1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Environ Mol Mutagen. Author manuscript; available in PMC 2020 June 01.

Published in final edited form as:
Environ Mol Mutagen. 2019 June ; 60(5): 410-420. doi:10.1002/em.22261.

In Utero Exposure to Benzo[a]pyrene Induces Ovarian Mutations
at Doses that Deplete Ovarian Follicles in Mice

Ulrike Ludererl:23, Matthew J. Meier#>, Gregory W. Lawson®, Marc A. Beal4, Carole L.
Yauk?, and Francesco Marchetti4

1Division of Occupational and Environmental Medicine, Department of Medicine, University of
California Irvine, Irvine, CA 92617

2Department of Developmental and Cell Biology, UC Irvine, Irvine, CA 92617
3Program in Public Health, UC Irvine, Irvine, CA 92617

4Environmental Health Science and Research Bureau, Health Canada, Ottawa, ON, K1A 0K9,
Canada

SPresent address: Ecotoxicology and Wildlife Health Division, Environment and Climate Change
Canada, Ottawa, ON, K1S 5B6, Canada

60ffice for Laboratory Animal Care, University of California Berkeley, Berkeley, CA 94720

Abstract

Polycyclic aromatic hydrocarbons (PAHS) like benzo[a]pyrene (BaP) are ubiquitous environmental
contaminants formed during incomplete combustion of organic materials. Our prior work showed
that transplacental exposure to BaP depletes ovarian follicles and increases prevalence of epithelial
ovarian tumors later in life. We used the MutaMouse transgenic rodent model to address the
hypothesis that ovarian mutations play a role in tumorigenesis caused by prenatal exposure to BaP.
Pregnant MutaMouse females were treated with 0, 10, 20, or 40 mg/kg/day BaP orally on
gestational days 7-16, covering critical windows of ovarian development. Female offspring were
euthanized at 10 weeks of age; some ovaries with oviducts were processed for follicle counting;
other ovaries/oviducts and bone marrow were processed for determination of /acZ mutant
frequency. Mutant plaques were pooled within dose groups and sequenced to determine the
mutation spectrum. BaP exposure caused highly significant dose-related decreases in ovarian
follicles and increases in ovarian/oviductal and bone marrow mutant frequencies at all doses.
Absence of follicles, cell packets, and epithelial tubular structures were observed with 20 and 40

Corresponding authors: Dr. Ulrike Luderer, Center for Occupational and Environmental Health, University of California Irvine, 100
Theory Drive, Suite 100, Irvine, CA 92617-1830, USA, uluderer@uci.edu, Tel: +1 (949) 824-8641, Fax: +1 (949) 824-2345, Dr.
Francesco Marchetti, Environmental Health Science and Research Bureau, Health Canada, 50 Colombine Driveway, Ottawa, ON,
K1A 0K9, Canada, francesco.marchetti@canada.ca, Tel: +1 (613) 951-3157, Fax: +1 (613) 941-8530.

Statement of Author Contributions:

UL co-conceived the idea, obtained funding, did ovarian histomorphometry, drafted and edited the manuscript; MJM carried out
mutant frequencies and mutation signature analyses, drafted portions of the manuscript; GWL reviewed ovarian histopathology and
reviewed the manuscript; MAB carried out the in vivo experiments and assisted with the mutational signature analyses; CLY
contributed to designing the experiments, oversaw sequencing and edited the manuscript; FM co-conceived the idea, designed the
experiment, oversaw the in vivo work, mutant identification, and mutation signature analyses, edited the manuscript. All authors
approved the final manuscript.

Conflict of Interest Statement: The authors declare that they have no actual or potential competing financial interests.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luderer et al.

Page 2

mg/kg/day BaP. Depletion of ovarian germ cells was inversely associated with ovarian mutant
frequency. BaP induced primarily G>T and G>C transversions and deletions in ovaries/oviducts
and bone marrow cells and produced a mutation signature highly consistent with that of tobacco
smoking in human cancers. Overall, our results show that prenatal BaP exposure significantly
depletes ovarian germ cells, causes histopathological abnormalities, and increases the burden of
ovarian/oviductal mutations, which may be involved in pathogenesis of epithelial ovarian tumors.
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Introduction

Polycyclic aromatic hydrocarbons (PAHS) are common environmental pollutants produced
during incomplete combustion of wood, fossil fuels, foods, tobacco, and other organic
materials [ATSDR 1995]. Many PAHSs, such as benzo[a]pyrene (BaP), are metabolized to
reactive species that are mutagenic and carcinogenic [Xue and Warshawsky 2005]. Over 50
years ago it was shown that dermal (5 mg applied weekly for 4 weeks or 1 mg applied
weekly for 8 weeks) and oral (1 mg weekly by gavage for 8 weeks) treatment with BaP
induced ovarian tumors in adult mice [Mody 1960, Biancifiori et al. 1961]. These
foundational studies also noted that ovaries were devoid of ovarian follicles at early time
points after the onset of treatment and before tumors developed. Subsequent research
showed that quiescent primordial follicles in the mouse ovary were dose-dependently
destroyed by BaP, with 50% reductions following single or cumulative daily doses in the
range of 25 to 50 mg/kg intraperitoneally [Mattison and Thorgeirsson 1979, Mattison et al.
1980, Borman et al. 2000]. Because there is ho or minimal neo-oogenesis in the post-natal
ovary [Tilly et al. 2009, Zhang et al. 2012, Lei and Spradling 2013], the primordial follicle
pool constitutes the ovarian reserve, and its depletion causes irreversible ovarian failure.
Thus, the consequences of adult female exposure to BaP include both reduction in fertility
and increased probability of ovarian tumors.

BaP exposure during early embryonic development can also have permanent impacts on
fertility in adults. In the mouse, oogenesis during embryonic development initiates around 7
days post conception (dpc) with the formation of primordial germ cells that proliferate
mitotically to generate the pool of cogonia until entering meiosis and becoming oocytes
beginning at 13.5 dpc [McLaren 2003, Pepling 2006]. Before birth, the oocytes arrest in the
diplotene stage of the first meiotic prophase. Beginning during the last few days of
pregnhancy and continuing during the first postnatal week, the oocytes are encapsulated by a
single layer of flattened granulosa cells to establish the primordial follicle pool [Pepling
2006]. Transplacental exposures to toxicants that destroy ovarian germ cells before follicle
formation can diminish the initial size of the primordial follicle pool. Indeed, female mice
exposed to BaP /in utero experience premature depletion of the primordial follicle pool and
decreased fertility [MacKenzie and Angevine 1981, Lim et al. 2013]. Moreover, doses of
BaP that deplete germ cells during /n utero exposure also cause increases in ovarian tumors
later in life [Lim et al. 2013], suggesting a relationship between these two adverse outcomes.
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It is well established that environmental chemicals, including several PAHs [Goerttler et al.
1981, Shorey et al. 2012, Lim et al. 2013], can induce transplacental carcinogenicity
[Anderson et al. 2000]. Compelling evidence is also accumulating that genetic changes
associated with disease in adult life arise during /n utero development [Biesecker and
Spinner 2013, Lupski 2013, Lupski 2015]. Mutations occurring during embryogenesis may
result in extensive mosaicism in the developing organism and affect a large proportion of
cells in the body. Indeed, we recently demonstrated that /n utero exposure to BaP
significantly enhances the occurrence of mutation fixation as a result of rapid conversion of
adducts into mutations and clonal expansion during F1 male organogenesis [Meier et al.
2017]. Furthermore, we showed that mutation induction in the germ cells of F1 males
exposed /n utero was inversely correlated with reduced sperm count and impaired sperm
motility [Meier et al. 2017]. Therefore, /in utero development represents a critical window
for the induction of mutations caused by xenobiotics that can lead to adverse health effects
after birth, including cancer.

Ninety percent of malignant ovarian tumors in women are epithelial and believed to be
derived from the ovarian surface epithelium or the fallopian tube epithelium [Mullany and
Richards 2012]. Different subtypes of epithelial ovarian cancers have characteristic
mutational signatures [Kurman and Shih 2016]. It is not known whether induction of ovarian
tumors by transplacental or direct exposure to BaP or other PAHSs in mice is consistent with
any of the common mutational mechanisms or signatures found in human ovarian cancers.
Activating mutations in codon 12 of the KRAS oncogene are the most common mutations in
low grade, Type | mucinous epithelial ovarian cancers [Cuatrecasas et al. 1997, Romero and
Bast 2012, MacKenzie et al. 2015]. Risk for mucinous epithelial ovarian cancers is increased
in women who smoke [Rossing et al. 2008, Tworoger et al. 2008, Gates et al. 2010]. Greater
than 90% of KRAS mutations occur in codon 12, and two KRAS codon 12 mutations
account for 90% of mucinous ovarian cancer KRAS mutations, KRAS codon 12 GGT>GAT
(G12D, 40%) and codon 12 GGT>GTT (G12V, 50%) [Matias-Guiu and Prat 1998,
MacKenzie et al. 2015]. We recently reported no significant increase in these Krascodon 12
mutations in mouse ovaries after prenatal exposure to a dose of BaP that resulted in >70%
depletion of the primordial follicle pool [Luderer et al. 2017], but we did not analyze any
other mutations.

We hypothesize that early developmental exposure to BaP results in ovarian mutations and
clonal expansion that increase the risk of ovarian tumors in adulthood. In the present study,
we: 1) quantify the dose-dependent effects of /n7 utero exposure to BaP during critical
windows of ovarian development on ovarian follicle number to assess potential impacts on
adult fertility; 2) determine the impact of /n utero BaP exposure on ovarian histopathological
lesions that may be precursors to ovarian tumors; and 3) characterize the frequency and
spectrum of ovarian mutations induced by transplacental BaP exposure, compared with
mutations arising in bone marrow of the same females, as an estimate of mutagenic events
with the potential to contribute to ovarian tumorigenesis. Furthermore, we compare the
mutation spectra derived from bone marrow and ovarian samples to the COSMIC database
of mutational signatures across the spectrum of human cancer types [Forbes et al. 2017] to
investigate whether the BaP-induced lacZ mutation signature is consistent with signatures of
PAH exposure in human ovarian cancers.
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Animal treatment, transgene mutation analysis, sequencing, statistical, and bioinformatic
analyses performed for scoring and characterizing mutations in the /acZtransgene of
MutaMouse females were as described previously [Meier et al. 2017]. The use of animals in
these experiments was approved by the Health Canada Ottawa Animal Care Committee.
Animals used in this study were humanely treated with regard to the alleviation of suffering
following the guidelines of the Canadian Council on Animal Care (http://www.ccac.ca/en_/
standards/policies/policy-ethics_animal_investiga-tion ). A total of 37 pregnant MutaMouse
females (80% mating success) were dosed by oral gavage with 0, 10, 20, or 40 mg/kg/day
BaP (CAS number 50-32-8) dissolved in olive oil on postconception days 7 through 16,
spanning several critical windows of ovarian development: primordial germ cell proliferation
during and after migration to the gonadal ridge, gonadal differentiation, proliferation of
oogonia, and entry and arrest of oogonia in meiosis. The exposures were performed in two
rounds, one with 0 and 10 mg/kg/day dose groups and the second with 0, 20, and 40
mg/kg/day dose groups. The goal was to obtain about eight litters per dose group, however,
some of the females thought to be pregnant did not produce litters (eight females) and 4
litters were lost within a few days from birth. There was no apparent correlation of these
events with the dose of BaP administered, and there was no statistically significant
difference in the number of pups born or the number that were weaned among the dose
groups (Supplemental Table 1). In total there were 11, 6, 8 and 5 litters for 0, 10, 20 and 40
mg/kg/day dose groups, respectively. One of the litters from the 20 mg/kg/day dose group
and two of the litters from the 40 mg/kg/day dose group did not have females that reached
weaning at 3 weeks of age, resulting in 7 and 3 litters available for analysis, respectively, in
those dose groups. Animals exposed /7 utero were euthanized 10 weeks after birth in
accordance with Health Canada’s ethical guidelines, after which tissues were collected. One
ovary with attached oviduct from one mouse per litter was fixed in Bouin’s fixative (Fisher
Scientific) for 24 h, rinsed in 50% ethanol, then washed for 30 or more minutes three times
in 50% ethanol, and stored in 70% ethanol until processing for ovarian stereology. The other
ovary with attached oviduct was flash frozen while the bone marrow was processed as
previously described [Meier et al. 2017].

Ovarian stereology and histopathology

One ovary from a randomly chosen female per litter was used for ovarian stereology. The
same ovary also underwent independent histopathological evaluation by a board-certified
veterinary pathologist (G.W.L.). Bouin’s fixed ovaries were embedded in paraffin, serially
sectioned at 5 pm thickness, and stained with Gill’s hematoxylin (Fisher Scientific) and 1%
eosin Y (Sigma Aldrich). Primordial, primary, and secondary follicles were enumerated
using the physical dissector principle [Miller et al. 1997, Myers et al. 2004]. Primordial and
small primary follicles were counted in every 5th serial section if the nucleus was clearly
visible; large primary and secondary follicles were counted if the nucleolus was clearly
visible. Antral follicles and corpora lutea were followed through every serial section taking
care not to count any of these structures twice. Follicles were further classified as healthy or
atretic [Lopez and Luderer 2004, Lim et al. 2013]. All counting was performed blind to
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treatment group by one of the authors (U.L.). The effect of /n utero BaP exposure on ovarian
follicle numbers was analyzed using linear regression on the log base 10 transformed data
and 1-way analysis of variance with post-hoc Dunnett T3 tests for intergroup comparisons.
Fisher’s exact test was used to analyze differences in the prevalence of histopathological
ovarian abnormalities among groups. Analyses were performed using SPSS Version 23 for
Macintosh (IBM).

Mutation analysis

DNA was obtained from bone marrow and ovaries from all females in each litter using
phenol/chloroform extraction, although we could not get sufficient DNA to perform the lacZ
assay from some of the ovaries. LacZ mutations in the MutaMouse transgene were scored by
packaging into lambda phage (Transpack packaging extract, Agilent Technologies) and
transfecting the DNA into gale E. colias previously described [Gingerich et al. 2014]. As
per OECD Test Guideline 488 [OECD 2013], a minimum of 125,000 plaque forming units
(PFUs) were analyzed per mouse, with a range of 5-20 animals per dose group. Statistical
analysis of the data was performed in R using a generalized linear model with a quasi-
Poisson distribution and multiple comparisons corrected by the Bonferroni method. Dose
response analysis of mutant frequencies was carried out using PROAST version 38.9 (http://
www.rivm.nl/en/Documents_and_publications/Scientific/Models/PROAST ).

Mutant plaques were selected for amplicon sequencing as described [Beal et al. 2015, Meier
et al. 2017]. Sequencing was performed on an lon Torrent Proton using a P1 chip. Sequence
data for plaques pooled by dose group (0 mg/kg/day compared to 20 and 40 mg/kg/day BaP
dose groups combined) and tissue were screened for mutations by alignment to the /acZ
gene with bowtie2 (version 2.1.0). Mutant plaques were not collected from the 10 mg/kg/day
BaP group because when the response is small, the mutation spectrum is more affected by
the spontaneous mutation spectrum than that obtained at the higher doses and because when
only a few mutant plaques per plate are recovered, it would require conducting the /facZ
assay an unreasonable number of times to generate a reliable mutation spectrum. The read
depth for each mutant was enumerated using samtools (version 0.1.19). Mutations passing
the threshold (i.e., those having a read depth equal to at least 1/number of plaques in pool) in
two technical replicate libraries were counted and corrected using a limit of detection (LOD)
and linear model described in detail previously [Beal et al. 2015]. Briefly, this model was
established by sequencing known mutant plaques mixed in different proportions and using
the Fitting Linear Models algorithm in R to determine the correlation between expected and
observed mutants. This resulted in the following formula: adjusted mutant count = (observed
count — y-intercept) / slope for mutant counts above the LOD, where the LOD was 4,y
intercept was 0.3123, and slope was 1.1363. Mutations that had an adjusted mutant count >1
were considered the result of clonal expansion, because their read proportions were greater
than expected based on the number of plaques sequenced after applying the correction.

Mutation counts for bone marrow and ovary exposed to BaP were imported into R as row
counts from a VVCF file using the “readVcfAsVRranges” command from the package
“SomaticSignatures” [Gehring et al. 2015] with the /acZ coding sequence as the reference
FASTA file. For bone marrow, data from the male siblings [Meier et al. 2017] were added to
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increase the number of mutants available for signature deconstruction, thereby reducing
error on the measurement of signatures. The observed /acZ mutation spectra in bone marrow
and ovary was compared against COSMIC mutation signatures to identify the signature that
best explained the mutation data. In order to do this comparison, the COSMIC mutation
signature weights, which are derived from human mutation data, were first normalized to
lacZtrinucleotide frequencies. This was done using the ratio of trinucleotide frequencies in
lacZ to the trinucleotide frequencies in the human genome. Following normalization, each of
the 96 trinucleotide substitutions within each signature were represented as the relative
frequency (i.e., all values in a signature sum to 1) by dividing each normalized value by the
sum of all values for that signature. The trinucleotide mutation context (the nucleotide
immediately upstream and downstream of the mutation) was obtained with the
“mutationContext” command and converted to a motif matrix using the “motifMatrix”
command (both in the “Somatic Signatures” package). The motif matrix was then transposed
to obtain the required format and was finally decomposed into the constituent /acz-
normalized signatures using the “whichSignature” command from “deconstructSigs”
[Rosenthal et al. 2016]. Pearson correlation was then used to identify the signature that best
explained the BaP-induced mutations /n7 utero. The best matching signature and mutation
profiles were plotted with the “plotSignatures” command from ‘deconstructSigs”.

In utero exposure to BaP depletes ovarian germ cells and induces ovarian
histopathological changes

Analysis of the ovaries of F1 females at 10 weeks of age showed that /n7 utero exposure to
BaP during critical windows of ovarian development dose-dependently depleted germ cells,
resulting in dramatic reductions in the numbers of healthy and atretic follicles of all stages of
development (Table 1 and Figure 1A). Only 3% as many healthy follicles as were observed
in control mice remained in the ovaries of 10 mg/kg/day exposed females. Only one of seven
ovaries in the 20 mg/kg/day group had any follicles, and no follicles were found in the
ovaries from the 40 mg/kg/day group (Figure 1 and Table 1). The numbers of corpora lutea,
which are derived from preovulatory follicles that ovulated during prior estrous cycles, were
similarly decreased (Table 1). The EDsq for follicle depletion in MutaMouse females
exposed during this developmental window was therefore below 10 mg/kg/day.

The ovarian surface epithelium normally consists of a single layer of flattened to cuboidal
cells (Figure 1B). Small areas of surface epithelium more than one layer thick or epithelial
invaginations were occasionally noted at the 10 mg/kg/day dose (Figure 1C). One of seven
ovaries from the 20 mg/kg/day dose group exhibited multi-layered ovarian surface
epithelium with multiple invaginations, tubules extending from the surface into the
parenchyma, epithelial inclusions, and mitotic figures (Figure 1D). All of the ovaries from
the two high dose groups had areas of fibroblast-like cells separating cell packets (Figure
1E). In some areas where fibroblasts were prominent around packeted cells, packeted cells
appeared to degenerate, forming tubular structures lined by cuboidal epithelium in 5 of 7
ovaries in the 20 mg/kg/day group and 3 of 3 in the 40 mg/kg/day group (Figure 1E,F). We
propose that these histological changes represent precursor lesions to epithelial ovarian
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tumors in view of our prior study in which we observed 83% prevalence of epithelial ovarian
tumors in wild type F1 mice exposed to 10 mg/kg/day BaP during the same developmental
window [Lim et al. 2013]. None of the control ovaries exhibited any of these changes.
Overall, the incidence of epithelial tubular structures increased significantly with prenatal
BaP dose (p < 0.001, Supplemental Table 2).

In utero exposure to BaP induces mutations in ovaries/oviducts and bone marrow

In utero exposure to BaP during the critical period of organogenesis induced significant
dose-related increases (p < 0.0001) in mutations in the bone marrow and ovaries/oviducts of
F1 female mice (Figure 2, top panel, Table 2). The increase in mutations was especially
pronounced in the ovaries/oviducts, where a 3-fold increase in mutant frequency over
controls was observed at the 10 mg/kg/day dose (p = 0.003). At the 20 and 40 mg/kg/day
doses, 23-fold and 24-fold increases in mutant frequency was observed in the bone marrow
and ovaries/oviducts, respectively (p < 0.0001). Dose-response modelling using PROAST
revealed a benchmark dose (BMD; the dose at which a 10% increase in response occurs) of
1.3 mg/kg/day, with a BMDU (upper 95% confidence interval on the BMD) of 1.4
(Supplemental Table 3). This was lower than the BMDL (lower 95% confidence interval on
the BMD) of 2.1 mg/kg/day in bone marrow.

High-throughput next-generation sequencing of the mutant plaques recovered from the
MutaMouse /acZ transgene revealed that the BaP-induced mutation spectrum was similar
between the two tissues and that they both contained an increase in G>T and G>C
transversions as well as deletions (Figure 2, middle panel). In addition, the proportion of
clonally expanded G-based transversions increased following /n utero exposure in both
tissues, consistent with the early developmental origin of such mutations (Figure 2, lower
panel). Finally, the spontaneous mutation spectra of bone marrow and ovary/oviduct are also
comparable, with both being comprised of roughly 50% G>A transitions.

We next analyzed our /acZ sequencing data to determine if BaP-induced mutational
signatures are found in human cancers. The /acZtransgene in MutaMouse consists of a
~3000 bp sequence of bacterial origin, which is heavily biased towards GC rich sequence
composition [Beal et al. 2015]. Thus, the deconstruction of signatures was performed using
signature weights that were normalized to the ratio of /acZtrinucleotide frequencies to
human trinucleotide frequencies. When adjusted in this manner, decomposition of known
mutation signatures from the /acZ mutants of BaP exposed mice and Pearson Correlation
revealed Signature 4, which is enriched for C>A mutations, as the best matching signature to
explain bone marrow (Pearson Coefficient: 0.74) and ovary/oviduct (Pearson Coefficient:
0.61) mutations (Figure 3). Note that substitutions in the COSMIC signatures are displayed
with respect to the mutated pyrimidine in the base pair nd, therefore, C>A in Figure 3 is
equivalent to G>T in Figure 2. Signature 4 is associated with tobacco smoking and is also
the main signature observed after exposure of mouse embryonic fibroblasts (MEF) to BaP
[Nik-Zainal et al. 2015, Alexandrov et al. 2016]. Comparison of the BaP signature in MEF
with our signature obtained with the lacZ gene shows an improved Pearson Coefficient for
both bone marrow (0.81) and ovary (0.68). Thus, these results further support that the
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observed mutations in our study are the direct consequence of BaP exposure and that this is
a relevant mutational mechanism in human cancer.

Discussion

We examined the potential relationship between ovarian germ cell depletion and induction of
ovarian/oviductal mutations following /n utero exposure to BaP. We observed strong, inverse
dose-response relationships for ovarian follicle counts and mutant frequencies, with follicle
numbers decreasing and mutant frequencies increasing with dose. Notably, ovarian
primordial follicle numbers were decreased by 97% in the lowest dose group, and essentially
no ovarian follicles remained in the ovaries of mice exposed to the two higher doses. Ovaries
in the higher dose groups showed histological changes that are likely precursor lesions of
epithelial ovarian tumors. The mutation spectra were very similar between ovaries/oviducts
and bone marrow of F1 females exposed to BaP /n7 utero and were highly correlated with a
human cancer signature associated with tobacco smoking.

Although environmental mutagens such as BaP are well-established causative agents of
tumor initiation in adults, the role that environmental mutagens play in the formation of
tumors following transplacental exposures is not as well studied. We previously showed that
treatment of pregnant C57BL/6J mice with 10 mg/kg/day BaP during the same dosing
window as in the present study resulted in 50% prevalence of bilateral and 33% prevalence
of unilateral epithelial ovarian tumors in wild type F1 offspring at 7.5 months of age, with
no tumors noted in other tissues [Lim et al. 2013]. Two other PAHSs, 7,12-
dimethylbenz[a]anthracene (DMBA) and dibenz[ def,p]chrysene, are transplacental ovarian
tumorigens at doses that cause tumors in other organs [Goerttler et al. 1981, Shorey et al.
2012]. Like BaP, DMBA depletes ovarian germ cells in fetal and neonatal ovaries, and for
DMBA this has been shown to be aryl hydrocarbon receptor (AHR)-dependent [Matikainen
et al. 2001, Matikainen et al. 2002]. To our knowledge no studies have investigated the
impact of A/Ardeletion on the ovarian toxicity of prenatal BaP exposure. However, one
previous study reported that A/Arnon-responsive genotype of the fetus was protective against
transplacental carcinogenesis by the methylated PAHs DMBA and 3-methylcholanthrene,
but had no effect on transplacental carcinogenesis by BaP [Anderson et al. 1995]. Antral
follicles produce steroid hormones (estrogens and progestins) and peptide hormones, such as
inhibin, that feed back to the hypothalamus to inhibit gonadotropin releasing hormone
secretion and to the pituitary to inhibit luteinizing hormone and follicle stimulating hormone
secretion (LH and FSH). Germ cell/ovarian follicle depletion results in lack of antral
follicles with resultant loss of ovarian negative feedback and high levels of circulating LH
and FSH. These high gonadotropin levels are thought to play an ovarian tumor-promoting
role [Salehi et al. 2008]. In BaP-exposed ovaries that were devoid of follicles, we observed
multiple areas of cell packets surrounded by fibroblast-like cells, which in areas were
degenerating and forming tubular, epithelial-lined structures, likely representing the early
stages of ovarian tumorigenesis. These findings are similar to surface epithelial
papillomatosis, intraovarian epithelial inclusions and invaginations, and epithelial
pseudostratification, all of which are observed in ovaries removed prophylactically from
women with familial ovarian cancer, and tubular structures observed in ovaries of aged rats,
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which are thought to be precursor lesions to epithelial ovarian tumors [Engle 1946, Salazar
et al. 1996, Romero and Bast 2012, Ng and Barker 2015].

In this study, we observed statistically significantly increased mutant frequencies in the facZ
transgene at all doses evaluated in the ovaries/oviducts. Bone marrow mutant frequencies
were also elevated at all doses in these females and closely matched those observed in the
male siblings in our previous work [Meier et al. 2017]. Based on dose-response modelling of
the /acZ mutant frequencies, the ovaries/oviducts accumulated mutations at lower doses than
the bone marrow (benchmark doses of 1.3 and 3.6 mg/kg/d, respectively, with non-
overlapping confidence intervals). The mutation spectra of the exposed bone marrow and
ovaries both show a prominent increase in G>T and G>C mutations, and a relative decrease
in G>A mutations, consistent with previous studies that examined the mutation spectrum of
B[a]P [Beal et al. 2015]. The presence of B[a]P induced mutations and the low BMD
observed in this study suggest that developing ovaries may be more sensitive to
environmental mutagens than other tissues, and because the mutations induced by
environmental agents can occur randomly throughout the genome, any cancer driver gene
may be affected. Furthermore, as it was observed in males [Meier et al. 2017], the number of
clonally expanded mutants was higher in BaP-exposed animals (Figure 2), consistent with
observations that /n7 utero exposure is a sensitive window for the induction of germline and
somatic mosaicism.

Mutations in the KRAS GTPase are the second most common mutation in epithelial ovarian
cancers in humans, and 32-50% of KRAS mutations in these cancers are G>T transversions
in codon 12 (G12V) [Cuatrecasas et al. 1997, Matias-Guiu and Prat 1998, MacKenzie et al.
2015]. The mutation spectrum in the /acZ gene was consistent with these being the
predominant mutation types. We also observed increased deletions in the ovaries, which is
consistent with what was observed in somatic tissues, but not in sperm, from males exposed
in utero [Meier et al. 2017]. It should be noted that since there were very few follicles in the
treated groups, the ovarian mutation spectra and frequency presented here essentially
represent the contribution of somatic cells only. Indeed, the mutation spectra in the somatic
tissues of control animals and those exposed to BaP /n utero are highly consistent between
females in this study and males in Meier et al. [Meier et al. 2017], suggesting that there are
few sex-related differences in mutation mechanisms.

The mutations sequenced in this study, when considered in their trinucleotide context,
contain the previously described Signature 4 that has been associated with cigarette smoking
(Figure 3) [Alexandrov et al. 2013, Alexandrov et al. 2016]. In addition, we observed an
even better correlation between our lacZ signature and the BaP signature found in MEF
[Nik-Zainal et al. 2015]. These findings are to be expected given that Signature 4 is a
composite of: (1) the initial mutations induced by an exposure (as detected by the lacZ
signature and the BaP signature) and the mutations accumulated during the carcinogenesis
process; and (2) the mutation signatures induced by the other PAHSs and carcinogenic
compounds that are found in tobacco smoke [US Department of Health and Human Services
2010]. These results suggest that transgenic rodent models can provide important
information on the mutational mechanisms and signatures underlying cancer formation.
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Comparison of the mutations found in 441 ovarian cancers in the TCGA mutation dataset
indicates that a subset of these cancers (at least 12 cases) were driven primarily by the
smoking signature (Supplementary Figure 1), which is congruent with epidemiological
studies demonstrating an increased risk for mucinous epithelial ovarian cancers is in women
who smoke [Rossing et al. 2008, Tworoger et al. 2008, Gates et al. 2010]. Our study adds
experimental support to such a molecular basis. It would be of interest to sequence ovarian
tumors induced by transplacental BaP exposure to identify cancer-driving mutations. It
would also be of interest in future studies to analyze ovarian and oviductal mutations
separately because ovarian tumors may arise from either of these tissues [Kim et al. 2012,
Mullany and Richards 2012, Kim et al. 2015]. We were not able to do this in the present
study because of the small size of these tissues, particularly the atrophic ovaries from the
BaP-exposed females.

To our knowledge, this is the first report of ovarian follicle numbers in MutaMouse. The
MutaMouse transgenic strain was generated on a (BALB/c x DBA/2)F1 genetic background
[Gossen et al. 1989]. The total number of ovarian follicles in 10 week old MutaMouse
controls in the present study is about 1.5-fold higher than the follicle number in 6-week old
C57BL/6J mice [Luderer et al. 2017]. MutaMouse females appear to be similarly sensitive
to /n utero germ cell depletion by BaP as C57BL/6J females. The EDsq for follicle depletion
in MutaMouse in the present study is clearly below 10 mg/kg/day and is consistent with the
EDgq of about 2 mg/kg/day previously observed in C57BL/6J with the same dosing period
[Lim et al. 2013, Luderer et al. 2017]. When comparing the effects of /n utero exposure to
BaP in MutaMouse on the ovaries in the present study to those on the testis, statistically
significant ovarian follicle depletion is observed at 10 mg/kg/day BaP, while no statistically
significant effects on testis weights, epididymal sperm counts, or sperm motility were
observed in the male siblings at that dose [Meier et al. 2017]. Similarly, greater sensitivity of
the developing ovary than the developing testis was observed in C57BL/6J mice exposed /n
uteroto BaP during the same developmental window [Nakamura et al. 2012, Lim et al.
2013], as well as in cultured embryonic gonads of C57BL/6J mice [Lim et al. 2016].
MutaMouse males appear to be less sensitive to the reproductive toxicity of /in utero
exposure to BaP than C57BL/6J males. Using the same dosing regimen, epididymal sperm
counts in C57BL/6J mice exposed to 10 mg/kg/day were 68% decreased compared to oil
controls [Nakamura et al. 2012], while no significant decreases were observed in
MutaMouse males at that dose [Meier et al. 2017]. Overall, the data in this and other papers
indicate that although /n utero BaP exposure adversely impacts both male and female
fertility, ovarian impairment occurs at lower doses than testicular effects.

Biomonitoring studies show that essentially all people are exposed to PAHs [NHANES
2009, Aquilina et al. 2010, Health Canada 2015], and BaP has been measured in human
follicular fluid [Neal et al. 2008]. Exposure of pregnant rats to BaP via oral or inhalation
routes results in BaP-dose-dependent concentrations of BaP metabolites in blood and tissues
of offspring on the day of birth, with levels declining over the subsequent postnatal weeks
[Wu et al. 2003, Jules et al. 2012]. Smoking related DNA and albumin adducts, including
BaP-specific adducts, have been detected in human fetal tissues [Hansen et al. 1993, Autrup
and Vestergaard 1996]. Humans are exposed to dozens of mutagenic PAHSs in addition to
BaP. The estimated daily intake of mutagenic PAHSs by a hypothetical non-occupationally
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exposed 60 kg woman from inhalation of polluted urban air (3 pg/day), smoking cigarettes
(10 pg/day) and consuming grilled and smoked foods (17 pg/day) would be on the order of
0.5 pg/kg/day [Menzie et al. 1992, ATSDR 1995, Shopland et al. 2001, Lodovici et al. 2004]
or about 3.5 pg/kg/day in mice after an allometric interspecies correction [USEPA 2011].
The estimated daily dose of BaP alone in a highly exposed woman from air (0.04 ug/day),
tobacco smoke (3 pg/day), and food (1.6 pg/day) would be about 0.08 pg/kg/day, equivalent
to 0.5 pg/kg/day in mice. Thus, the daily doses of BaP used in this study are three to four
orders of magnitude higher than estimated human exposure to total mutagenic PAHs and
four to five orders of magnitude higher than estimated human exposure to BaP. However,
gestation in humans is much longer than in rodents, resulting in an estimated cumulative
dose during the course of pregnancy in our hypothetical woman of about 150 ug/kg BaP
after allometric interspecies correction, which is 1333-fold less than the cumulative dose of
200 mg/kg BaP in the 10 mg/kg/day dose group in the present study. Given that the 10
mg/kg/day dose in the present study resulted in depletion of 97% of ovarian follicles and
statistically significant increases in ovarian mutations, future studies should examine the
ovarian effects of lower transplacental doses of BaP.

In summary, depletion of ovarian germ cells by transplacental BaP exposure is inversely
associated with ovarian/oviductal mutant frequency and increases in G>T and G>C
transversions and deletions. The similar mutation spectra in the ovaries and bone marrow of
females and in various somatic tissues in transplacentally exposed males [Meier et al. 2017]
suggest that there are few sex-related differences in mechanisms by which /n utero BaP
exposure induces mutations. Together with ovarian lesions in the two highest dose groups
that are similar to lesions observed in ovaries from women at high risk of ovarian cancer, our
data support a role for ovarian/oviductal somatic mutations in the pathogenesis of epithelial
ovarian tumors caused by prenatal BaP exposure.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Effects of in utero exposure to BaP on F1 ovarian follicle numbers and histopathology
at 10 weeks of age.

Ovaries from F1 females exposed to the indicated doses of BaP on gestation days 7 to 16
were processed for ovarian histology and stereology as described in Methods. (A) Mean +
SEM of healthy follicles of all developmental stages per ovary. *P<0.001 versus 0
mg/kg/day BaP. (B) Ovary from control mouse shows follicles at various stages of
development and single layer of ovarian surface epithelial cells (arrow). (C) Multilayered
and invaginated areas of ovarian surface epithelium (OSE; arrows) in ovary from 10
mg/kg/day BaP exposed mouse. (D) Abnormal multi-layered, highly invaginated OSE
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(arrow) and inclusion cysts (asterisks) in ovary of 20 mg/kg/day BaP-exposed mouse. Inset
shows mitotic cell in epithelium (arrow). (E) Representative packet of cells surrounded by
fibroblasts (arrowhead) and tubules (black arrows) observed in ovaries from 20 and 40
mg/kg/day exposed mice. (F) Ovary from 40 mg/kg/day BaP exposed mouse shows absence
of ovarian follicles and multiple tubular, epithelial-lined structures within ovarian
parenchyma. Structure at upper right is portion of oviduct. Scale bars are 50 um throughout.
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Figure 2. Effects of transplacental BaP exposure on ovarian/oviductal mutant frequencies.
The /acZmutant frequency of female mice exposed to benzo[g]pyrene (BaP) /n uterois

significantly elevated in the bone marrow and ovaries/oviducts (top panel). The mutation
spectra of the 20 and 40 mg/kg BaP-exposed animals show the characteristic increase in
G—T, G—C, and deletion mutations that is associated with BaP-induced mutagenesis
(middle panel). An increased proportion of BaP-induced mutations are clonally expanded
(bottom panel). Each circle within a group corresponds to a different mutation and the area
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of each circle represent the number of times that the mutation was observed within an
animal. *P<0.05 versus 0 mg/kg/day BaP.
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Figure 3. Tissue-specific lacZ transgene mutation signatures after transplacental exposure to

BaP.
Top to botton:

lacZ normalized Signature 4; BaP signature in bone marrow; BaP signature in

the ovary. Note that mutation signatures are represented using the pyrimidine context, and

therefore C>A
represents the
X-axis.

mutations here are equivalent to G>T mutations in Figure 2. Each bar
relative frequency of the mutation in the trinucleotide contexts shown on the
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Table 1:

Ovarian follicle counts in F1 MutaMouse females exposed to BaP /n utero

Follicles/ovary + SEM

BaP Dose N Healthy Healthy Healthy Healthy Atreticb Corpora
(mglkg/ day)a Primordial ~ Primary Secondary  Antral lutea
0 11 2220+238  1140+77 18613 226+31 110+16 83+24
10 6 102+202" 550+253° 17.0+66° 25+11° 60+24" 28x117
20°¢ 7 03+03% 03+03° 07 0* 06+06" 07
40 3 0 * O * O * 0 * O * O *

aGestationaI days 7-16
b .
All stages combined
cOnIy one ovary in this group had any follicles
*
P<0.001 versus respective 0 mg/kg/day, Dunnett T3 test;

7LP:O.Oll versus 0 mg/kg/day
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Table 2.

Page 22

Summary of /acZ mutant frequency in bone marrow and ovaries of MutaMouse females exposed to BaP /n

utero during the period of organogenesis.

Tissue Dose No of F1 | Total Total Avg® SEb P_value®
administered | animals | Mutants | Plaque leg -value
to dam Forming 5
(mg/kg/d) Units (x10%)
0 11 327 | 6,223,765 45 ] 1.89 -
Bone
10 20 983 | 8,154,942 136 | 2.50 0.1530
marrow | 20 15 2,449 | 4,502,489 544 | 7.15 <0.0001
40 8 3,471 | 3,493,579 | 1059 | 10.97 | <0.0001
Ovaries | 0 8 76 | 1,326,824 5.7 | 1.37 -
10 5 176 | 1,032,932 175 | 2.67 0.0030
20 7 704 | 1,743,973 419 | 3.16 <0.0001
40 5 1,059 760,410 | 1389 | 8.90 <0.0001

aArithmetic mean of mutant frequency (MF) of all animals in group

bStandard error (SE) calculated using the esticon function in the doBy R package

cGeneraIized linear model in R with quasi-Poisson distribution and Bonferonni correction
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