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a  b  s  t  r  a  c  t

Females  deficient  in the  glutamate  cysteine  ligase  modifier  subunit  (Gclm)  of  the rate-limiting  enzyme
in  glutathione  synthesis  are  more  sensitive  to  ovarian  follicle  depletion  and  tumorigenesisby  prenatal
benzo[a]pyrene  (BaP)  exposure  than Gclm+/+  mice.  We  investigated  effects  of  prenatal  exposure  to  BaP
on  reproductive  development  and  ovarian  mutations  in Kras,  a commonly  mutated  gene  in epithelial
ovarian  tumors.  Pregnantmice  were  dosed  from  gestational  day  6.5  through  15.5  with  2  mg/kg/day  BaP
eywords:
olycyclic aromatic hydrocarbon
ras
uberty
varian follicles
utation

or vehicle.  Puberty  onset  occurred  5  days  earlier  in  F1  daughters  of  all  Gclm  genotypes  exposed  to  BaP
compared  to  controls.  Gclm+/−  F1 daughters  of Gclm+/−  mothers  and  wildtype  F1  daughters  of wildtype
mothers  had similar  depletion  of  ovarian  follicles  following  prenatal  exposure  to BaP,  suggesting  that
maternal  Gclm genotype  does  not  modify  ovarian  effects  of  prenatal  BaP.  We  observed  no  BaP  treatment
or  Gclm  genotype  related  differences  in ovarian  Kras  codon  12  mutations  in  F1  offspring.

©  2017 Elsevier  Inc.  All  rights  reserved.

lutathione

. Introduction

Polycyclic aromatic hydrocarbons (PAHs), such as
enzo[a]pyrene (BaP), are formed during the incomplete combus-
ion of organic materials like fossil fuels, wood, tobacco, and foods
1]. PAH exposure occurs primarily via inhalation of polluted air
nd tobacco smoke and consumption of grilled and smoked foods
2,3]. Biomonitoring data show that PAH exposure is ubiquitous
4–6].

Many PAHs, including BaP, are mutagenic and carcinogenic.
aPis classified as a known human carcinogen, causing can-
er by inhalation, ingestion, and dermal routes of exposure [7].

utagenicity of PAHs is generally thought to require metabolic

ctivation. Mutagenic products of Phase I BaP metabolism include
aP diol epoxide, radical cations, and reactive oxygen species

∗ Corresponding author at: Center for Occupational and Environmental Health,
niversity of California Irvine, 100 Theory Drive, Suite 100, Irvine, CA 92617-1830,
nited States.

E-mail addresses: uluderer@uci.edu (U. Luderer), Malathi.Banda@covance.com
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nited States.

ttp://dx.doi.org/10.1016/j.reprotox.2017.03.001
890-6238/© 2017 Elsevier Inc. All rights reserved.
[8–12]. Glutathione-S-transferase mediated conjugation with glu-
tathione (GSH) is an important detoxification pathway for PAH
diol epoxides and their precursor metabolites [13–16]. GSH
together with glutathione peroxidases is also critically important
for detoxification of reactive oxygen species generated during PAH
metabolism [17,18].

Experimental studies have shown that postnatal exposure to
BaP and several other PAHs destroys ovarian follicles, causing pre-
mature ovarian failure [19–22]. Ovarian failure is thought to play a
role the pathophysiology of ovarian cancer, and postnatal BaP expo-
sure also causes ovarian tumors in experimental animals [23–25].
The developing ovary is more sensitive than the postnatal ovary
to destruction of germ cells by BaP [26,27]. We  previously showed
that developing mice deficient in GSH due to deletion of the mod-
ifier subunit of glutamate cysteine ligase (Gclm−/− mice), the rate
limiting enzyme in GSH synthesis, have increased sensitivity to the
transplacental ovarian toxicity of BaP, showing greater depletion of
ovarian germ cells, lower fertility, and higher incidence of epithelial
ovarian tumors than Gclm+/+ littermates [27].

Ninety percent of malignant ovarian cancers in women are

epithelial ovarian cancers [28]. Mutations in oncogenes and tumor
suppressor genes are considered obligate events in the devel-
opment of epithelial ovarian cancers in humans. In particular,
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utations in the KRAS oncogene have been associated with muci-
ous epithelial ovarian tumors [29], which are the type of epithelial
varian tumor most strongly associated with smoking [30,31].
lthough TRP53 is the most commonly found mutated gene in
pithelial ovarian cancers overall, KRAS mutations are the second
ost frequent mutations observed in these cancers [32]. KRAS is

n attractive target for investigating exposure-related mutational
mpacts because most of the KRAS mutations (∼90%) are localized

ithin codon 12. In fact, two specific KRAS base substitution muta-
ions account for more than 70% of all reported ovarian carcinoma
RAS mutations, KRAS codon 12 GAT (G12D, 39.7%) and codon 12
TT (G12V, 32.2%). KRAS is a GTPase that regulates cell proliferation
nd survival, and mutation in codon 12 results in enhanced GTP
inding, which increases constitutive activity [33]. Because KRAS
utation has been identified in benign and malignant mucinous

umors, it has been concluded that KRAS mutation is an early event
n mucinous ovarian tumorigenesis [34].

Allele-specific Competitive Blocker Polymerase Chain Reaction
ACB-PCR) is a sensitive allele-specific PCR method that has the
bility to quantify specific basepair substitution mutations in a DNA
ample at frequencies at or above three mutant alleles per 300,000
ild-type (WT) alleles (sensitivity of 10−5) [35]. ACB-PCR has been
sed to demonstrate that human tumors frequently possess sub-
opulations of KRAS mutant cells, which are not detected by DNA
equencing [36–39]. This indicates that KRAS mutation likely con-
ributes to carcinogenesis to a greater extent than can be recognized
y DNA sequence analyses.

ACB-PCR has been used to study the early effects of potentially
arcinogenic chemical exposures in rodents [40]. For example, ACB-
CR was used to detect a significant induction of Kras mutation in
he lungs of A/J mice that received a single i.p. injection of BaP [41].
n fact, a significant induction of mutation was observed at a ten-
old lower dose than that which produced a significant lung tumor
ioassay response. In human lung, induction of KRAS codon 12 G to

 mutation has been associated with cigarette smoking [42].
Given that 1) ACB-PCR detected significant induction of Kras

utation in BaP exposed mouse lung [41], 2) deletion of the Gclm
ene oxidizes the GSH redox state of the mouse ovary[43], 3)
clm−/− F1 female offspring of Gclm+/− mothers treated with BaP
uring pregnancy have increased sensitivity to BaP-induced epithe-

ial ovarian tumors compared to Gclm+/+ littermates [27], and 4)
ras mutant cell selection may  be impacted by oxidative stress [38],
e sought to determine whether and/or how BaP treatment, in the

ontext of Gclm genotype, would impact Kras codon 12 GAT and
TT mutation levels in mouse ovary and whether maternal Gclm+/−
enotype plays any role in the transplacental ovarian toxicity of
aP.

. Methods

.1. Materials

All chemicals and reagents were purchased from Fisher Scien-
ific or Sigma Aldrich unless otherwise noted.

.2. Animals

Generation of mice in which exon 1 of the Gclm gene was deleted
as previously described [44,45]. These mice are maintained on a
57BL/6J genetic background at the University of California Irvine
46]. Mice were housed in an American Association for Labora-

ory Animal Medicine accredited vivarium, on a 14 h light, 10 h
ark cycle. Temperature was maintained at 69–75 ◦F. Animals had
ree access to autoclaved, deionized water and irradiated, soy-free
odent chow (Harlan Teklad 2919).
icology 69 (2017) 187–195

2.3. Experimental design

For assessment of F1 ovarian oncomutations and the timing
of puberty after prenatal exposure to BaP, adult 10–16 week old
Gclm+/− females were placed with adult Gclm+/− males on the
afternoon of proestrus of the estrous cycle determined by vaginal
cytology (see below). The next morning, the females were checked
for vaginal plugs and separated from the males. If no plug was
found, vaginal cytology was continued and the female was mated
again on the next proestrus. The day a plug was found was desig-
nated gestational day (GD) 0.5. The females were orally dosed once
daily on GD 6.5–15.5 with 2 mg/kg BaP (Sigma–Aldrich Supelco, St
Louis, MO;  99% purity) dissolved in sesame oil or sesame oil alone
(N = 10 each). The dose was  chosen because it caused submaximal
effects on the ovaries of Gclm+/+ mice in our earlier study [27],
enabling demonstration of greater sensitivity to the prenatal ovar-
ian toxicity in Gclm−/− mice. The dosing volume was held constant
at 1 ml/kg.

Pregnant females were allowed to give birth and nurse their
offspring until weaning on post-natal day (PND) 21. After weaning,
female F1 offspring were group-housed up to 4 per cage. Beginning
on PND 21, all F1 females were checked daily for vaginal open-
ing; starting on the day of vaginal opening, they underwent vaginal
lavage with 0.9% sodium chloride solution daily for assessment of
estrous cycling until the first estrus (cytology with abundant corni-
fied cells [47]) to determine the onset of puberty. All F1 females
were weighed on the days of weaning, vaginal opening, and first
estrus. At most 1 Gclm−/− female, 1 Gclm+/− female and 1 Gclm+/+
female per litter were euthanized on the first vaginal estrus (PND
34–46) by CO2 narcosis, followed by transection of the diaphragm.
We  euthanized mice on first estrus for several reasons. First, we
thought it was  more important for all of the mice to be at the same
developmental stage at the time of euthanasia than to be exactly
the same chronological age. Second, at this age the ovaries of BaP-
exposed mice are not yet devoid of follicles and show no signs of
tumor development. Ovaries were harvested and snap frozen on
dry ice for quantification of Kras codon 12 mutations (N = 5–7 per
each of the six experimental groups). A second Gclm+/− female per
litter was  euthanized on first estrus and one ovary plus oviduct was
processed for histomorphometry.

For assessment of the effect of prenatal BaP exposure on ovarian
follicle counts in the F1 offspring of wild type mothers, the identical
mating and dosing procedures were used with wild type C57BL/6J
mice (purchased from Jackson Laboratories, Bar Harbor, ME)  and
acclimated for at least one week prior to mating. F1 female off-
spring were euthanized as above at 6 weeks of age (PND 42–49).
One ovary and oviduct from each mouse was  processed for histo-
morphometry.

All procedures involving animals followed established guide-
lines [48] and were approved by the Institutional Animal Care and
Use Committee of the University of California Irvine.

2.4. Ovarian histomorphometry

Ovary plus oviduct was  fixed in Bouin’s fixative (Electron
Microscopy Sciences, Hatfield, PAH) at 4 ◦C for 24 h, rinsed in 50%
ethanol, washed in 50% ethanol for 30–60 min  three times, and
stored in 70% ethanol. Ovaries were embedded in paraffin, seri-
ally sectioned at 5 �m thickness, and stained with hematoxylin and
eosin. Every serial section was  evaluated in a blinded manner, as
previously described [43]. Briefly, follicles with a visible nucleus
(primordial and small primary) or nucleolus (larger follicles) were

classified as primordial (single layer of fusiform granulosa cells),
primary (single layer with two  or more cuboidal granulosa cells),
secondary (greater than one layer of granulosa cells with no
antrum), or antral [49,50]. Primordial, primary, and secondary fol-
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icles were counted in every 5th section; the sums of the counts
ere multiplied times five to estimate the total number per ovary.
ntral follicles and corpora lutea were counted in every section,

aking care to count each of the latter structures only once.

.5. DNA isolation

Ovaries were separated from oviducts, snap frozen on dry ice,
nd stored at −80 ◦C until shipment on dry ice to the National
enter for Toxicological Research (Jefferson, AR). There, ovaries
ere homogenized in 0.2 ml  of extraction buffer, consisting of

.5 mg/ml  proteinase K, 20 mM NaCl, 1 mM CaCl2, and 10 mM Tris
H 8.0. Samples were incubated ∼16 h at 37 ◦C, then extracted with
n equal volume of phenol/chloroform/isoamyl alcohol (25:24:1)
nd ethanol-precipitated. Samples were resuspended in 100 �l
f RNase buffer: 10 mg/ml  RNase A (Sigma, St. Louis, MO), 600
nits/ml Ribonuclease T1 (Sigma), 100 mM sodium acetate, and
0 mM Tris–HCl (pH 8), incubated ∼16 h at 37 ◦C, then re-extracted
ith phenol/chloroform/isoamyl alcohol as described above. Each
NA sample was ethanol precipitated, then resuspended in 50 �l
f TE buffer (5 mM Tris, 0.5 mM EDTA, pH 7.5). DNA samples were
igested with HindIII according to the manufacturer’s instruc-
ions (New England Biolabs, Beverly, MA). Finally, the DNA was
henol/chloroform/isoamyl alcohol extracted as described above,
thanol-precipitated and resuspended in 40 �l of TE buffer. DNA
oncentrations were measured spectrophotometrically.

.6. Preparation of standards and unknowns by first-round PCR
mplification

PfuUltra hotstart high-fidelity DNA polymerase (Stratagene, La
olla, CA) was  used to generate first-round PCR products encom-
assing Kras codon 12 from the HindIII-digested mouse ovary
enomic DNA samples and from linearized plasmid DNAs carrying
he mutant or WT  Kras sequence to use as MF  standards.

Specifically, a 170 bp gene segment encompassing part of the
′ untranslated region, exon 1, and part of intron 1 (NC 000072
egion: 29,950–30,119) was amplified. Each 200-�l PCR ampli-
cation reaction contained: 1 �g genomic DNA, 200 nM primer
R67 (TR67, 5′-TGGCTGCCGTCCTTTACAA-3′), 200 nM primer TR68
TR68, 5′-GGCCTGCTGAAAATGACTGAGTATAAACTTGT-3′), 200 nM
NTPs, 1× PfuUltra reaction buffer, and 10 units PfuUltra hot-
tart high-fidelity DNA Polymerase (Stratagene). Cycling conditions
ere 94 ◦C for 2 min, followed by 28 cycles of 94 ◦C for 1 min,

8 ◦C for 2 min, 72 ◦C for 1 min, followed by a 7 min  extension at
2 ◦C. Primers were purchased from Integrated DNA Technologies,
oralville, IA.

.7. Purification of and quantification of PCR products

The PCR products (standards and unknowns) were purified by
on-pair reverse phase chromatography using a WAVE Nucleic
cid Fragment Analysis System (Transgenomic, Omaha, NE). PCR
roducts were complexed with 0.1 M triethylammonium acetate
Buffer A: 0.1 M TEAA) and bound to a DNASep column (contain-
ng C18 alkylated PS/DVB polymer). PCR products, input template,
nincorporated nucleotides, and primers were eluted using a gra-
ient of increasing acetonitrile concentration (Buffer B: 0.1 M TEAA,
5% acetonitrile), thereby separating nucleic acids by size/column
etention time. A threshold collection method was used to col-
ect the 170 bp PCR products based on their absorbance at 260
measured with a UV detector at the appropriate retention time)

nto individual tubes in a chilled fraction collector. PCR products

ere evaporated to dryness using a Savant Speed-Vac Concentra-
or (Model ISS110, Thermo Fisher Scientific, Rockville, MD), then
esuspended in TE buffer and multiple 2-�l  aliquots were pre-
icology 69 (2017) 187–195 189

pared and stored at −80 ◦C. Aliquots were quantified using an Epoch
Micro-Volume Spectrophotometer System with a Take3 Microplate
Reader (Biotek Instruments, Winooski, VT), until three measure-
ments that varied by <10% from the group mean were obtained.

2.8. ACB-PCR quantification of Kras codon 12 GAT and GTT MF in
mouse ovary DNA

Purified mutant and WT  first-round PCR products were com-
bined to generate mutant fraction (MF) standards with mutant:WT
ratios of 10−1, 10−2, 10−3, 10−4, 10−5, and 0 (no-mutant control).
MF is the ratio of mutant to wild-type alleles in a given DNA sam-
ple, in this instance the ratio of alleles mutated at KRAS codon
12 (GAT or GTT) to KRAS codon 12 wild type alleles (GGT). Dupli-
cate MF  standards and a no-DNA control were analyzed in parallel
with first-round PCR products synthesized from mouse ovary DNA,
each assay being conducted using 5 × 108 total copies of first-round
product. ACB-PCR was  performed using 50 �l reactions in 96-well
plates and a DNA Engine Tetrad 2 (Bio-Rad Life Science Research,
Hercules, CA). Each Kras codon 12 GAT ACB-PCR reaction contained:
1× Standard Taq (Mg-free) reaction buffer (New England Biolabs),
0.1 mg/ml  gelatin, 1 mg/ml  Triton X-100, 40 �M dNTPs, 1.6 mM
MgCl2, 160 nM mutant-specific primer (TR76, 5′-fluorescein-
CTTGTGGTGGTTGGAGCTAA-3′), 525 nM blocker primer (TR112,
5′-CTTGTGGTGGTTGGAGCTAdG-3′), and 150 nM upstream primer
(TR111, 5′-GTAGGGTCATACTCATCCAC-3′). Each reaction was  ini-
tiated with the addition of 0.3 �g of Extreme Thermostable
Single-stranded DNA Binding Protein (New England Biolabs, Bev-
erly, MA), 33 mUnits of Perfect Match PCR Enhancer, and 65 m Units
of Hemo KlenTaq DNA polymerase (New England Biolabs). Cycling
conditions were 2 min  at 94 ◦C, followed by 36 cycles of 94 ◦C for
30 s, 45 ◦C for 90 s, and 68 ◦C for 1 min. The Kras codon 12 GAT
ACB-PCR product is 89 bp in length. Each Kras codon 12 GTT ACB-
PCR reaction contained: 1× Standard Taq (Mg-free) reaction buffer,
0.1 mg/ml  gelatin, 1 mg/ml  Triton X-100, 40 �M dNTPs, 1.5 mM
MgCl2, 400 nM mutant-specific primer (TR87, 5′-fluorescein-
CTTGTGGTGGTTGGAGCTAT-3′), 440 nM blocker primer (TR113,
5′-CTTGTGGTGGTTGGAGCTTG-3′-phosporylation, purchased from
Biosynthesis, Lewisville, TX), and 400 nM upstream primer (TR110,
5′-TCGTAGGGTCATACTCATC-3′). Each reaction was initiated with
the addition of 160 mUnits of Perfect Match PCR Enhancer (Strata-
gene), and 70 mUnits of Hemo KlenTaq DNA polymerase. Cycling
conditions were 2 min  at 94 ◦C, followed by 36 cycles of 94 ◦C for
30 s, 41 ◦C for 90 s, and 68 ◦C for 1 min. The Kras codon 12 GTT
ACB-PCR product is 91 bp in length.

2.9. Gel electrophoresis and quantification of ACB-PCR products

Following ACB-PCR, 10 �l of bromophenol blue/xylene cyanol-
containing 6× ficoll loading dye was added to each well of the
96-well plate, mixed, and 10 �l of each ACB-PCR reaction prod-
uct was  loaded onto an 8% non-denaturing polyacrylamide gel.
Fluorescein-labeled, ACB-PCR products of the correct-size were
quantified using a PharosFX scanner with an external blue laser
(Bio-Rad). Pixel intensities of the bands were quantified using
Quantity One

®
software and a locally-averaged background cor-

rection (Bio-Rad).

2.10. Data analyses

The effects of genotype and BaP dose on the continuous outcome
variables age and weight at vaginal opening and first vaginal estrus

were analyzed using Generalized Estimating Equations, a form of
Generalized Linear Models, with BaP dose, Gclm genotype, and BaP
x genotype interaction modeled as fixed effects. In order to adjust
for litter effects, litter numbers were entered into the model as
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 subject effect using an unstructured working correlation matrix
tructure.

Differences in ovarian follicle counts between prenatally
ehicle-exposed compared to BaP-exposed groups were analyzed
y t-test for equal or unequal variances as appropriate.

For Kras codon 12 GAT MF  determination, the pixel intensities of
he MF  standards (10−2 to 10−5) were plotted against their MFs  on
og-log plots. A trend line (power function) was fitted to the data
nd the function was used to calculate the MF  in each unknown
ample based on its pixel intensity. The arithmetic average of the
hree independent MF  measurements was calculated. The average

F in each mouse ovary DNA sample was log-transformed and
he average log-transformed MF  for BaP-treated and control mice
ere calculated (geometric mean MF  for each treatment group). For
ras codon 12 GTT MF  determination, the procedure was the same,
xcept pixel intensities of the MF  standards were plotted against
heir MFs  using log-linear plots and the trend line was a logarithmic
unction.

Two-way analysis of variance was performed to test for differ-
nces in Kras MF  related to BaP-treatment or Gclm genotype. An
npaired t-test was used to compare the levels of Kras codon 12
AT and GTT mutation within mouse ovary DNA samples. Pearson
roduct-moment correlation coefficient was determined to test for

 correlation between the Log10 MF  Kras codon 12 GAT and GTT MFs
ithin individual mouse ovary DNA samples.

. Results

.1. Effects of prenatal BaP exposure and Gclm genotype on

iming of puberty

In view of the pronounced effects of prenatal BaP exposure on
varian follicle number and fertility in adulthood that we observed

ig. 1. Prenatal BaP exposure leads to earlier onset of puberty. Gclm+/+, Gclm+/−, and Gcl
r  2 mg/kg/day BaP daily from GD 6.5 through 15.5 and were followed from PND 21 for vag
pening  (P < 0.001, effects of Gclm genotype and BaP dose × genotype interaction). (B) Me
t  vaginal opening (P ≤ 0.005, effects of BaP dose, genotype, and dose × genotype interact
enotype × dose interaction; P = 0.014, effect of BaP dose). N = 6–8 litters (7–16 offspring)
icology 69 (2017) 187–195

previously, we were interested in determining whether prenatal
BaP exposure also alters the timing of puberty. First estrus is con-
sidered to be a more reliable indicator of the onset of puberty
in mice than vaginal opening [51] because age at vaginal open-
ing does not coincide with first estrus in mice as it does in rats
[52]. The mean ages at vaginal opening are shown in Fig. 1A. There
was no statistically significant effect of prenatal BaP dose on age
at vaginal opening, but age at vaginal opening varied significantly
with Gclm genotype and with the BaP dose by genotype interaction
(P < 0.001). This was  because age at vaginal opening was later in
the Gclm−/− females, but the delay in vaginal opening was blunted
by prenatal BaP exposure. Age at first estrus occurred about 5 days
earlier on average in all Gclm genotypes exposed to BaP in utero,
compared to oil-exposed controls of the same genotype (P < 0.001,
effect of BaP; Fig. 1B), and there was no significant effect of geno-
type or dose by genotype interaction. Weight at vaginal opening
varied significantly with BaP dose, genotype, and with their inter-
action (P ≤ 0.005), with higher weight at vaginal opening in the
Gclm+/+ and Gclm+/− mice, but not in the Gclm−/− mice. Weight
at first estrus varied significantly with BaP dose (P = 0.014), geno-
type (P < 0.001), and with their interaction (P < 0.001). Weight at
first estrus was  higher on average by about 1 g in the BaP exposed
Gclm+/+ and Gclm+/− mice, but was about 0.5 g lower in the BaP-
exposed Gclm−/− mice compared to their respective oil controls.

3.2. Maternal Gclm heterozygosity does not enhance the effects of
in utero BaP exposure on follicle numbers in daughters

For comparison of the effects of prenatal BaP on ovarian follicle

counts in the Gclm+/− daughters of Gclm+/− mothers and fathers
with follicle counts in wild type daughters of wild type parents, one
F1 Gclm+/−female was randomly chosen from each of 4 control lit-
ters and one was chosen from each of 5 BaP-exposed litters. Follicle

m−/− littermate female mice were exposed via oral dosing of their mothers with 0
inal opening and first estrus as detailed in Section 2. (A) Mean ± SEM age at vaginal
an ± SEM age at first estrus (P < 0.001, effect of BaP). (C) Mean ± SEM body weight

ion). (D) Mean ± SEM body weight at first estrus (P < 0.001, effects of genotype and
 per group.
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Fig. 2. Maternal Gclm heterozygosity does not modify the effects of prenatal BaP exposure on F1 ovarian follicle counts. F1 female mice were exposed prenatally to BaP
a clm+/−
d  (C, D
*

c
7
e
w
t
p
t
c

s  for Fig. 1. The graphs show means ± SEM number of healthy follicles/ovary in G
aughters of C57BL/6J F0 mothers at 6–7 weeks of age. (A, B) Primordial follicles.
P  < 0.05 compared to 0 mg/kg group.

ounts are shown in Fig. 2. Numbers of primordial follicles were
1% lower in BaP-exposed Gclm+/− F1 offspring of Gclm+/− moth-
rs (Fig. 2A; P = 0.036) and 81% lower in wild type F1 offspring of
ild type mothers (Fig. 2B; P = 0.005) compared to respective con-
rols. The effects of prenatal BaP exposure on numbers of healthy
rimary, secondary, and antral follicles were also similar between
he two experiments (Fig. 2C–H). Numbers of follicles of all stages
ombined were 66% decreased in BaP-exposed wild type offspring
 F1 daughters of Gclm+/− F0 mothers (left hand graphs) or C57BL/6J wild type F1
) Primary follicles. (E, F) Secondary follicles. (G, H) Antral follicles. N = 4–5/group.

of wild type dams and 65% decreased in BaP-exposed Gclm+/− off-
spring of Gclm+/− dams compared to respective controls. Similar
differences were seen in the numbers of atretic follicles at each fol-
licle stage, with fewer atretic follicles in BaP-exposed compared to

controls in the two  experiments (data not shown). Thus, the effect
of prenatal BaP on F1 ovarian follicle numbers does not appear to
be affected by maternal Gclm+/− versus wild type genotype.
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ig. 3. Distributions of ovarian Kras codon 12 GAT and GTT mutant fractions amon
Fs  in the ovarian DNA of mice exposed prenatally to BaP or sesame oil vehicle as f

roducts for quantification of MF.  (B) Mean ± SEM of MFs  from duplicate DNA samp

.3. Neither prenatal exposure to BaP nor Gclm genotype affects
varian Kras codon 12 mutation fractions

In order to avoid developmental stage-related differences in
ollicle types and numbers and presence or absence of corpora
utea in the ovaries of mice harvested for histomorphometry or
or mutation analysis, we euthanized the mice on the first vaginal
strus. ACB-PCR was used to measure the Kras codon 12 GAT and
TT MFs  in the ovarian DNA of mice of three different genotypes,
clm+/+, Gclm+/−,  and Gclm−/− that had been transplacentally
xposed to BaP or vehicle (Fig. 3A). The individual treatment groups
ere comprised of five to seven individual mouse ovary DNA sam-
les, each derived from a different, transplacentally exposed litter
Fig. 3B). Fig. 4 shows the MF  distributions for each Kras muta-
ion in the different treatment groups. The Kras codon 12 GAT
nd GTT geometric mean MFs  and median MFs  for each treat-
ent group are provided in Table 1. Two-way analysis of variance
as employed to test for differences in Kras MF  related to BaP-

reatment or Gclm genotype. No significance differences in Kras

odon 12 GAT or GTT MF  related to B[a]P-treatment, Gclm geno-
ype, or their interaction were observed. Interestingly, the data in
able 1 indicate that mouse ovary samples have greater levels of
erimental groups. ACB-PCR was used to measure the Kras codon 12 GAT and GTT
. 1. (A) Images of 8% non-dematuring polyacrylamide gels used to resolve ACB-PCR
r ovary for each animal by genotype and treatment group.

Kras codon 12 GTT than GAT mutation, which is unusual because
most human and rodent tissues generally have been found to carry
greater levels of the GAT than GTT mutation [38,53–55]. In order to
investigate this observation further, and because no significant dif-
ferences related to treatment or genotype were detected, the Kras
codon 12 GTT MF  measurements were combined and compared to
the GAT MF  measurements using an unpaired t-test. This analy-
sis demonstrated that there are significantly greater levels of Kras
codon 12 GTT mutations than GAT mutations in mouse ovary DNA
(P = 0.0088, two-tailed test). Furthermore, a significant correlation
was observed between the Kras codon 12 GAT and GTT Log10 MF
measurements within individual mouse ovary DNA  samples (Pear-
son r = 0.8504, P < 0.0001, two-tailed test; Fig. 5).

4. Discussion

Prenatal exposure to BaP from GD 6.5–15.5, during the period of
gonadal differentiation through meiosis onset in the ovary, depletes

germ cells, leading to premature ovarian failure, decreased fertil-
ity, and ovarian tumors in later life, and Gclm−/− females are more
sensitive to all these effects [26,27]. The results of the present study
show that the same prenatal BaP regimen results in 5 day ear-
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Fig. 4. No effects of prenatal BaP exposure or Gclm genotype on ovarian Kras codon 12 GAT and GTT mutant fraction. Means ± SEM MF distributions for Kras codon 12 GAT
mutation (A) and GTT mutation (B) by treatment group in the same samples as in Fig. 3. There were no statistically significant effects of BaP treatment or genotype by 2-way
ANOVA.

Table 1
Kras codon 12 mutant fractions by Gclm genotype and BaP dose.

Treatment Genotype Kras codon 12 GAT
geometric mean MF

Kras codon 12
GAT median MF

Kras codon 12 GTT
geometric mean MF

Kras codon 12
GTT median MF

Oil Gclm +/+ 6.11 × 10−5 6.12 × 10−5 1.07 × 10−4 1.09 × 10−4

Gclm +/− 5.50 × 10−5 5.59 × 10−5 7.48 × 10−5 6.62 × 10−5

Gclm −/− 7.18 × 10−5 4.69 × 10−5 1.68 × 10−4 1.97 × 10−4

BaP Gclm +/+ 4.04 × 10−5 3. −5 −5 −5

Gclm +/− 4.42 × 10−5 1.
Gclm −/− 3.16 × 10−5 2.

Fig. 5. Ovarian Kras GAT and GTT mutations are highly correlated within ovaries.
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he correlation between the Kras codon 12 GAT and GTT Log10 MF  measurements
ithin individual mouse ovary DNA samples (Pearson r = 0.8504, P < 0.0001, two-

ailed test).

ier onset of puberty (first vaginal estrus) in F1 female offspring
egardless of Gclm genotype. Moreover, this regimen causes similar
epletion of germ cells in wild type F1 female offspring of wild type
ams as in Gclm+/− F1 female offspring of Gclm+/− dams, suggest-

ng that maternal Gclm heterozygosity does not modify the ovarian
ffects of prenatal exposure to BaP. We  also for the first time mea-
ured Kras codon 12 mutations in the ovary. We  found that neither
odon 12 GAT nor GTT mutation was increased in the ovaries of
ice of all three Gclm genotypes after prenatal exposure to BaP,

ut, in contrast to other tissues, we observed that ovarian levels of

TT mutations were higher than GAT mutations.

To our knowledge, this is the first study to examine the effects
f prenatal exposure to any PAH on the timing of puberty in
emale mice. We  previously reported that prenatal exposure to BaP
16 × 10 7.42 × 10 6.21 × 10
47 × 10−5 8.55 × 10−5 6.19 × 10−5

83 × 10−5 8.45 × 10−5 7.08 × 10−5

increases adiposity and postnatal weight gain in Gclm+/+ F1 female
offspring, but not Gclm−/− F1 offspring [56]. Although puberty is
well-known to be linked to body weight [51], the effect of BaP on
age at puberty in the present study cannot be explained by effects of
BaP on body weight alone. Age at first estrus occurred about 5 days
earlier in mice of all Gclm genotypes after prenatal BaP exposure,
while weight at first estrus was  increased in BaP-exposed Gclm+/+
and Gclm+/−F1 females and decreased in BaP-exposed Gclm−/− F1
females. This suggests that the earlier onset of puberty was not
mediated by accelerated postnatal weight gain. The ages at vagi-
nal opening and first estrus in control mice in the present study
are consistent with prior published data in the C57BL/6J strain
[57,58]. In utero exposure to estradiol and xenoestrogens such as
the insecticide methoxychlor also results in earlier onset of puberty
[59–61]. Several studies have demonstrated estrogenic activity of
BaP or its metabolites, mediated by estrogen receptor activation
[62,63]. Therefore, we hypothesize that the mechanism by which in
utero exposure to BaP advances puberty involves estrogen receptor
signaling.

We examined the potential modifying effect of maternal Gclm
heterozygosity on ovarian effects of transplacental BaP because
Gclm heterozygosity has been reported to modify the effects of
some toxicant exposures. For example, Gclm+/− female mice were
more sensitive to pulmonary inflammation from inhalation of
diesel exhaust than Gclm+/+ females [64]. We  observed no evidence
of modification of the depletion of ovarian follicles by prenatal BaP
exposure by maternal Gclm genotype in the present study. The ED50
for transplacental primordial follicle depletion by BaP in wild type
offspring of wild type C57BL/6J dams and in Gclm+/− offspring of
Gclm+/− dams in the present study is clearly less than 2 mg/kg/day,
administered from GD6.5 to GD15.5 to the dam (cumulative dose
of 20 mg/kg). In contrast, the ED for primordial follicle depletion

in peripubertal female mice dosed daily from postnatal day 28–42
was 3 mg/kg/day (cumulative dose of 45 mg/kg) [20]. Moreover,
we previously reported that ovarian follicle numbers did not differ
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etween dams dosed with 0 or 10 mg/kg/day from GD 6.5–15.5
cumulative dose of 100 mg/kg)[27]. Taken together these find-
ngs show that the developing ovary is more sensitive to germ cell
epletion than the peripubertal or adult ovary.

Comparisons of KRAS codon 12 GAT (G12D) and GTT (G12V)
F in a variety of human and rodent tissues has demonstrated

hat the KRAS codon 12 GAT mutation is generally the more abun-
ant spontaneous mutation, often present in normal human or
ontrol rodent tissues at frequencies up to ten-fold greater than
he KRAS codon 12 GTT (G12V) mutation [37,38,54,55]. In con-
rast, we observed significantly higher levels of GTT mutations than
AT mutations in the mouse ovary in the present study. Evalu-
tion of more than one mutation by ACB-PCR has been used as

 paradigm to detect chemical-specific effects on mutation fre-
uency. In the rat colon cancer model, for example, azoxymethane

nduced Kras codon 12 GAT mutations, but not codon 12 GTT
utations, which was consistent with the mutational specificity

xpected for azoxymethane [54]. Conversely, Big Blue rats treated
ith N-hydroxy-2-acetylaminofluorene (N-OH-AAF) had signifi-

antly increased levels of both mutations in liver DNA, even though
nduction of G to T mutation was the primary mutational speci-
city observed in the LacI neutral reporter gene of the liver DNA

rom the same rats. This suggests that in this case N-OH-AAF may
ave caused amplification of pre-existing Kras mutation [55]. We
reviously reported that treatment of adult male mice with BaP
ose-dependently increased Kras codon 12 GAT and TGT mutations

n lungs [41]. We  did not measure the TGT mutation in the present
tudy. However, we do not consider it likely that TGT mutations
ere increased in the ovaries in the absence of increases in GAT
utations since the increase in GAT and TGT lung mutations after

aP treatment was similar in our prior study.
In the lung tissue of mice exposed to ethylene oxide by inhala-

ion, ACB-PCR detected a biphasic response in levels of Kras
utation, meaning an initial induction of mutation was followed

y a decrease in Kras mutation with longer exposures and higher
umulative doses of ethylene oxide [53]. This led to the sugges-
ion that Kras mutant cells may  be selected against under some
ircumstances, possibly those involving oxidative stress. The obser-
ations that human KRAS codon 12 GTT (G12V) MF  decreases during
uman colonic adenoma to adenocarcinoma progression [37] and
hat KRAS codon 12 G12V MF  is inversely proportional to the max-
mum tumor dimension of colon tumors and papillary thyroid
umors [38] are consistent with the idea that oxidative stress in
ypoxic tumors selects against KRAS G12V mutation. However, in
he present study, we did not observe decreased GTT MF  in the
varies of Gclm−/− mice, despite our prior observations of chronic
varian oxidative stress in the ovaries of these mice measured by
ecreased ratio of reduced to oxidized GSH, more oxidized Nernst
otential of the GSH/GSSG redox couple, and increased immunos-
aining for markers of oxidative protein and lipid damage [43]. Our
esults therefore suggest that factors other than oxidative stress
ay  be responsible for the inverse associations of KRAS codon 12
TT MF  with tumor progression in some animal models and human

umors.
In summary, prenatal exposure to BaP during ovarian differen-

iation decreases ovarian follicle numbers and causes earlier onset
f puberty in F1 female offspring. Maternal Gclm genotype does
ot modify the effects of prenatal BaP exposure on ovarian fol-

icle numbers. We  found no effects of prenatal BaP exposure or
clm genotype of the F1 offspring on levels of ovarian Kras codon
2 mutations. This suggests that the induction of epithelial ovar-

an tumors by prenatal BaP and the greater sensitivity of Gclm−/−

emales to this effect [27] are not mediated by these Kras mutations.
uture studies should examine the ovaries of prenatally exposed
ffspring for other mutations associated with PAH exposure.
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