR-regulated genes and toxicity of AHR

ligands (Okey et al. 2005a). A recent study found that a polymorphism in exon 10 at
codon 554 was significantly associated with a reduction in survival in patients with soft
tissue sarcomas (Berwick et al. 2004).

Mice surviving to 10 months of age had a 100% incidence of multiple lung
adenomas; a significant percentage of the survivors, mostly males, also developed liver

tumors. Exposure of fetal and neonatal humans to carcinogens such as DBP (and other
PAHs) may contribute to enhanced susceptibility to lymphomas and leukemias in
children and young adults, as well as other cancers later in life.

Chapter 3

Indole-3-Carbinol in the Maternal Diet Provides Chemoprotection for the Fetus Against
Transpiacental Carcinogenesis by the Polycyclic Aromatic Hydrocarbon,
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Zhen Yu, Christiane V. Löhr, Kay A. Fischer, Mandy A. Louderback, Sharon K.
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ABSTRACT
The fetus and neonates are sensitive targets for chemically induced
carcinogenesis. Few studies have examined the risk/benefit of chemoprotective
phytochemicals, given in the maternal diet, against transpiacental carcinogenesis. In this

study, B6129 SF1/J (AHR", AHR responsive) and 129Sv/ImJ (AHR did AHR nonresponsive) mice were cross bred. The polycyclic aromatic hydrocarbon (PAH),

dibenzo[a,l]pyrene (DBP), was administered to pregnant mice (15 mg/Kg. b. w., gavage)
on gestation day 17 and 2000 ppm indole-3- carbinol (13C), a chemoprotective

phytochemical, was also given to half of the mice through diet from gestation day 9
through nursing. Lethal lymphomas appeared in the offspring from the DBP- treated
dams beginning at 12 weeks of age and the mortality was markedly reduced in offspring

born to dams fed 13C, regardless of the maternal genotype (p <0.0001). Lung and liver
tumors were present in survival offspring at 10 months of age. Maternal dietary exposure
to 13C significantly lowered lung tumor multiplicity (p = 0.0002) in offspring born to

AHR b-l/d dams. 13C did not significantly affect liver tumor incidence or multiplicity
among offspring. Our studies showed that the addition of chemoprotective agents to the
maternal diet during pregnancy may be an effective strategy in reducing the incidence of
childhood cancers.

INTRODUCTION
Lymphomas and leukemias are the most common cancers in U.S. children
(Anderson 2004; Lightfoot and Roman 2004). Although childhood cancers represent less
than 1% of all cancers, the 12,400 annual cases result in 2,300 deaths, the greatest cause
of disease-related deaths in U.S. children, second only to accidents, among all childhood
deaths. Evidence showed that the fetus and neonates are sensitive targets for chemically
induced toxicity including carcinogenesis (reviewed in Anderson et al. 2000). The

polycyclic aromatic hydrocarbons (PAHs) are environmental pollutants produced from
the incomplete combustion of many organic materials including cigarettes, coal, cooking
oil, wood and diesel (International Agency for Research on Cancer (IARC), 1983;

Agency for Toxic Substances and Disease Registry ATSDR, 1995). Epidemiology
demonstrates that maternal exposure to PAHs through smoking is a risk factor for
increased childhood cancers and for increased incidence of adult cancers (John et al.
1991). Transpiacental exposure to PAHs has been shown to cause DNA damage in

newborns (Whyatt et al. 1998, 2001) and is also associated with increased cytogenic
damage that has been linked to childhood leukemia (Bocskay et al. 2005).

In the past 20 years, a great deal of research has documented the potential for
phytochemicals to provide chemoprotection against cancer (Greenwald and McDonald
1997, Greenwald 1999; Kelloffet al. 2000). However, to our knowledge none of the
chemoprotective phytochemicals under test have been evaluated in a transplacental
model. These phytochemicals are consumed in the diet or taken as supplements by
women of childbearing age. The relative risk/benefit for the fetus is unknown. Indole
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carbinol (13C), a major component of cruciferous vegetables, is chemoprotective in a

number of animal studies (reviewed by Dashwood, 1998), is under evaluation for
chemoprotection of women against breast cancer (Bell et al. 2000; Lawrence et al. 2000)

and is available to the public as an over the counter dietary supplement. A study by
Wattenberg provided the first evidence of 13C protection against PAH-induced cancer in
animal models by showing that 13C inhibited 7,12-dimethylbenz(a)anthracene-induced

mammary tumor formation in female Sprague-Dawley rats and benzo(a)pyrene-induced
neoplasia of the forestomach in female ICR/Ha mice (Wattenberg and Loub 1978).
Several mechanisms have been postulated for chemoprevention by 13C (reviewed by Kim
and Mimer 2005). Among them, one hypothesized mechanism of action of 13C and its
acid condensation products is as blocking agents via modulation of phase I enzymes,

cytochrome P450s (CYPs) and phase II enzymes (glutathione S- transferease (GSTs) and
UDP-glucuronosyltransferases (UGTs)). These phase I and phase II enzymes play
important roles in the carcinogenesis of PAHs. The induction of CYPs often results in
bioactivation of PAHs to reactive intermediates which covalently bind to DNA, leading

to gene mutations and cancer. Induction of GSTs and UGTs usually represents
detoxication (Sundberg et al. 2002). In mice, the AHR gene exists as four alleles (AHRbI,
AHRb2, AHRb3 and AHRd). Various strains of mice have differential responsiveness to

PAHs and other AHR ligands. AHRbI, AHRb2 and AHRb3 alleles encode high-affinity

receptors in responsive strains (e.g., C57BL/6J, BALB/c, A/J). The AHRd allele encodes
a low-affinity receptor in non-responsive strains (e.g., DBA/2J, 129/svJ). Crosses
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between AHRb and AHRd strains have shown that responsiveness is dominant (Thomas et
al. 2002).

PAHs are known transplacental carcinogens in C57BL6xDBA!2 (B6D2) crosses
and tumorigenesis is related to both maternal and fetal AHR responsiveness (Anderson et
al. 1989, 1995; Miller et al. 1989, 1990a). To evaluate the risk/benefit of maternal dietary
13C against PAH transpiacental carcinogenesis, we utilized the heterozygous AHR
responsive B6129 SF1/J (AHRb1I'd) mouse crossed with the AHR non-responsive

l29Sv/ImJ (AHR') mouse. An advantage of this model is that it provides an equal
number of AHR responsive and AHR non-responsive offspring within two separate

maternal AHR environments. Thus, we can directly examine the effect of both maternal
and fetal AHR genotypes on 13C chemoprotection.

Dibenzo[a,l]pyrene (DBP) is the most potent PAH carcinogen in rodent models
and is a multi-organ carcinogen in the mouse, producing cancers of the ovary, skin,
uterus and liver in addition to production of lymphomas (Cavalieri Ct al. 1989, 1991;
Higginbotham et al. 1993; Lavoie et al. 1993; Prahalad et al. 1997; Luch Ct al. 1999a;

Platt et al. 2004). The carcinogenesis of DBP has also been linked to CYP enzymes
regulated in part through the AHR (Buters et al. 1999, 2002, 2003; Heidel et al. 2000;
Luch et al. 1 999b; Nakatsuru et al. 2004). We recently demonstrated, for the first time,

that DBP is a transplacental carcinogen producing mortality as early as 3 months of age
due to an aggressive T-cell lymphoblastic lymphoma with lung and liver tumors also seen

in survivors at 10 months (Yu et al. 2006). Maternal, as well as fetal, AHR genotype
influenced the risk for DBP-dependent mortality (Yu et al. 2006).
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In this study, we demonstrate that maternal dietary 13C significantly reduces

lymphoma mortality (and also reduced the number of lung tumors in survivors) in
offspring caused by transplacental DBP and that the mechanism(s) of 13C
chemoprotection in this model is not associated with AHR-dependent signaling.

MATERIALS AND METHODS
Chemicals and diets. 13C was purchased from Sigma (St. Louis, MO). DBP was
obtained from the NCI chemical carcinogen repository, Midwest Research Institute
(Kansas City, MO) at a purity determined to be greater than 98% by HPLC analysis.

AIN93G and AIN93M diet was obtained from Dyets, Inc. (Bethlehem, PA).

Treatment of mice. Eight-week-old B6129SF1/J and 129S1/SvImJ mice were
purchased from The Jackson Laboratory (Bar Harbor, Maine) and housed in the
Laboratory Animal Resources Center at Oregon State University under controlled
conditions of 20 ±

10

C and 50± 10% humidity and a light/dark cycle of 12 hr in micro-

isolator cages (Super Mouse 750TM Micro-IsolatorTM, Life products, mc, Seaford, DE)

with CareFRESH bedding. After one week, reciprocal crosses between B6129SF1/J and
129S1/SvImJ mice were carried out to produce fetuses gestating in both environments.
From the

9th

day of gestation (the day the virginal plug appeared was marked as gestation

day 0), pregnant mice were fed with fresh 2000 ppm 13C diet or control diet (AIN93G)

for 8 days and gavaged with either vehicle (corn oil, 5 ml/Kg b.w.) or 15 mg/Kg b.w.
DBP in corn oil on gestation day 17. Pregnant mice were continued on 13C diet or control

diet till the end of nursing (21 days post parturition). The offspring were weaned onto

pelleted AIN93G diet for the first three months and continued with AIN93M diet ad

lib

until euthanized. The offspring were housed in micro-isolator cages by sex and litter (up
to 5 per cage). Sentinels were housed in the same colony and used to test for viral or
bacterial pathogens and parasites; these tests (MU Research Animal Diagnostic

Laboratory, Columbia, MO) were negative throughout the study. Upon signs of
morbidity, pain or distress the mice were euthanized with an overdose of CO2 and

necropsied. All surviving mice were euthanized at 10 months of age and necropsied. All
procedures for treatment, housing and euthanasia of the mice used in this study were
approved by the Oregon State University Institutional Animal Care and Use Committee.

Histopathology. The following tissues were collected at necropsy: heart, thymus,
lung, spleen, liver, kidney, abnormal lymph node, testes or ovaries, colon and skin.

Tissues were fixed in 10% formalin, stained with H&E and analyzed by light

microscopy. The lymphomas were diagnosed as a T-cell lymphoma, lung tumors as
hyperplasia, adenomas, adenomas with progression, and carcinomas and the liver tumors
as foci and adenomas (Yu et al. 2006).

Genotyping

for AHR'

and AHRd alleles. The method for genotype was

followed Yu et al. (200x, a). Briefly, at necropsy, an 8 mm ear-punch was collected and
lysed overnight and directly in a PCR reaction with allele-specific primers to permit onetube genotyping of the AHR alleles and the DNA products were separated on Novex®
8% TBE gels (Invitrogen Life Technologies, Carlsbad, CA).

Statistical analysis. Classical survival analysis utilizes the individual offspring
as the experimental unit. In order for this model to be valid it must be shown that there
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are no litter effects, that one can ignore cage effects within litters and that there are no
effects of gender. We found the last two variables could be ignored, but that there were

some litter effects. As a consequence, the survival data is analyzed with the litter as the
basic unit, rather than individual offspring; p values were calculated from a two-sided log

rank tests (nonparametric) for time until 50% of a litter had died. This analysis is more
conservative that the classic survival analysis. For body weight and multiplicity analysis,
the data were expressed as the mean ± SE and analyzed by ANOVA (Waller - Duncan K
- ratio t test) using the SAS statistical package (SAS 9.1), with significant difference
considered to be at p <0.05 level.

RESULTS

Maternal dietary 13C protects against mortality in offspring from transplacental
DBP-induced lymphoma.
The experimental design of the tumor study resulted in eight groups of offspring

and a total of 654 mice (Table 3-1). As we presented in a previous paper (Yu et al.
2006), treatment of pregnant mice with a single 15 mg/kg dose of DBP by gavage on day
17 of gestation did not elicit acute maternal or fetal toxic ities; there was no significant
DBP-dependent reduction in litter size (Table 3-2) or birth weight (data not shown). The
B6129SF1 mothers had significantly larger litters (Yu et al. 2006). Beginning at
approximately 3 months of age, offspring exposed to DBP in utero had difficulty

breathing and exhibited anemia and hypoxia that resulted in morbidity requiring

euthanasia. Most mortality occurred between 3-6 months of age. Gross necropsy

revealed large thoracic masses and enlarged spleens, livers and lymph nodes. There was

no sex difference with respect to DBP-dependent mortality. The cause of death was an
aggressive T-celI lymphoma that involved numerous organs (Yu et al. 2006).

Table 3-1 Offspring groups related to maternal genotype and treatment
Offspring
Group
Gi

n

Dam

Sire

Maternal
initiator

Maternal
treatment

55

B6 129 SF1/Ja

129S1/SvImJb

none

Control

G2

51

B6 129 SF1/J

129S1/SvImJ

none

13C

G3

121

B6 129 SF1/J

129S1/SvImJ

DBP

Control

G4

130

B6 129 SF1/J

l29Sl/SvlmJ

DBP

13C

G5

53

129S1/SvTmJ

B6 129 SF1/J

none

control

G6

47

129S1/SvImJ

B6 129 SF1/J

none

13C

G7

102

129S1/SvImJ

B6 129 SF1/J

DBP

control

G8

95

129S1/SvImJ

B6 129 SF1/J

DBP

13C

1

b

AHR responsive (AHR tI/u)
AHR non-responsive (AHR

Maternal dietary exposure to 13C did not change the litter size or birth weight in

control or DBP-treated groups with the exception that DBP-treated AHR responsive
dams fed 13C diet had slightly larger litters compared to the control diet group (8.7+0.3
and 7. 1±0.6, respectively, Table 3-2). 13C in the maternal diet enhanced the survival of

all offspring (Figure 3-1). Maternal dietary exposure to 13C increased the survival of
offspring exposed to DBP

in utero.

In offspring born to AHR responsive dams, 13C

enhanced survival from 31 to 64% (p<O.0001, ignoring litter effects and p 0.0011 when

variability between litters is considered). Similarly, in offspring born to AHR non-
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responsive dams, 13C enhanced survival from 11 to 41% (p<0.0001, ignoring litter

effects and p 0.000 1 when variability between litters is considered). The
chemoprotective effect of dietary 13C was not significantly related to maternal or fetal

AHR genotype (Figure 3-2). A single death, out of 98 mice, was observed in offspring
born to dams dosed with vehicle and fed 13C, compared to 9 deaths, out of 100 mice, in
offspring born to dams dosed with vehicle and fed control diet.

Table 3-2 Effect of treatment and genotype of dams on litter size, genotype, gender
ratio and survival of offspring

Group

Litter size *

Genotype ratio
(AHR

b-l/d

did)

AJ-IR

Gender ratio
(male : female)

Survival at 10
months (%)

Gi

7.8±0.5 a,b

1.50 (32:21)

1.20 (30:25)

94.5 (52/55)

G2

73Ø5a'0

1.12(27:24)

0.82(23:28)

100(51/51)

G3

7.1 ± 0.6

b

1.35 (65:48)

1.09 (63:58)

31.4 (38/121)

G4

8.7 ± 0.3

a

1.01 (64:63)

1.06 (67:63)

63.8 (83:130)

G5

4.8 ± 0.6

C

1.08 (27:25)

1.30 (30:23)

88.7 (47/53)

G6

4.7±0.7c

1.35 (27:20)

1.14 (53:46)

97.9 (46/47)

G7

4.1 ± 0.4

0.71 (39:55)

0.82 (46:56)

10.8 (11/102)

G8

5.0±0.3C

0.56(31:56)

0.86(44:51)

41.0(39/95)

*Litter size data is presented as mean ± SE, n
significant difference (p < 0.05 by ANOVA)

6; different superscripts indicate statistically
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Figure 3-1. Effect of maternal dietary treatment, carcinogen treatment and AHR
genotype on survival of offspring. % Survival live offspring / total offspring of this
group x 100%. Solid symbols represent offspring born to AHR responsive dams; open
symbols represent offspring born to AHR non-responsive dams. G1-G8 was defined in
Table 3-1 in detail.

100
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AHR did, -13C

AHR did, +13C

Group by maternal genotype and treatment

Figure 3-2. Effect of AHR genotype on mortality of offspring born to DBP-treated
dams. Gray bars represents the AHRbIId offspring and white bars represent AHR'
offspring.

Maternal dietary 13C protects against DBP-dependent transplacental lung cancer in
mice surviving to 10 months of age
Table 3-3 shows the body weight and somatic index of liver, spleen and kidney of
10 month survival offspring. For male offspring born to DBP-treated dams, the body
weight was significantly lower than control groups (G3&4 vs. Gi &2, G7&8 vs. G5&6).
Maternal dietary 13C only lowered the body weight of offspring born to DBP-treated

non-responsive dams (G8 vs. G7). For the female offspring, maternal exposure to DBP
also reduced the body weight of offspring born to AHR responsive dams and maternal
exposure to 13C did not effect the offspring body weight. There was no statistically
significant difference in liver, spleen and kidney somatic index among groups of female

offspring. Male offspring born to DBP-treated AHR responsive dams (G3) did have
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higher liver and spleen somatic index compared to all the offspring born to AHR nonresponsive dams

(G5-G8).

Maternal exposure to both

13C

and DBP increased the kidney

somatic index in offspring born to AHR responsive dams (G4 vs. GI).

Table 3-3 Body weight and somatic index (SI) of liver, spleen and kidney in
offspring surviving to 10 months of age *
Male

Group

n

Body Weight

Liver SI

G1

29

51.86 ± 0.96 a

5.13 + 0.26

G2

23

51.03 ± 1.18 a

4.80 ± 0.20

G3

20

43.77±

G4

40

G5

29

44.96±

G6

29

45.61 ± 0.94

G7

6

G8

18

38.90±

Group

n

Body Weight

Gi

20

36.82 ± 1.55

G2

28

37.10 ± 1.33 a

± 0.18

G3

17

27.70 ± 1.20 C

4.07 ± 0.14

G4

42

3 1.91 ± 1.53

G5

19

G6

17

124b,c

Kidney SI

Spleen SI
a,b,c

b,c

0.33 ± o.o8
0.26 ± 0.04

a.h

h

5.96±0.57a

o.63±o.22a

4414066b,c

545030a,b

038006a,b

114b,c

462016b,c

b

42.10 ± 1.98 C

146d

b,c

4.50 + 0.15

0.22±0.01
0.21 ± 0.02

b

b

b

1.27 ± 0.04
1.44 ± 0.03

C

a,b,c

140004a,b,c
1.51 ±0.06

a

140004a,b,c
1.36

a,b,c

b, c

4.13 ± 0.22 C

0.29 ± 0.02

447019b,c

030004b

147006a,b

Liver SI

Spleen SI

Kidney SI

1.32 ± 0.06

Female

4.86 ± 0.22

b, C

3370096a,b
33.65 ± 1.21

a,b

2988094b,c

G7
G8

a

21

30.00±

128b,c

4.26 ± 0.12

4.30±0.21
4.62 ± 0.31

a

a

a

a

a

a

0.32 ± 0.03
0.29 ± 0.03
0.44 ± 0.15
0.36 ± 0.03

a

a

a

a

1.16 ± 0.02
a

a

o.27+o.02a
0.34±0.07

1.26 ± 0.06

a

1.26 ± 0.04
1.25 ± 0.02

a

a

1.29±o.08a
1.13 ± 0.06

a

4.56±o.18a

o.46±0.05a

l.30±0.06a

a

0.55 ±0.lOa

1.20±0.04

4.30±0.25

a

*data is presented as mean ± SE; different superscripts indicate statistically significant difference
of body weight, liver SI, spleen SI and kidney SI of same gender, respectively (p <0.05 by
ANOVA).
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Lung and liver tumors in mice surviving to 10 months of age were examined by
histopathology (Table 3-4). The spontaneous lung tumor incidence in control groups was
4 to 10%, whereas all the offspring born to DBP-treated dams had lung tumors at 10

months of age. The tumor multiplicity in control groups was 1-1.3, whereas it ranged
from 8.9-14.0 in DBP-treated groups. 13C in the maternal diet significantly reduced the
lung tumor multiplicity in offspring from AHR responsive dams from 14.0 to 8.9 (p =
0.0002). Observed mean multiplicity was also less in offspring from AHR nonresponsive dams (13.5±1.6 to 11.9±1.0), but this did not reach statistical significance.
When the tumors were grouped by size, 13C treatment was shown to reduce the

multiplicity of all size groups (Table 3-5). Lung tumor multiplicity was not statistically
correlated with AHR genotype (data not shown).
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Table 3-4 Lung and liver tumors in offspring surviving to 10 months of age
LUNG

Group

Incidence

Gi

5/50(10%)

1.2±0.2

G2

6/51(12%)

1.3±0.2

G3

38/38 (100%)

14.0 ± 1.5

G4

82/82 (100%)

8.9 ± 0.6

G5

3/46(7%)

1.3±0.3

G6

2/46(4%)

1.0±0.0

G7

11/11(100%)

13.5±1.6

G8

39/39(100%)

11.9±1.0

LIVER
Group
Male

Multjplicitya

Incidence
Female

Multiplicity

Genotype
Responsive Non-responsive

4.5 ± 0.9

5/14 (36%)

10/24 (42%)

28/40(70%) 4/42 (10%)

6.1 ± 1.2

12/33 (36%)

20/59(34%)

G7

4/6 (67%) 0/5 (0%)

3.8 ± 0.5

0/3 (0%)

4/8 (50%)

G8

7/19(39%)

6.6± 1.3

1/13(8%)

8/25(32%)

G3

14/20 (70%)

G4

a

1/18 (6%)

2/21(10%)

Data is presented as mean ± SE for multiplicity (number of tumors per mouse).
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Table 3-5 Lung and liver tumor multiplicity sorted by size in offspring surviving to
10 months of age born to DBP- treated dams a
LUNG
Group

n

Tiny
(<0.5mm)

Small

Medium

Large

Huge

(0.5-1.49mm)

(1.5-2.49mm)

(2.5-3.5mm)

(>3.5mm)

6.6±0.9
4.8±0.4*

2.6±0.5

82

3.2±0.7
1.9±0.2*

1.2±O.2** 0.9±0.2

0.1 ±0.04*

G7

11

0.8±0.3

6.5±1.3

3.7±0.6

1.5±0.4

1.0±0.4

G8

39

0.4±0.2

5.9±0.6

2.4±0.5

1.6±0.3

1.6±0.3

G3

38

G4

LIVER
Group n

Small

Medium

(<2mm)

(2 -3.5mm)

(>3.5 mm)

1.3±0.3

0.5±0.2

Large

G3

15

1.9 ± 0.6

0.3 ± 0.1

2.3 ± 0.9

G4

32

3.3 ± 0.8

1.3 ± 0.3*

1.5 ± 0.5

G7

4

2.5±0.3

1.3±0.3

0

G8

9

2.2±0.6

1.7± 0.5

2.7± 1.0

a

data is presented as mean ± SE for multiplicity (number of tumors per mouse)
** indicate statistical difference with comparison between same size catalog (G3 vs. G4, G7
vs. G8) by student t- test; p< 0.05;
p <0.01.

In offspring born to AHR responsive, DBP-treated dams, the multiplicity of lung
tumors is higher in medium- and large- size sub-groups of male offspring compared to
female offspring (G3); in offspring born to AHR non-responsive mice, higher multiplicity
was shown in female offspring compared to male offspring (G7); however, the total
survival number was low (total of 11) (Table 3-6).
Maternal exposure to 13C had no significant effects on overall liver tumor

incidence or multiplicity in mice surviving to 10 months of age except some increase of
multiplicity in medium-size sub-group (Table 3-4, 3-5). There was no significant effect
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of AHR genotype on liver tumor incidence in offspring born to AHR responsive mothers
and no chemoprotection by maternal dietary 13C was observed (data not shown). As
previously seen in this (Yu et al. 2006) and most strains of mice, liver tumors were much
more prevalent in males than females.

Table 3-6 Lung tumor multiplicity sorted by size and gender in offspring surviving
to 10 months of age born to DBP- treated dams a
ShIe
Group n

Tiny

Small

Medium

Large

Huge

(<0.5mm)

(0.5-1.49 mm)

(1.5-2.49 mm)

(2.5-3.5 mm)

(>3.5mm)

18

4.1 ± 1.2

7.5 ± 1.5

1.4 ± 0.5

0.3 ± 0.2

0.3 ± 0.2

13.6 ± 2.2

G3 (ci) 20

2.4 ± 0.7

5.8 ± 1.0

3.6 ± 0.8*

2.1 ± 0.5**

0.6 ± 0.3

14.4 ± 2.2

G4

G3

(s?)

Total

(s?)

42

1.8 ± 0.3

5.0 ± 0.8

1.0 ± 0.2

0.5 ± 0.1

0.1 ± 0.05

8.5 ± 1.0

G4 ()

40

2.0 ± 0.4

4.6 ± 0.4

1.3 ± 0.2

1.4 ± Ø3**

0.2 ± 0.07

9.3 ± 0.7

G7(?)

5

1.2±0.6

3.8± 1.1

1.8±0.5

1.0±0.3

17.2±2.5

G7(c3')

6

0.5±0.3

9.4±2.1
4.0±0.9*

3.7±0.9

1.3±0.6

1.0±0.6

10.5± 1.4*

G8 ()

21

0.4 ± 0.3

7.0 ± 0.8

3.0 ± 0.8

1.3 ± 0.4

1.6 ± 0.5

13.3 ± 1.4

G8 (s') 18

0.4 ± 0.2

4.7 ± 0.9

1.7 ± 0.4

1.9 ± 0.6

1.5 + 0.3

10.3 ± 1.2

a

data is presented as mean ± SE for multiplicity (number of tumors per mouse). 2, female; ,
male.
** indicate statistical difference with comparison between same size catalog within group by
student t- test;
p< 0.05;
p < 0.01.

DISCUSSION
13C has been demonstrated to be chemoprotective against cancer in multiple
animal models (reviewed by Dashwood 1998). This study demonstrates that 13C also

protects against DBP-dependent transplacental carcinogenesis. One proposed mechanism
for the chemoprotective action of 13C is as a blocking agent through activation of AHR-

dependent detoxication pathways. 13C was fed to pregnant mice beginning at gestation
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day 9 to provide sufficient time for AHR-dependent enzyme induction prior to DBP
administration, but also to avoid any possible teratogenic effect of 13C in the first
trimester. Interestingly, 13C reduced the non-cancer related deaths in offspring born to

mothers not treated with DBP. A study by Auborn et al. (2003) showed that diet
supplemented with 200 ppm 13C, beginning at one month of age, can prolong the lifespan

of autoinmune-prone (NZB/NZW) F 1 mice. Our study also showed that prenatal and
lactation exposure to 13C may have some benefits to the healthy growth of offspring, and
may even prolong lifespan.

A significant portion of the total lifetime exposure to PAHs and other AHR
agonists, including PCBs and dioxins, occurs transplacentally and through breast feeding

(Somogyi and Beck 1993). DBP, like other PAHs, is highly lipophilic and likely

excreted to some degree through the breast milk to the newborn. As we did not utilize a
cross-fostering design, some of the DBP exposure may have been lactational. For that
reason, we continued maternal 13C dietary exposure until the offspring were weaned.
Our experimental design tested the hypothesis that 13C chemoprevention was

mediated through AHR-dependent blocking. The induction of AHR-regulated phase I
and phase II enzymes by 13C has been reported (Stresser et al. 1994; Wortelboer 1992;

Takahashi et al. 1995). Our laboratory has shown that feeding pregnant rats 13C induces
CYP1AI and CYP1B1 in livers of newborns (Larsen-Su and Williams 2001). In that
previous study in the rat, we provided evidence for transplacental bioavailability of at
least one 13C acid condensation product, 2,3-bis-[3-indolylmethyl]indole (LT1) (Larsen-

Su and Williams 2001). Modulation of phase I and phase II enzymes in the fetus by 13C
may also change the metabolism of DBP.

Our results suggest that the chemoprotection observed is not dependent upon an
AHR blocking mechanism. 13C and its acid condensation products exhibit other
potential chemoprotective mechanisms of action. For example, 13C acts through several
transcription factors such as estrogen receptor, SP 1, and NFiiB (reviewed by Kim and
Mimer 2005; reviewed by Aggarwal and Ichikawa 2005). 13C and its acid condensation

products induce a Gi cell cycle arrest and specifically down-regulate expression of
CDK6 (Cover et al. 1998, 1999; Brandi et al. 2003), increase apoptosis (Ge et al.1999;

Chinni et al. 2001), inhibit P- glycoprotein-dependent multidrug resistance (Christensen
and LeBlanc 1996) and inhibit invasion and migration of tumor cells (Meng et al. 2000).
Sarkar and Li (2004) recently found that 13C functions as an inhibitor of Akt and NFKB,

which play important roles in cell survival and are potential targets in cancer therapy. By
in utero

and lactation exposure to 13C, genes related to cell cycle or apoptosis may

change in early development and affect responsiveness to carcinogenesis not just in
juveniles, but also in later life.
In conclusion, in a mouse model of PAH-dependent transpiacental carcinogenesis,
maternal diets containing 13C administered in the second and third trimester and through
lactation significantly reduced lymphoma mortality and lung tumor multiplicity in mice

surviving to 10 months of age. This chemoprotection of the fetus by maternal dietary 13C
was independent of the AHR and most likely involves modification of the bioavailability
of DBP to the fetus and modulation of cell cycle control andlor apoptosis by 13C acid
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condensation products bioavailable to the fetus andlor neonate. The addition of
chemoprotective agents to the maternal diet during pregnancy and nursing may be an
effective strategy in reducing the incidence of cancers in children and perhaps in adults as
well.
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Chapter 4

Mechanism of Transplacental Genotoxicity of Dibenzo[a, l]pyrene and the Effect of
Indole-3-carbinol in the Maternal Diet

Zhen Yu, Brinda Mahadevan, Daniel J. Albershardt, David J. Castro, Vivian LaRonge,
William M. Baird, Clifford B. Pereira, George S. Bailey and David E. Williams

In preparation for Toxicology and Applied Pharmacology
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ABSTRACT
The fetus is a sensitive target for chemically induced toxicities including

carcinogenesis. Previous studies showed that a single dose of 15 mg/ Kg b.w of
dibenzo[a, 1] pyrene (DBP) on gestation day 17 caused T-cell lymphoma in offspring
around three months old, and lung and liver tumors at 10 months of age in a B6 129
transplacental mouse model. Maternal dietary supplementation with indole-3 -carbinol
(13C) from gestation 9 through nursing reduced the death caused by lymphoma and the

multiplicity of lung tumors. In order to understand the mechanism(s) of this
chemoprevention, the following studies have been conducted. A single gavage of ['4C]13C (1 mCi/Kg body weight) to pregnant mice, demonstrated distribution to most

maternal and fetal tissues after 8 hr. DBP-DNA adducts, in maternal and fetal target
tissues, were analyzed by 33P postlabeling and HPLC. DBP adducts were found in both

maternal and fetal lung and fetal thymus. Maternal dietary exposed to 13C modulated

both maternal and fetal adduct levels. The adduct levels were also affected by both
maternal and fetal Aryl Hydrocarbon Receptor (AHR) genotype. Protein analysis of
maternal tissues showed phase I and phase II enzymes, associated with DBP metabolism,
increased with 13C supplementation. Microarray analysis of gene expression in newborn
thymus tissues showed that 13C in the maternal diet modulated expression of genes

associated with carcinogenesis following DBP exposure. The transplacental
carcinogenesis of DBP may involve mutation of critical genes and chemoprotection of
the fetus by maternal dietary 13C may alter bioavailability of DBP to the fetus and/or
modulation of gene expression in the fetus.

INTRODUCTION
Lymphomas and leukemias are the most common cancers in U.S. children and the

dominant form is acute lymphoblastic leukemia (ALL, Anderson 2004; Lightfoot and
Roman 2004; Jensen et al. 2004). Approximately 80-90% of childhood cancer is of
unknown etiology, but evidence exists for a contribution from

in utero

exposure to

environmental chemicals including cigarette smoke and pesticides (Alexander et al. 2001;
Ma et al. 2002; Jensen et al. 2004; Flower Ct al. 2004). A case control studied found that
maternal intake of vegetables, fruits, and protein sources to be inversely associated with
childhood ALL (Jensen et al. 2004).
In rodent models, transplacental carcinogenesis has been induced by
environmental chemicals with the primary targets being lung and liver (Anderson et al.
1989; Hasegawa et al. 1995; Miller et al. 1990a, 1990b).
In our recent studies, we demonstrated that dibenzo[a, 1] pyrene (DBP, 15 mg/Kg

b.w., single oral dose on gestation day 17), one of the most potent polycyclic aromatic
hydrocarbons (PAHs) found in the environment, was a transpiacental carcinogen in the

B6 129 mouse producing T-cell lymphoblastic lymphoma (T-LBL) in young adult mice

as well as lung and liver cancer in middle age mice (Yu et al. 2006). The human
counterpart malignancies are precursor T-cell lymphoblastic lymphoma (T-LBL) and T-

cell acute lymphoblastic leukemias (T-ALL). We also demonstrated that maternal
dietary supplementation with 2000 ppm indole-3- carbinol (13C) (gestation day 9 through

nursing), significantly reduced lymphoma mortality (and also reduced the number of lung
tumors in survivors) in offspring caused by transplacental DBP (Yu et al. 200x). 13C is a
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well known chemoprotective agent in animal models and has undergone human clinical
trials (reviewed by Dashwood 1998; Bell et al. 2000; Lawrence et al. 2000).

The Aryl Hydrocarbon Receptor (AHR), which is involved in PAH metabolism
through induction of phase I and phase H enzymes, has been shown to play a significant
role in tumorigenesis. In our former study, the maternal as well as fetal AHR genotype,
influenced the risk for DBP-dependent mortality. Offspring born to AHR non-responsive
mothers showed greater susceptibility to lymphoma, irrespective of offspring genotype.
In contrast, if the mother was responsive, an AHR responsive genotype in offspring
increased mortality two-fold (Yu et al. 2006). However, the chemoprotection of the fetus
by maternal dietary 13C was independent of the AHR (Yu et al. 200x).
To investigate the possible mechanisms of such transplacental chemoprotection,
several studies were conducted. The bioavailability of 13C to the fetus was examined by
oral gavage with '4C-labeled 13C to pregnant dams. Changes of global gene expression in
thymus of newborns, as a function of maternal T3C and DBP treatment, were studied by

Affymetrix array. Immunoblots were conducted on samples to detect changes in phase I
and phase II enzymes. 33P- post labeled DBP-DNA adduct were analyzed as biomarkers
in lung of both maternal and newborns, and the thymus of newborns.
Our results showed that 13C, or one or more of its acid condensation products,
crossed the placenta to a similar degree independent of maternal and fetal AHR genotype.

13C also induced cytochrome P450 (CYP) 1A in maternal liver and lung regardless of
AHR genotype and glutathione S- transferease (GST)-

it,

and GST-t in maternal liver in

AHR responsive dams. DBP-DNA adducts were present in both maternal and
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fetal/neonate lung and neonate thymus. Higher DBP-DNA adduct levels were seen in
AHR responsive neonates. Maternal exposure to 13C modified the adduct levels in both
maternal and fetal tissues.
The transcription analysis in neonate thymus tissues showed that 13C in the

maternal diet reduced DBP- dependent alterations in gene expression associated with
carcinogenesis. The transpiacental carcinogenesis of DBP may involve mutation of
critical genes involved in control of the cell cycle, proliferation and metastasis.
Chemoprotection of the fetus by maternal dietary 13C may depend upon modification of

the bioavailability of DBP to fetus through modulation of phase I and phase II enzymes
andlor alterations in the fetal transcriptome.

MATERIALS AND METHODS
Chemicals and diets. 13C was purchased from Sigma (St. Louis, MO). ['4C]-13C
(specific activity of 10 mCi/mmole, labeled at the carbinol carbon ('4CH2OH)) was

custom synthesized by American Radiolabeled Chemicals, Inc. (St. Louis, MO). The
radiochemical and chemical purity was 99% based on HPLC and TLC analysis. DBP was
obtained from the NCI chemical carcinogen repository, Midwest Research Institute
(Kansas City, MO) at a purity greater than 98% by HPLC analysis. AIN93G and
AIN93M diet was obtained from Dyets, Inc. (Bethlehem, PA).

Treatment of mice. Eight week old B6129SF1/J (AHR b-lid AHR responsive)
and 129S1/SvImJ (AHR

did

AHR non-responsive) mice were purchased from The

Jackson Laboratory (Bar Harbor, Maine) and housed in the Laboratory Animal Resource
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Center at Oregon State University under controlled conditions of 20 ±

10

C and 50 ± 10%

humidity and a light/dark cycle of 12 hr in micro-isolator cages (Super Mouse 75ØTM
Micro-IsolatorTM., Life products, mc, Seaford, DE) with CareFRESH bedding. After one

week of adjustment, reciprocal crosses between B6129SF1/J and 129S1/SvImJ mice were
carried out to produce fetuses gestating in both environments.

['4C]-13C bioavailability assay. Six pregnant mice (three of each genotype)
were fed with fresh 2000 ppm 13C diet for 8 days (beginning at gestation day 9). On
gestation day 17, mice were gavaged with [14C]-13C dissolved in DMSO and corn oil

(2.5% DMSO v/v; 0.1 ml corn oil/Kg b.w.). The final dose was 1 mCi / Kg b.w. (3 mmol
13C I Kg b.w.) and equivalent to daily dietary consumption. Gavaged mice were housed
individually in metabolism cages and had free access to water for 8 hr. Animals were
euthanized under CO2. Blood and tissues were collected according to the methods of
Stresser et al. (1995). Briefly, a 300 p1 aliquot of blood was collected from the vena cava
and centrifuged at 2000 g for 20 mm immediately and plasma stored at -80 °C. Liver,

lung, kidney and spleen were collected and stored at -80 °C immediately. Contents of
stomach, small intestine and large intestines were collected, together with the wash
solution. Urine and feces were also collected from metabolism cages, as were the plastic

bags for holding the animals. Fetal tissues were also collected individually. The tails of
the fetuses were cut for genotyping and liver, lung, stomach, intestine, kidney were all
collected.

Quantification of radioactivity in tissues, gastrointestinal contents, blood,
urine, and feces. The protocols followed those of Stresser et al. (1995), with little

modification. Briefly, maternal issues were homogenized in three (liver, kidney, spleen),
and five (lung) vol of 0.1 M KPO4, 0.25 M sucrose, 1 mM EDTA, 0.1% butylated
hydroxytoluene (BHT) (pH 7.4). Stomach, small intestinal and large intestinal contents
were thoroughly mixed at the highest speed on a Vortexer II just before sampling.

Aliquot of stomach, small intestinal and large intestinal contents (200 jil) and
homogenates of tissues (50

tl)

were digested in 1 ml BTS-450 tissue solubilizer

(Beckman Instruments, INC, Fullerton, CA). Feces were homogenized in 10 vol of water
and 200

tl

aliquots digested in I ml NCS tissue solubilizer (Amersham Bioscinces,

Uppsala, Sweden). Fetal tissues were digested in 1 ml BTS-450 tissue solubilizer
directly. All samples were digested overnight at room temperature and continued to
digest by heating at 55 °C for one hr the next day and also decolored by addition of a few
drops of 30% hydrogen peroxide. Plasma (20 pJ) and urine (10 p1) were used without

further treatment, and 15 ml of 3a70B liquid scintillation cocktail (Research Products
Intl., Mount Prospect, IL) was added. Samples were stored in the dark for 24 hr before
quantifying radioactivity using a Beckman LS7500 liquid scintillation counter.

Transpiacental DBP-DNA adducts formation over time. Pregnant B6129
SF1/J (AHR b-lid AHR responsive) mice were gavaged with 15 mg/Kg b.w. DBP in corn

oil on gestation day 17 and sacrificed 6, 24, 48, 96 or 144 hr later. Lung, liver, thymus,
spleen and bone marrow from the dams and fetuses/neonates were collected and stored at
80 °C immediately.

Effect of 13C in maternal diet on the DBP-DNA adducts formation within
dams and pups. Pregnant mice were fed with fresh 2000 ppm 13C beginning on
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gestation day 9 and gavaged with 15 mg/Kg b.w. DBP on gestation day 17. The litters
were euthanized after birth and tissues were collected from dams and newborns and

stored at 80 °C immediately.
DNA isolation. A standard DNA isolation protocol was used (Luch et al. 1998).
Briefly, lung tissues from maternal and fetal mice were homogenized in a glass
homogenizer with 2 ml of EDTA-SDS buffer [10 mM Tris, 1 mM Na2EDTA, 1% SDS

(w/v), pH 8.0]. The homogenates were treated with DNase-free RNase (1 U at 50 U/ml,
Boehringer-Mannheim, Indianapolis, IN) and RNase Ti (20 U at 1000 U/mi, BoehringerMannheim) at 37°C for 1 hr, followed by treatment with proteinase K (2 mg at 20 mg/ml,

Sigma, St. Louis, MO) at 37°C for 2 hr. The DNA was extracted with an equal vol of
Tris-equilibrated phenol (Boehringer-Mannheim) followed by extraction with a 1:1 vol of
Tris-equilibrated phenol and chloroform: isoamyl alcohol (24:1) and finally with an equal
vol of chloroform: isoamyl alcohol (24:1). The aqueous layer was treated with 500 mM
NaCl and twice the vol of cold 100% ethanol to precipitate the DNA which was stored
overnight at -20°C. The DNA was washed in cold 70% ethanol before being dissolved in
double-distilled water. The concentration of DNA was determined by UV absorbance at
260 nm.

33P-postlabeling of DNA adducts. Post-labeling was carried out as described
previously (Ralston et al. 1995). DNA isolated from fetuses/neonates was pooled by litter
and genotype. Briefly, 10 pg DNA was digested with nuclease P1 and prostatic acid
phosphatase, post-labeled with [y-33P]ATP (3,000 Ci/mmol), cleaved to adducted

mononucleotides with snake venom phosphodiesterase I, and pre-purified with a Sep-Pak

C18

cartridge (Waters, Milford, MA). Subsequent separation by analytic HPLC (Varian

system equipped with two pumps and an autosampler; Varian Systems, CA) was carried
out using a C18 reverse-phase column (5 jim Ultrasphere ODS, 4.6 x 250 mm). Adducts
were resolved by elution at 1 mi/mm with 0.1 M ammonium phosphate (pH 5.5, solvent
A) and 100% HPLC grade methanol (solvent B). The elution gradient was as follows:
44% to 60% solvent B over 40 mm, 60% to 80% solvent B over 10 mm, isocratic elution
at 80% solvent B over 10 mm, and 80% to 44% B over 5 mm. The radiolabeled
nucleotides were detected by an online radioisotope flow detector (Packard Instruments,
Downers Grove, IL), and the level of DNA binding was calculated based on the labeling
efficiency of a [3H]B[aJP-7,8-dihydrodiol9,10-epoxide standard (Lau and Baird 1991).

At least two independent sets of the postlabeling reaction were carried out for every
sample treated, to determine the total PAH-DNA adduct levels.

Immunoblot assay for phase I and phase II enzymes. Pregnant mice were fed
with fresh 2000 ppm 13C diet or control diet for 8 days (beginning on gestation day 9).
On gestation day 17, animals were euthanized under CO2 and the liver and lung of dams

and fetuses were collected and stored at 80 °C immediately.

S9 and microsome preparation. Tissues samples were homogenized by using
four vol of homogenization buffer (0.1 M potassium phosphate (pH 7.25) containing 1.0
mM EDTA, 20% glycerol, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 1.0 mM
dithiothreitol, and 0.1 mM BHT) at 4°C and centrifuged at 9000 x g for 20 mm. For the

maternal liver, the supernatant was then centrifuged at 100,000 x g for 90 mm at 4°C, and
the pellet was resuspended in microsome dilution buffer (0.1 M potassium phosphate (pH
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7.25), 1.0 mM EDTA, 30% glycerol, 0.1 mM PMSF, 1.0 mM dithiothreitol, and 20 p.M

BHT). The protein concentration was determined by the Coomassie plus protein assay
(Pierce Biotechnology, Inc. Rockford, IL).

Immunoblots. Twenty p.g of microsomal protein from maternal liver and 40

p.g

of S9 protein from maternal liver and lung were separated by SDS-PAGE on a 4-12%
NuPage Novex Bis-Tris gel (Invitrogen, Carlsbad, CA). Following gel electrophoresis at
200 V for 1 hr, proteins were electrophoretically transferred to PVDF membranes. The

membranes were incubated with either goat anti-rat CYP1A1 (BD-Gentest, Wobum,
MA), goat anti-rat GST-Yb or rabbit anti- human GST-P 1 (Oxford Biomedical Research,

Oxford, MI). The blots were probed with corresponding secondary antibody conjugated
to horseradish peroxidase (Bio-Rad, Richmond, CA), and then visualized by a
chemiluminescence detection kit (PerkinElmer Life and Analytical Sciences, Boston,

MA). CYP1A1, CYP1A2, GST-Yb and GST-Yp standards were obtained from the
corresponding antibody sources. 13-Actin (Sigma, St. Louis, MO) and glyceraldehyde-3-

phosphate dehydrogenase (GAPDH, Imgenex, San Diego, CA) were used as loading
controls.

Affymetrix array of neonate thymus. Pregnant B6129 SF1/J (AHR b-lid, AHR
responsive) mice were fed with fresh 2000 ppm 13C or control diet beginning on
gestation day 9 and gavaged with 15 mg/Kg b.w. DBP or corn oil on gestation day 17.

The litters were euthanized after birth and thymus collected and put in RNAlater
stabilizer immediately. Total RNA were isolated by pooling the samples from the same
treatment, litter and AHR genotype (only thymus from AHR b-l/d newborns was isolated)

by using the Qiagen RNAeasy mini kit (Qiagen, Valencia, CA) and quantified by ND1000 (NanoDrop Technologies, Wilmington, DE). The integration of RNA was analyzed
utilizing an Agilent Bioanalyzer 2100.

Affymetrix genechip microarray. Labeling was done with the affymetrix kits
according to their one-cycle target labeling assay (GeneChip Expression analysis

Technical Manual 701021 Rev.5, Affymetrix, Inc., Santa Clara, CA). Four and one half
jig total RNA was used for amplication and spotted onto Affymetrix GeneChip Mouse
Genome 430 2.0 arrays. Arrays were analyzed by GeneSpring software (Agilent
Technologies).

Genotyping for AHR b-i and d alleles. The method for genotyping was taken
from Yu et al. (2006), by using genomic DNA ranging from 30-50 jig in a PCR reaction

with allele-specific primers to permit one-tube genotyping of the AHR alleles and the
DNA products were separated on Novex® 8% TBE gels (Invitrogen Life Technologies,
Carlsbad, CA).

Statistical analysis. The data from the ['4C]-13C bioavailabi!ity and immunoblot
assays were expressed as the mean ± SE and analyzed by ANOVA (Waller - Duncan K ratio t - test) using the SAS statistical package (SAS 9.1), with significant difference
considered at the p < 0.05 level. The data in the DBP-DNA adduct assay was analyzed by
a mixed model of ANOVA.

RESULTS
114C1-13C bioavailability assay.

Table 4-1 depicts the 13C distribution in most maternal organs 8 hr after oral
administration of ['4C] - 13C. Most radioactivity remained in the gastrointestinal tract (GI
tract); 33% and 35% of total gavaged ['4C] - 13C were found in stomach, small intestinal,
large intestinal contents of AHR responsive and non-responsive mice respectively,

corresponding to 1047 .tmol and 947 tmol 13C / Kg b. w.. There was no statistically
significant difference between AHR responsive and non- responsive mice. For soft
tissues, the level of radioactivity was highest in liver, around 1148 nmol (AHR
responsive) and 1112 nmol (AHR non-responsive) per gram of tissue, or 1.77% (AHR

responsive) and 1.39 % (AHR non-responsive) of total dose. The corresponding
percentage data for other tissues is shown in Table 4-1. There was also no statistically
significant difference within two AHR responsive groups. With respect to elimination,
around 9.3% (AHR responsive) and 12.6% (AHR non-responsive) of [14C] -13C was

eliminated through urine, whereas only around 0.1% was found in feces.
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Table 4-1 I'4C1 -t3C distribution in maternal mice

Major Organs
Organs

B6 129 SF1/J
(AHR b1/d)

(AHR d/d)

Liver

1.390 ± 0.47

1.770 ± 0.20

Lung

0.052 ± 0.01

0.056 ± 0.07

Kidney

0.240±0.07

0.018±0.01

Spleen

0.03 1 ± 0.008

0.029 ± 0.004

Plasma

0.680 ± 0.27

1.500 ± 0.18

Total

2.740 ± 0.38

3.210 ± 0.74

a

129Sv/ImJ

GI Tract

l29SvIImJ

B6 129 SF1/J
(AHR b1/d)

(AHR d/d)

17.64± 1.46

28.15±5.86

Small intestine

2.63 ± 0.85

2.37 ± 0.49

Large intestine

12.32 ± 5.28

4.37 ± 1.77

Total

32.58 ± 3.69

34.89 ± 4.16

B6 129 SF1/J
(AHR b1/d)

(AHR d/d)

Urine

9.29 ± 2.0

12.59 ± 2.47

Feces

0.10±0.05

0.14±0.14

Total

9.39 ± 2.04

12.74±2.55

Content

Stomach

Elimination
Route

a

l29SvfImJ

data is presented as % of total gavage dose (mean ± SE, n = 3).

The numbers of fetuses in each litter ranged from 4 to 10. After genotyping, two
fetuses of different genotypes from each litter were selected for direct counting. The
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results showed that around 0.004% to 0.009% of total [14C] reached the individual organs

of the fetus, which corresponds to 113-318 nmol 13C eq/g tissue. The mean weight of the
fetus was 700 mg, so approximately 0.14% of the total dose of ['4C] - 13C would appear
in one fetus. There was no significant difference of [14C] - 13C distribution in offspring

from different dam AHR genotypes (Table 4-2). According to a paired t- test, there was
also no significant difference between AHR responsive and non-responsive fetuses of the
same litter (data not presented).

Table 4-2 ("CI -13C distribution in fetal mice

Major Organ
Organs

129Sv/ImJ
(AHR did)

Liver

0.01

Stomach

0.0051+ 0.0013

0.0036 ± 0.001

Kidney

0.0047± 0.0014

0.0010 ± 0.0008

Intestine

0.008 ± 0.0006

0.0052 + 0.0003

Lung
a

B6 129 SF1/J b
(AHR bl/d)

a

± 0.001

0.0079+0.0018

0.0051 ±0.00008

data is presented as % of total maternal dose (mean + SE, n = 6 in
offspring from B6 129 SF1/J dams; n=2 in offspring from
1 29Sv/ImJ dams). b,c Strain of dams.

Transplacental DBP-DNA adduct formation over time.
The potential of the carcinogenic PAH DBP to cross the placenta to form
genotoxic DNA adducts in fetal lung tissue was investigated. Representative HPLC
elution profiles of the DBP-DNA adducts at 48 and 144 hr after exposure are shown in
Figure 4-1. An increase in the total amount of DNA adduction was observed in maternal
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lung tissue from 6 to 48 hr after exposure to DBP, with an average adduct level of 24.5
pmol/mg of DNA at 48 hr. The adduct levels decreased in maternal tissues after 48 hr.
The fetus/neonate showed lower adduct levels compared to maternal adducts over time
and there were marked increases in DNA adduction after 24 hr (Figure 4-2A). There was
a significant effect (p

0.02) of AHR genotype on adduct formation in the fetus/neonate.

Over 24 to 144 hr, adduct formation is on average about 1.9 times higher for AHR b-l/d
neonates than for the AHR did neonates (Figure 4-2B). There was no observed effect of

time on adduct formation with either genotype (pO.35). When the average fetal adducts
for a particular genotype was plotted against the average maternal adducts, a linear

correlation between the two was observed, especially for AHR b-l/d fetuses/neonates (p
0.0086, Figure 4-3). Another analysis of thymus from newborns (2 d after exposure) also
showed adduct formation, but the level of adducts were much lower compared to adducts
in lung (average of 0.6 pmol/mg in AHR
detailed profile and data not shown here).

did

pups and 2.0 pmol/mg in AHR

b-l/d

pups,
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Figure 4-1. Representative HPLC elution profiles of 33P postlabeled DNA adducts in
maternal and fetal lung tissues 2 and 6 d after exposure to DBP. DNA adducts of the
(-)-anti-DB{a,l]PDE (peaks 1, 2a, 2b, and 4) and (+)-syn-DB[a,[jPDE (peaks 6) were
previously identified by cochromatography with authentic standards (Ralston et al. 1995).
HPLC conditions described in experimental procedures.
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Figure 4-2. Maternal and fetal mouse DNA adducts over time in lung tissue. The
data shown are the means ± SE, n 3.
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Figure 4-3. Scatter plots of average maternal adducts vs. the average fetal adducts
of a particular genotype. A. AHR11: Linear regression (pO.0O8), R2 = 0.423; B.
AHR('d: Linear regression (p0.066), R2 = 0.254.
Effect of 13C in the maternal diet on transpiacental DBP-DNA adducts in lung
The effects of 13C on the genotoxic DNA damage from exposure to DBP was
investigated in AHR b-l/d and AHR d/d dams. Representative HPLC elution profiles of

adducts formed from DBP in both genotypes and upon co-treatment with 13C are shown
in Figure 4-4. Upon feeding 13C, the DBP-DNA adduct formation in the AHR b-l/d dam

was decreased from average of 30.4 pmol/mg to 18.lpmol/mg (Figure 4-5) (p = 0.06).
On the other hand, dietary 13C significantly increased the total adducts in the AHR did

dam from an average of 10 pmol/mg to 33.4 pmol/mg (p

0.02). A comparison of adduct

level of AHR b-l/d and AHR did dams alone showed that AHR b-lid dams formed more
adducts in lung (p 0.004).
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Figure 4-4. Representative HPLC elution profiles of 33P postlabeled DNA adducts
in maternal lung tissues of differing AHR genotypes exposed to DBP and DBP+13C.
Inset in panel C depicts adduct profile with increased resolution.
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Figure 4-5. Effect of 13C and AHR genotype on total DNA adducts formation in
maternal mouse lung tissue. Data shown are the means + SE. n3.
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The effects of maternal exposure to dietary 13C on the genotoxic DNA damage to

dams. Upon

neonates from exposure to DBP was investigated in litters from

maternal feeding of 13C, the DBP-DNA adduct formation in neonate lung significantly

decreased. However, the total adducts level in different AHR genotype of neonates were
not significantly different (Figure 4-6).

a

10

8

:Z

6

4

2

0

Dam: DBP-13C

Dam: DBP+13C

Figure 4-6. Effect of maternal addition of 13C and neonate AHR genotype on total
DNA adducts formation in lung tissues of neonate mice. Data is presented as mean + SE,
n

3; different superscripts indicate statistically significant difference (p

Gray bar: AHR

b-lid

neonates, open bar: AHR

neonates.

< 0.05 by ANOVA).

Phase I and phase II protein levels in maternal liver and lung.
The protein expression of CYP 1 A and GST-

t

and GST-7t in maternal liver is

shown in Figure 4-7. In maternal liver, the CYP 1A expression was higher in AHRresponsive dams compared to non- responsive dams. 13C significantly increased CYP 1A

expression in both AHR genotypes, especially in AHR non-responsive. For the
expression of GST- i and GST-7t, the background level was similar in both genotypes,
and 13C increased the expression level in AHR responsive dams. The CYP 1A level was
relative low and induced by 13C in maternal lung of both genotypes. The GST- ji level

was not significant changed in lung of either genotype (Figure 4-8).
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Figure 4-7. CYP 1A, GST- t and GST-ir protein expression in maternal liver tissues.
A. lane 1, corresponding positive control; line 2-4, from AHR responsive, control diet
group; lanes 5-7, from AHR responsive, 13C groups; lanes 8-10, from AHR nonresponsive, control diet group; lanes 11-13, from AHR non-responsive, 13C diet groups.
B. optical density of protein expression by normalized with GADPH (CYP 1A) and 13actin (GST- and GST-it). Data is presented as mean + SE, n = 3; different superscripts
indicate statistically significant difference of expression same protein (p <0.05 by
jt

ANOVA).
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Figure 4-8. CYP 1A, GST- p protein expression in maternal lung tissues. A. lane 1,
corresponding positive control; line 2-4, from AHR responsive, control diet group; lanes
5-7, from AHR responsive, 13C groups; lanes 8-10, from AHR non-responsive, control
diet group; lanes 11-13, from AHR non-responsive, 13C diet groups. B. optical density of
protein expression by normalized with f3- actin.

Gene expression in thymus of newborn.
A total of 45000 genes have been detected in thymus of newborn mice. When we
filtered by background signal level, around 24000 genes were still present. All the downregulation or up- regulation criteria were set at greater than 2- fold changes. One hundred
and thirty one genes were down-regulated and 251 genes were up-regulated by maternal

exposure to DBP compared to control treatment. The down-regulation ranged from 2 to
11 fold whereas the up-regulation ranged from 2 to 1066 fold. Around 88.5% (116/131)

of down-regulated genes were less than 3-fold, only 11.5% (15/13 1) of these genes had a
greater than 3-fold change. For up-regulated genes, 65.3% (164/25 1) of genes ranged
from 2-5 fold, 2 1.9% (55/25 1) 5-20 fold, 8.4% (21/25 1) 20-100 fold and only 4.4%

(11/251) greater than 100- fold.

The list of genes regulated by DBP and their functions are reported and discussed
below together to give a better understanding of gene modulation by this transplacental
carcinogen.

When analyzing genes with the highest regulation by maternal exposure to DBP,

we observed that 9 of the 12 greatest up-regulated genes belong to the submandibular
gland salivary group (94-1066 fold, Table 4-3, genes with same names using the mean
value). The expression of these genes was lowered by DBP + 13C compared to DBP
alone, whereas 13C alone had little or no effect. Factors extracted from the

submandibular gland are known to stimulate lymphocyte proliferation, to affect the

weight of the thymus, spleen and lymph nodes and to induce immuno-suppression in
several in vivo animal models (reviewed by Sabbadini and Berczi, 1995). The most

common lymphoma of the salivary gland is mucosal-associated lymphoid tissue (MALT)

lymphoma (B-cell lymphoma). Reports also have shown peripheral T- cell lymphoma in
salivary gland (Hew et al. 2002; James et al. 1993). One of the oncogenes in our upregulation list, ErbB, also has a role in regulating epithelial morphogenesis of the mouse
embryonic submandibular gland (Miyazaki et al. 2004).
Around 55 genes related to cardiac or skeletal muscle development were up-

regulated by maternal exposure to DBP, by 2- 80 fold (Table 4-3). Maternal exposure to
DBP + 13C again dampened the response compared to DBP alone. However, maternal
exposure to 13C alone also up regulated these genes to a much lesser degree. Skeletal

muscle actin (De Jong et al. 1985) and myosins (Saku et al. 1985) had been reported to be
tumor markers in the diagnosis of rhabdomyosarcoma in childhood.

Table 4-4 lists genes related to cell cycle, cell adhesion and extracellular matrix
interactions, cell proliferation, angiogenesis and apoptosis. The regulation of cell cycle
and cell proliferation not only affects normal cell development but also cancer. For T cell

development, fetal or neonate thymus plays an important role and may be acutely
sensitive to transplacental carcinogens. For example, perinatal exposure to 2,3,7,8-

tetracholorodibenzo-p-dioxin (TCDD), an environmental contaminant, causes thymic
atrophy and impairs the immune system which can alter susceptibility to infections and
cancer in later adulthood (Gehrs et al. 1 997a, 1 997b; Gehrs and Smialowicz 1999).

Studies have shown that the induction of T cell apoptosis by TCDD favors negative
selection and may account for thymic atrophy (Camacho et al. 2004; Fisher et al. 2004).

Our microarray data also showed up-regulation of some apoptosis genes (p21) by

maternal exposure to DBP. Mitogen activated protein kinase kinase 6, involved in normal
development of thymocytes (related to negative selection) (Suzuki et a!, 2003), and
down-regulation of E1k4 (involved in positive selection) may also affect T cell
differentiation in thymus (Costello et al. 2004).

Table 4-3 Selected genes up-regulated in neonate thymus by maternal exposure to
DBP
Name

Description

submandibular gland salivary
23 10010 neonatal submandibular gland salivary
P21 Rik

Prpmp5
Sptl
Cyss
Psp
MuclO
Pip

mucin
proline-rich protein MP5
salivary protein 1
Similar to common salivary protein 1
(L0C224616), mRNA
parotid secretory protein
mucin 10, submandibular gland
salivary mucin
Prolactin induced protein

Muscle development, cytosketon
Tnnt2
troponin T2, cardiac
Mef2c
Myocyte enhancer factor 2C
Tpm2
tropomyosin 2, beta
Muc5b
mucin 5, subtype B, tracheobronchial
Myog
Myogenin
Gpc4
glypican4
Tpm2
tropomyosin 2, beta
Acta2
Actin, alpha 2, smooth muscle, aorta
Cryab
Crystalline, alpha B
My19
myosin, light polypeptide 9, regulatory
Tncc
troponin C, cardiac/slow skeletal
Myh6
myosin, heavy polypeptide 6, cardiac
muscle, alpha
Mb
Myoglobin
Myozl
myozenin 1
Des
Desmin
Tpml
tropomyosin 1, alpha

Fold Change
13C vs.

DBP vs.

DBP +

control

control

13C vs.

DBP +
13C vs.

control

DBP

0.71

345

105.8

0.23

2.17
0.47

137.3
189.1
241

25.6
35.2
7.90

0.19
0.19
0.033

539.6
863.8

199.9
110.2

0.18

1066

199.1

0.19

2.23

2.01

2.19
2.24
2.31

2.34

2.56
2.10

2.41
2.73

2.06
2.95

2.58

2.80
2.85
3.28
3.44
3.62
3.63
6.17
6.17
6.23

0.42
0.47
0.43
2.33
3.66
3.33

2.40
3.09
2.82

0.39
0.45

Table 4-3 continued
Name
Description
13C vs.

control
Casq2
Myh3
My12

Aqp5
Ttn
Actn2

FhIl
Myomi
Actcl
Myom2
Pva
Mylpf
pdlim5
Tpm2
Tnni2
Myoz2

Casql
Actal
Myll
Myh4

Smpx
Myhi
Tnnt3

calsequestrin 2
myosin, heavy polypeptide 3, skeletal
muscle, embryonic
myosin, light polypeptide 2, regulatory,
cardiac, slow

actininalpha2
four and ahaIfLIM domains 1
Myomesin I (Myomi), mRNA

DBP +
13C vs.

6.68
7.17

2.82
2.51

DBP
0.42
0.35

2.20

7.31

2.77

0.38

3.24
2.97

7.52
8.10
10.58
11.98

2.31

aquaporins
Titin

Fold Change
DBP vs.
DBP +
13C vs.
control
control

2.81

0.13

4.46
5.10
3.23
5.94
3.89
4.94
3.56
6.14

0.48
0.27
0.49

2.50
4.35
2.29
2.78
3.38

12.03
12.59
12.82
12.85

myozenin2

4.24
4.17
3.58
4.26

calsequestrin 1

5.91

5.96
6.67
6.50
7.45
11.12

actin, alpha I, skeletal muscle
myosin, light polypeptide 1, alkali;
atrial, embryonic
myosin, heavy polypeptide 4, skeletal
muscle
small muscle protein, X-linked
myosin, heavy polypeptide 1, skeletal
muscle, adult
troponin 13, skeletal, fast

9.28
8.35

15.87
17.18
17.60
27.15
29.53
37.45
45.21

9.69

48.08

25.25

13.50
8.45

60.78
69.9

23.96
31.4

0.39
0.45

12.27

81.78

30.28

0.37

Actin, alpha, cardiac
myomesin 2
parvalbumin
myosin light chain, phosphorylatable,
fast skeletal muscle
ENHI homolog
tropomyosin 2, beta
troponin I, skeletal, fast 2

13

17.85
16.37

0.31

0.38
0.28
0.47
0.38
0.39
0.38
0.27
0.38
0.48
0.36

The larger transcriptome changes occurred in genes related to cell adhesion and
extracellular matrix interaction, angiogenesis, metastasis and tumor invasion. The high
expression of these genes suggested the cell was prone to invasion and metastasis.

Among them, human kallikrein genes (KLK) have been reported to be involved in human
malignancies and several KLKs are promising bjomarkers of prostate, ovarian, testicular,
and breast cancers. Nagahara et al. (2005) recently analyzed the KLK6 expression status
with respect to various clinicopathologic variables in 66 patients with gastric cancer. The
KLK6 gene expression in cancerous tissue (0.37 +1- 0.53) was significantly (p <
0.000001) higher than that in noncancerous tissue (0.026 +1- 0.060). Elevated KLK6

expression was significantly associated with lymphatic invasion (p = 0.03). Connective
tissue growth factor (CTGF) gene was over expressed in human breast cancer cell with

elevated metastatic activity (Kang et al. 2003). A recent study showed that over
expression of tight-junction protein claudin-7 was an early event in gastric tumorigenesis
that is maintained throughout tumor progression (Johnson et al. 2005). We also
documented alterations in some oncogenes and tumor-suppressor genes although the
fold-differences were low.
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Table 4-4 Genes regulated in neonate thymus by maternal exposure to DBP related
to cell processing
Name

Description

Fold Change
13C vs.

DBP vs.

DBP +

DBP +

control

control

13C vs.

13C vs.

control

DBP

Cell cycle

ELK4, member of ETS oncogene family
6530403D0 RIKEN cDNA 6530403D07 gene
7Rik
Stagl
stromal antigen 1
Cdcl4a
CDCI4 cell division cycle 14 homolog A (S.
cerevisiae)
BB032 195 RIKEN full-length enriched, adult male thymus
Mus musculus cDNA clone 5830469G19 3',
mRNA sequence.
Anxal
annexinAl
Ndn
Necdin
Cdknla
cyclin-dependent kinase inhibitor IA (P21)
Dip3b
Dip3 beta
Cdknlc
cyclin-dependent kinase inhibitor 1C (P57)
E1k4

Cell differentiation
Mglap
matrix gamma-carboxyglutam ate (gla) protein
Myog
Myogenin
Ndr2
N-myc downstream regulated 2
Ctgf
connective tissue growth factor
MlfI
myeloid leukemia factor 1
Csrp3
cysteine and glycine-rich protein 3
FhIl
four and a half LIM domains 1

0.32

0.44
0.46
0.50

2.18
2.19
2.23
2.80
3.99

2.81

2.19
2.34
2.45
3.13
4.21
4.80
11.98

3.10

2.03
2.19
2.69
3.13
3.31
6.42
16.00
3.40
2.12
18.98

Cell adhesion and extracellular matrix interactions
App
amyloid beta (A4) precursor protein
Co15a2
procollagen, type V, alpha 2
Ceacaml
CEA-related cell adhesion molecule 1
Ctgf
connective tissue growth factor
Reg3g
regenerating islet-derived 3 gamma
Col2aI
procollagen, type II, alpha 1
Col9al
procollagen, type IX, alpha 1
Ceacam2
CEA-related cell adhesion molecule 2
Itgb5

Itgblbp2

integrin beta 5
integrin beta I binding protein 2

4.47

0.21

2.02
0.47
0.35

2.10

3.23

0.48
0.43
0.35
0.27

0.45
0.48

2.52
3.04
5.14

0.47
0.32
0.31

6.04

0.32

E:J

Table 4-4 Continued
Name
Description
13C
vs.

control
Cell growth, prolifrration
Ndn
Necdin
Amot
angiomotin
Cdkn 1 a
cyclin-dependent kinase inhibitor IA (P21)
Ndn
Necdin
Sspn
sarcospan
Igf2
insulin-like growth factor 2
Dip3b
Dip3 beta
FhlI
four and a half LIM domains 1

DBP+

vs.

13C vs.

13C vs.

control

control

DBP

2.19
2.22
2.23

2.02

2.31

2.60

2.81

Angiogenesis
Ctgf
connective tissue growth factor
Epha2
Eph receptor A2
Amot
angiomotin
Apoptosis
Map2k6
App
Mglap
App
Cdknl a

Fold Change
DBP
DBP+

mitogen activated protein kinase kinase 6
amyloid beta (A4) precursor protein
matrix gamma-carboxyglutamate (gla) protein
amyloid beta (A4) precursor protein
cyclin-dependent kinase inhibitor 1A (P21)

2.73
2.80
11.98

3.23

0.42
0.49
0.47
0.27

3.13
2.37
2.22

0.48
0.49

0.46
2.03
2.19

2.13

2.21

2.23

Metastasis and tumor invasion
1600023
RIKEN cDNA 1600023A02 gene

2.02

3.74

0.35

AO2Rik
K1k6

Des

kallikrein 6
Desmin

Oncogenes and proto-oncogenes
v-erb-b2 erythroblastic leukemia viral oncogene
homolog 3 (avian)
Rapigal
Rap 1, GTPase-activating protein I
Rab3d
RAB3D, member RAS oncogene family
Erbb3

tumor suppressors genes
Arf6
ADP-ribosylation factor 6
Tpd5211
tumor protein D52-like 1
Peg3
paternally expressed 3
Lox
lysyl oxidase

2.58

15.94
6.17

0.12
3.09

2.25

0.43

2.52
2.17

0.48

0.48
4.37
2.45
2.79

0.28
0.45

Table 4-5 lists selective genes changes by maternal DBP exposure related to
growth factors and receptors, hormones, signal transduction, immune response, stress
response and metabolism. The highest level of alteration in gene expression focused on

immune response, stress response and metabolism. Secretoglobin lal plays a direct role
in the regulation of T-cell-mediated inflammatory responses (Hung et al. 2004).

As previously discussed, 131 genes were down-regulated and 251 genes were upregulated by maternal exposure to DBP compared to control treatment. Among these 131
down-regulated genes, the down-regulation of 45 genes was markedly dampened in the
DBP + 13C

groups.

Eighty-six genes were similar in the DBP and DBP + 13C groups. For

these 86 genes, only 14 genes were also down-regulated in DBP+ 13C groups vs. control
and the rest 72 genes exhibited similar expression levels as control

groups.

A comparison was also made between samples following maternal exposure to
DBP vs. DBP + 13C groups in 251 up-regulated genes. Only one gene was higher in the
DBP + 13C

group,

and 136 genes were lower in the DBP + 13C groups compared to DBP

alone and 114 gene levels were similar in both groups. For these 136 genes, 61 genes
were also up-regulated in DBP + 13C groups

vs.

control and 75 gene levels similar to

control groups. For those 114 genes, 38 genes were also up-regulated in DBP+ 13C
groups vs.

control and the rest 76 genes exhibited similar expression levels as control

groups (Figure 4-9).
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Table 4-5 Genes regulated in neonate thymus by maternal exposure to DBP related
to growth factors and receptors, hormones, signal transduction, immune response,
stress response and metabolism
Name

Description

Fold Change

DBP+

DBP+

13C vs.

DBP vs.

13C vs.

13C vs.

control

control

control

DBP

0.49
2.20
2.25
2.54
2.73
3.45

0.48

0.20
0.46
0.47
0.48

0.25

Growth factors and receptors, hormones
Crry
complement receptor related protein
Bgn
Biglycan
DOH4SI 14 DNA segment, human D4SI 14
Ogn
Osteoglycin
lgf2
insulin-like growth factor 2

Ghr

growth hormone receptor

0.45
0.49
0.39

Swnal transduction
BB334959
Map2k6
Erbb2ip
6030470

Transcribed sequence
mitogen activated protein kinase kinase 6
Erbb2 interacting protein
RIKEN cDNA 6030470M02 gene

0.48

2.13

0.50

MO2Rik

Rab3d
Anxal

RAB3D, member RAS oncogene family
annexin Al
DOH4SI 14 DNA segment, human D4SI 14
Gnai I
guanine nucleotide binding protein, aIha
inhibiting I
Pdk4
pyruvate dehydrogenase kinase,
isoenzyme 4
Mtl
metallothionein I
Ppp I rib
protein phosphatase 1, regulatory (inhibitor)
subunit I B
AW55 1984 expressed sequence AW55 1984

Immune Resnonse
Tnfrsf8
tumor necrosis factor receptor superfamily,
member 8
Map2k6
mitogen activated protein kinase kinase 6
Hmgbl
high mobility group box 1
Pou2afl
POU domain, class 2, associating factor 1
Satbl
special AT-rich sequence binding protein 1
Ttr
Transthyretin
Scgblal
secretoglobin, family 1A, member 1
(uteroglobin)
Scgb3al
secretoglobin, family 3A, member 1
Reg3g
regenerating islet-derived 3 gamma

2.17
2.18
2.25
2.27
2.29
2.83
2.95

2.36

13.13

0.49
3.58

0.27

0.45

2.23

0.46
0.47
0.48
0.49

2.13

6.51

7.59
33.4
3.31

11.32
7.35

37.31
2.52
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Table 4-5 continued
Name
Description

Fold Change

DBP+

DBP+

13C vs.

DBP vs.

13C vs.

13C vs.

control

control

control

DBP

Stress response
Hspa8
heat shock 7OkD protein 8
Fgfbpl
fibroblast growth factor binding protein 1
S1c35f5
solute carrier family 35, member F5
Igf2
insulin-like growth factor 2
Hspbl
heat shock protein 1
Slcl2a2
solute carrier family 12, member 2
Eno3
enolase 3, beta muscle
AqpS
aquaporin 5
Metabolism
Mgstl
microsomal glutathione S-transferase 1
P4ha2
procollagen-proline, 2-oxoglutarate 4dioxygenase (proline 4-hydroxylase), alpha
II polypeptide
Car3
carbonic anhydrase 3
Tm4sf2
transmembrane 4 superfamily member 2
Gstt3
glutathione S-transferase, theta 3
Apoal
apolipoprotein A-I
Pgam2
phosphoglycerate mutase 2
Ppplr3c
protein phosphatase 1, regulatory (inhibitor)
subunit 3C
CoI2al
procollagen, type II, alpha 1
Pygm
muscle glycogen phosphorylase
Aldhla7
aldehyde dehydrogenase family 1,
subfamily A7
Ckmt2
creatine kinase, mitochondrial 2
Cyp2f2
cytochrome P450, family 2, subfamily f,
polypeptide 2
Ckm
creatine kinase, muscle
Car6
carbonic anhydrase6

0.49
2.03
2.30
2.73
3.33
3.33
6.07
7.52

0.49
0.41

2.85

0.47
0.13

2.08
2.11

2.12
2.26
2.26
3.89
4.08
5.43

2.59

4.10

2.15
2.26

0.42

6.42
11.12
16.29

3.04
4.99
3.62

0.47
0.45
0.22

16.53

7.10
14.59

0.43
0.43

18.61

0.33
0.12

33.85
8.87

7.01

55.57
926.1

112.3
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Figure 4-9. Gene expression in neonate thymus regulated by maternal exposure to
DBP, DBP + 13C and 13C. , larger than 2-fold upregulation when comparising two
treatments; .j., larger than 2-fold down regulation when comparing two treatments; , no
more than 2-fold change when comparising two treatments. The numbers of genes is
indicated in .

Besides these 382 genes, there were another 8 genes changed by maternal
exposure to 13C alone (0.17-3.68 fold) and 38 genes changed by DBP+ 13C treatment
(0.287-3.485 fold) compared to control diet (data not shown).

DISCUSSION
DBP is the most potent PAH carcinogen in fish (Reddy et al. 1999a, 1999b) and
rodent models and is a multi-organ carcinogen in the mouse, producing cancers of the
ovary, skin, uterus and liver, mammary in addition to production of lymphomas

(Higginbotham et al. 1993; Buters et al. 2002). The carcinogenesis of DBP and other
PAHs is determined in part by phase I enzymes, the cytochrome P450s (CYPs) and phase
II enzymes (glutathione S- transferease ((GST)) regulated through the AHR. The
induction of CYPs often results in bioactivation of PAHs to reactive intermediates which
covalently bind to DNA, leading to gene mutations and cancer. Induction of GSTs
usually represents detoxication (Sundberg et al. 2002). In our studies, CYP 1A and GST

proteins were present in mouse liver and lung and DBP DNA adducts formed in both
maternal and fetal/pup samples from 6 hr to 6 d after DBP exposure. More adducts
formed in responsive dams perhaps due to the higher constituent CYP1A in tissue. The

responsive fetus showed higher DBP adducts, as well. All these results were consisted
with our transplacental tumor study (Yu et al. 2006) and other transplacental studies done
by other groups using different PAHs (Miller et al. 1990a, 1990b, 1998; Miller 1994).
In our study, maternal dietary exposure to 2000 ppm 13C induced CYP 1A in liver
and lung regardless of AHR genotype and GST-

t

and GST-7r in maternal liver of

responsive mice. AHR responsive and nonresponsive appear to reflect relative

differences in the affinity of the AHR for ligands. However, this difference may be
eliminated with a higher dose of a potent AHR ligand, such as TCDD (Korkalainen et al.
2004). Even though 13C and acid condensation products generally have lower affinity
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(around 10 fold lower compared to TCDD, Bjeldanes et al.1991), a dietary exposure to

500 mgI Kg 13C over 8 days may still able to induce CYP 1A to a similar degree in mice
with either allele. Corresponding with protein expression results, in responsive dams,
13C lowered the DBP- adduct level in AHR responsive mice because both phase I and
phase II enzymes were induced. In AHR non-responsive dams, 13C increased DBP-DNA
adduct levels due to induction of CYP 1A alone. Maternal dietary exposure to 13C

reduced the total DBP-DNA adduction in fetal lung consistent with the reduced lung

tumor multiplicity seen at 10 months of age (Yu et al. 200x). The reduction was greater
in the AHR responsive fetus, although no AHR genotype effect was observed in the final
tumor response.

Few studies have analyzed the mutations caused by DBP and related these to
tumorigenesis. There is no report of gene mutations in lymphoma samples caused by

DBP. The only mutation mentioned was ras mutations in DBP carcinogenesis. Topical
application of DBP to the dorsal skin of SENCAR mice induced codon 61 mutations in
the H-ras gene and cell proliferation within 12 hr after treatment (Khan et al. 2005). DBP
caused both codon 12 and codon 61 Ki- ras mutations in lung tumors of strain A/J mice
(Nesnow et al. 1998). So far, there is no report related to N-ras mutations. 7,12Dimethylbenz[a]anthracene (DMBA) is another PAH causing lymphoma, lung, and skin
tumors in mice and is also a transpiacental carcinogen. Similar ras mutations have been
observed in these models. In a transplacental mouse model, Loktinonove (1990, 1992)

reported H-ras mutations in both skin and liver tumors and Ki-ras mutations in lung
tumors. Even though there was no report of DMBA caused transpiacental lymphoma,

reports have shown that Ki-ras and N-ras mutations in lymphoma can be caused by
DMBA (Qing et al. 1997). The Ras family of proteins are proto-oncogenes and
activating mutations increase mitogen-activated protein kinase (MAPK), The RasMAPK-signaling pathway has been linked to malignant phenotypes, including increased
proliferation, defects in apoptosis, and increased invasiveness.

Overexpression of ras had been reported in thymic lymphomas of TCR transgenic
mice and N-ethyl-N-nitrosourea (ENU) treated pim- 1 transgenic mice (Kobzdej et al.

2000; Breuer et al.1991). N- ras and Kj-ras mutations have also been detected in
childhood acute lymphoblastic leukemia and associated with parental exposure to
medications and hydrocarbons (Shu et al. 2004).
In our previous DBP transplacental carcinogenesis study, we detected Ki-ras

mutations in lung tumors, however, not in thymic lymphomas (Yu et al. 2006).
To explore the mechanism of DBP transpiacental carcinogenesis and 13C protection, we

used the Affymetrix mouse array, which can detect over 45000 genes, to analysis the
neonate thymus samples comprehensively.
From our array results, we only detected two ras genes with slight

overexpression. However, several genes related to the ras and MAPK pathway were up-

regulated considerably by DBP. For example, KLF5 expression increased in H-rastransformed cells, as well as MAPK activity, and the elevated level of KLF5 is, in part,
responsible for the proliferative and transforming activities of oncogenic H-ras (Nandan
et al. 2004). The EGF-induced increase of secretoglobin (involvement in inflammation)
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is related to the activation of the ERK-MAPK and phosphoinositide-3 kinase pathways
(Yamada and Kimura 2005).

The microarray data also examined groups of genes related to cell adhesion and
extracellular matrix interaction, angiogenesis, metastasis and tumor invasion. The high
expression of these genes suggests that the thymic cells exposed to DBP transpiacentally
were prone to invasion and metastasis.

In the thymus of newborn, Cyplbl and GST genes were detected but the Cyplal
and Cyp 1 a2 gene levels were relatively low and treatment effects obscured (data not

shown). Studies with knockout mice have demonstrated a crucial role for Cypibi
metabolism in DBP (and other PAHs) carcinogenesis (Buters et al. 1999, 2002, 2003;

Heidel et al. 2000). Even though Cypibi was not significantly changed by treatment in
fetus, the bioavailability of DBP to the fetus may be different due to maternal
metabolism.

In conclusion, a total of 47% (18 1/382) of genes altered by DBP were moderated

by addition of 13C in the maternal diet. Among these 181 genes, 130 were brought to
control levels of expression. Only one gene was elevated by DBP + 13C treatment

compared to DBP alone. The results provide a hypothesis that the transpiacental
chemoprotection by maternal dietary 13C involves the amelioration of DBP alteration in

fetal genes expression. The effects may be through modifying the bioavailability of DBP
to offspring or directly affecting offspring gene expression or a combination of both. For
example, 13C reduced the mucin expression in thymus of newborn. Mucin was up-

regulated over 100- fold in thymus by DBP in this study. MUC is a large transmembrane

glycoprotein overexpressed in a majority of carcinomas. High expression of MUC is
associated with aggressive tumors and 13C had been reported to inhibit the expression of
MUC1 in breast cancer cells (Lee et al. 2004).

Even though we detected a large amount of genes whose expression was altered
by DBP exposure, no statistical analysis was conducted on this data because of lack of
biological or sample replicates. Even though each sample was pooled from 2-6 pups/litter
and 3 - 4 litters, some genes with nearly two- fold- change may not be significant if more
replicates had been analyzed. Pregnant mice were gavaged with DBP/ corn oil, on
gestation day 17, and the birth time was different with each dam, ranging from one to two
days after gavage. Dams were sacrificed after 48 hr to maintain the same exposure time,
however, the development of the neonate may be different.

For further study, select genes will be picked up and confirmed by real-time PCR

with biological replicates and sample replicates. Also, samples with different
developmental points ranging from gestation day 18 till weaning will be examined by a
time course study to eliminate development effects. Also, gene expression in AHR nonresponsive (AHR did) offspring will be compared with AHR responsive (AHR b1/d)
offspring to understand the effect of AHR genotype on gene expression.

In conclusion, in the B6 129 transplacental mouse model, DBP is bioactivated by
CYP enzymes to reactive intermediates which covalently bind to DNA, leading to gene

mutations and cancer. The transplacental lung tumor may partly be caused by Ki-ras
mutations. The transpiacental lymphoma may also partly be caused by dysregulation of
the Ras-MAPK pathway and genes involved in cell invasion and metastasis.

Maternal exposure to 13C induced CYP 1A regardless of AHR responsiveness
and GST in AHR responsive dams which reduced the bioavailability of DBP to fetus. 13C
may also modulate expression of fetal genes directly.

100

Chapter 5

Conclusion

The experiments reported in this thesis demonstrated for the first time that DBP
was a transpiacental carcinogen in the B6 129 mouse model. A single oral gavage of 15
mg/Kg b.w. of DBP on gestation day 17 produced high incidences of lung tumors and

liver tumors in offspring. Most important, we demonstrated for the first time that PAH
caused T-cell lymphoblastic lymphoma (T-LBL) in young adult mice in a transplacental
model, a disease also observed in humans.

Other PAHs have also been proved to be transplacental carcinogens. The most
studied ones are 7,1 2-dimethylbenz[a]anthacene (DMBA), 3-methylcholanthrene (MC)

and benzo[a]pyrene (BP). A study by Anderson et al. (1995) showed that 3-MC, when
given intragastrically on gestation days 13-18 and DMBA or BP on day 17 as a single
intraperitoneal dose, caused lung and liver tumors a year later in the B6 D2 mouse model,

the mouse model most commonly used for study of AHR related transpiacental
carcinogenesis. The tumor risk was related to both maternal and offspring AHR
responsiveness in both 3- MC and DMBA treatment with greatest risk experienced by
responsive fetuses in nonresponsive mothers, and least by nonresponsive progeny of
responsive mothers. By contrast, there was no difference between AHR responsive and
AHR non-responsive offspring with regard to numbers of tumors caused by
benzo[a]pyrene.
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Our studies showed that maternal, as well as fetal, AHR genotype influenced the
risk for DBP-dependent lymphoma mortality. The highest mortality was observed in
offspring from AHR non-responsive dams and AHR responsive offspring had higher
mortality compared to non-responsive offspring from AHR responsive dams. However,
the liver and lung tumor multiplicity and incidence among the survivors were not related
to AHR genotype.

The similar results of DBP transpiacental carcinogenesis from our study and other
PAHs studies indicated that DBP has a mechanism similar to other PAHs. Miller et al
performed a series of transplacental studies using 3-MC in the B6 D2 mouse model
(reviewed by Miller 2004). A major finding from their study was that 3-MC induced
CYP1A1 enzymes both in maternal and fetal tissues which bioactivated 3-MC to toxic
metabolites, caused DNA- adduction and Ki-ras mutation in fetal lung resulting in
tumorigenesis. In our studies, DBP adducts were seen in both maternal and fetal lung
tissues and Ki-ras mutation in the lung tumors as well.
Besides the conmion lung tumors, DBP also caused transpiacental lymphoma, an
original finding for PAHs. DBP is the most potent PAH carcinogen (Bostrom et al. 2002;

Arifet al. 1997; Anderson et al. 1995). The mouse genetic background is different in this
study compared to previous studies. In a study conducted by Haines et al. (2001), 50
male and 49 female B6; 129 mice were maintained until 2 years of age to study their agerelated pathology. By 104-105 weeks, 14/50 (28%) of the males and 30/49 (61%) of the
females were still alive. The most common contributing cause of morbidity or mortality
was lymphoma. There is no record of spontaneous lymphoma in a B6 D2 background.
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No mutations in Ki-ras (exon 1, codons 12, 13 and exon 2, codon 61) or TP53
(exons 5-8) were observed in thymic lymphomas. Besides Ki-ras mutations, H-ras and
N-ras mutations have also been observed in DBP or DMBA induced carcinogenesis and
lymphoma. Further studies will focus on examining H-ras and N-ras mutations in thymic
lymphoma samples and lung and liver tumor samples.

A comprehensive gene analysis of neonate thymus by different treatments showed
that DBP caused up-regulation genes related to cell adhesion and extracellular matrix
interaction, angiogenesis, metastasis and tumor invasion. The high expression of these
genes suggested DBP expression altered the phenotype of the cell and made them prone
to invasion and metastasis.
Maternal diets containing 13C administered in the second and third trimester and

through lactation had no side effects on offspring and significantly reduced lymphoma
mortality and lung tumor multiplicity in mice surviving to 10 months of age.
The chemoprotection of the fetus by maternal dietary 13C was independent of

maternal or fetal AHR status. The induction of phase I and phase II enzymes and
consequently modification of DBP adducts in maternal tissues indicated that 13C was
altering the bioavailability of DBP to fetus. Maternal exposure to 13C also reduced DBPdependent modulation of gene expression in the fetal thymus.

In conclusion, exposure to DBP in utero and during lactation caused lethal
lymphoma in young offspring and liver and lung tumors at 10 months of age in a B6 129
mouse model. Maternal exposure of 13C during pregnancy and nursing reduced the

lymphoma and the multiplicity of lung tumors in offspring caused by DBP. The risk of
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lymphoma is related to both maternal and offspring AHR status whereas 13C protection

was independent of AHR genotype. The mechanism of DBP carcinogenesis may relate to
DBP.- DNA adduction of critical genes and 13C protection involve amelioration of these
effects.

This study raised concern about the exposure of environmental pollutants such as
PAHs to fetal and neonatal humans which may contribute to enhanced incidences of
lymphomas and leukemias in children and young adults, as well as other cancers later in
life. The addition of chemoprotective agents to the maternal diet during pregnancy and
nursing may be an effective strategy in reducing the incidence of cancers in children and
perhaps in adults as well.
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