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Abstract BRCAI mutations are associated with ovarian can-
cer. Previous studies reported that murine granulosa cell (GC)
Breal loss caused ovarian-uterine tumors resembling serous
cystadenomas, but the pathogenesis of these tumors may have
been confounded by ectopic Brcal expression and altered
estrous cycling. We have used Tg.AMH.Cre conferring prov-
en ovarian and GC-specific Cre activity to selectively target
Breal disruption, denoted Breal®C™". Furthermore, ovary-
specific Breal®C™" was combined with global Trp53
haploinsufficiency (7rp53*") and transgenic follicle-
stimulating hormone (Tg.FSH) overexpression as a multi-hit
strategy to investigate additional genetic and hormonal ovar-
ian tumorigenesis mechanisms. However, 12-month-old
Breal®“” mice had no detectable ovarian or uterine tumors.
Breal ™ mice had significantly increased ovary weights,
follicles exhibiting more pyknotic granulosa cells, and fewer
corpora lutea with regular estrous cycling compared to con-
trols. Isolated Brcal““”~ mutation lengthened the estrous cy-
cle and proestrus stage; however, ovarian cystadenomas were
not observed, even when Brcal®C” was combined with
Trp53"" and overexpressed Tg.FSH. Our Breal““™ models
reveal that specific intra-follicular Brcal loss alone, or com-
bined with cancer-promoting genetic (7ip53 loss) and endo-
crine (high serum FSH) changes, was not sufficient to cause
ovarian tumors. Our findings show that the ovary is
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remarkably resistant to oncogenesis, and support the emerging
view of an extragonadal, multi-hit origin for ovarian
tumorigenesis.

Introduction

Ovarian cancer is diagnosed annually in nearly a quarter of a
million women globally, and is responsible for over 140,000
deaths each year (WHO, cancer incidence and mortality
worldwide in 2008). Five to 15 % of ovarian cancers are due
to known hereditary factors, and approximately 90 % of these
can be attributed to germline mutations in BRCAI [1, 2].
Germline BRCA I mutations confer a 40 % risk of developing
ovarian cancer by the age of 70, and an inherited predisposi-
tion to fallopian tube cancer, which may precede ovarian in-
volvement [3-5], providing a basis for the tubal origin of
ovarian cancer hypothesis [2]. Somatic BRCAI mutations
are rare, yet reduced or absent protein expression is found in
90 % of sporadic ovarian tumors [6—8]. Mutations in human
tumor suppressor BRCA1/2 and TP53 genes have been strong-
ly linked with the development of ovarian cancers. Somatic
mutations in 7P53 have been found in over 96 % of human
high-grade serous ovarian cancers [9, 10], and TP53 protein
accumulation is observed in ovarian serous carcinomas [11,
12] and BRCA I-related cancer [13], providing a clinical mark-
er that may contribute to the cause and progression of ovarian
cancers.

Mouse models of ovarian tumorigenesis have been
established by targeting Brcal disruption using transgenic
(Tg) Cre-loxP-induced genomic modification. Adenoviral-
mediated delivery of Tg.Cre to target murine ovarian surface
epithelium (OSE) showed that local OSE disruption of both
Brecal and Trp53 resulted in ovarian tumors resembling
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leiomyosarcomas [14, 15], whereas inactivation of either
Brecal or Trp53 alone produced few tumors [14, 16].
Chodankar et al. utilized Tg.Cre driven via the FSHR promot-
er (Tg.FSHR.Cre) to direct loss of Brcal in granulosa cells
(GC) of mouse ovarian follicles [17, 18]. Female mice with
Tg.FSHR.Cre-mediated Brcal disruption developed cystic
ovarian and uterine horn tumors resembling serous
cystadenomas by 7-8 months of age [17, 18]. The presence
of normal Brcal alleles in these cystadenomas led to the pro-
posal that GC-specific Brcal disruption may influence tumor
development indirectly via an undefined paracrine mediator
secreted by the modified GCs [17]. However, this Brcal-mod-
ified model exhibited extraovarian (e.g., pituitary) Cre-
induced Brcal disruption and altered estrous cycling [17,
18], presenting multiple causes for the pathogenesis of tumors
in this model. Non-follicular FSHR expression has also been
reported in ovarian surface epithelium and tumors [19] as well
as other cancers [20].

Here, we have investigated the selective role of ovarian
Brcal disruption using GC-specific Tg.Cre directed via the
anti-Miillerian hormone (AMH) gene promoter [21, 22]. In
addition, we combined Tg.AMH.Cre-mediated GC-specific
Breal disruption with 7rp53 haploinsufficiency (7rp53™) to
study effects of both ovarian cancer-associated factors. Fur-
thermore, we combined Brcal/Trp53 disruption with our Tg
model overexpressing circulating FSH activity (transgenic
follicle-stimulating hormone (Tg.FSH)) and steroids [23]. It
has been proposed that repetitive ovulatory trauma (“incessant
ovulation hypothesis™) and high circulating concentrations of
gonadotropins may contribute to ovarian cancer development
or progression [24], as well as the related “excessive
gonadotropin” hypothesis [25], which proposes elevated go-
nadotropin (and estradiol) levels as a causative factor in ovar-
ian cancer risk. Our Tg.AMH.Cre-induced Brcal disruption
model (Breal“ ") combined with T+p53" and Tg.FSH pro-
vides a unique experimental in vivo platform to determine the
impact of multiple factors proposed to contribute to ovarian
tumorigenesis.

Materials and Methods
Genetic Mouse Models

Age-matched Tg and non-Tg female littermates used in ex-
periments were housed under controlled conditions (12 h
light/dark cycle) with ad lib access to food and water. Mice
weights and general well-being were monitored weekly over
the period of 612 months of age. All animal procedures were
approved by the Animal Care and Ethics Committee of the
Northern Sydney Local Health District and performed in ac-
cordance to the National Health and Medical Research

Council code of practice for care and use of animals and the
NSW Animal Research Act (1985).

Brcal®“™" and Trp53*"~ Mice To generate Brcal““ ™"~
mice, Tg.AMH.Cre mice were crossbred with Brcal-floxed
mice [26], Brcal exons 5 and 13 flanked by loxP sites
(STOCK Brcal™?®™). Tg.AMH.Cre mice exhibit GC-
specific Cre expression and activity, as well as no detectable
pituitary or uterine Cre activity [21, 22]. The Tg.AMH.Cre-
mediated Brecal deletion genotype [27], BrealSC™", was
combined with a global 7ip53 haploinsufficiency (7rp53™")
model (B6.129S2-Trp53™ /1) [28].

Tg.FSH Mice Our Tg.FSH mouse model, previously referred
to as TgFSH" for high FSH levels [23], exhibits pituitary-
independent FSH expression driven via the rat /ns2 promoter
[23, 29]. Tg.FSH mice of predominantly C57BL/6 strain were
crossbred with Tg.AMH.Cre mice and then combined with
the Breal-floxed and Trp53*" background.

Genotyping Genomic DNA was isolated from toe, tail tip,
ovary, or pituitary tissue by lysis using proteinase K as previ-
ously described [30]. Genomic DNA was obtained from uter-
ine and fallopian tube tissue sections as recommended by the
manufacturer (Isolate Il FFPE RNA/DNA kit, Bioline, NSW,
Australia). DNA samples were used for PCR genotyping to
detect floxed, Tg.Cre-mediated mutant, or wild-type mouse
Breal [27], and the heterozygous Trp353* background [28].
Mice containing Tg. AMH.Cre and Tg.FSH were detected
using PCR conditions as previously described, with actin pro-
viding an internal sample control [29, 31]. Primer pairs and
expected amplicon product sizes for genotyping are listed in
Table 1. Designated genotype abbreviations for the different
mouse groups examined are listed in Fig. 1a.

Estrous Cycle Analysis

Estrous cycle analysis was performed just prior to sacrifice of
mice at 12 months of age. Vaginal samples (in 20 pL of sterile
0.9 % saline) were obtained daily at 8:00-9:00 am over 5—
12 days, and smeared onto glass slides and stained with
0.05 % Trypan Blue for microscopic classification into estrous
stages [32, 33].

Serum Collection, Tissue Processing, and Hormone
Analysis

Mice were examined weekly for general health (activity,
body weight, fur condition), and at 12 months of age,
mice were weighed and blood was collected by cardiac
exsanguination, under isoflurane/oxygen/nitrous oxide or
ketamine/xylazine anesthesia. Blood was allowed to clot
at room temperature for 20 min before centrifugation at
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Table 1

Genotyping by PCR analysis confirmed the presence of specific gene mutations and transgenes in experimental mice, using primer pair

sequences and expected amplicon product sizes described in the references shown

Target gene Forward primer Reverse primer Product size Ref
(bp)

Breal"oxeM 5'-TAT CAC CAC TGA ATC TCT ACC G-3' 5'-GAC CTC AAA CTC TGA GAT CCA C-3’ 390 (Wt) [27]
LoxP Intron 3 545 (floxed)

Brea ™ 5'-TAT TCT TAC TTC GTG GCA CAT C-3’ 5"-TCC ATA GCA TCT CCT TCT AAA C-3' 494 (Wt) [27]
LoxP Intron 13 620 (floxed)

BrealA 5'-TAT CAC CAC TGA ATC TCT ACC G-3' 5'-TCC ATA GCATCT CCT TCT AAA C-3’ 594 [27]

Trp53™7* 5'-ACA GCG TGG TGG TAC CTT AT -3’ 5'-TAT ACT CAG AGC CGG CCT-3' 450 [28]

Trp53*" 5'-CTATCA GGA CAT AGC GTT GG-3' 5'-TAT ACT CAG AGC CGG CCT-3' 450, 650 [28]

AMH.Cre 5'-CTG ACC GTA CAC CAA AAT TTG CCT G-3' 5-GAT AAT CGC GAA CAT CTT CAG GTT C-3" 600 [31]

Tg.FSH 5"-AAT GCT CAG CCA AGG ACA AAG A-3’ 5'-AAC TTA ATG AAA CCG GCC TAAT-3' 213 [29]

5000 rpm for 5 min, and then serum was collected and
stored at —80 °C until assay. Serum Tg.FSH levels were
measured by species-specific (human) FSH immunoas-
say as described previously [34]. Ovaries and uteri were
removed and weighed, and the pituitary, tail tip, or toe
were removed and immediately frozen (liquid N,) for
DNA or RNA (pituitary, tail, toe, one ovary), steroid
assay (liquid chromatography tandem mass spectrome-
try, LC-MS/MS), or fixed in 4 % paraformaldehyde
(ovary, uterus) overnight and transferred to 70 % etha-
nol for histological analysis.

Tissue Histology and Corpora Lutea Quantification

One fixed ovary from each mouse was embedded in paraffin,
sectioned at 8 um, and every 10th section stained with hema-
toxylin and eosin (H&E). Total corpus luteum counts were
undertaken by light microscopy under a x40 oil objective
and using Stereo Investigator software (MicroBrightfield,
Williston, VT). Total follicle numbers and pyknotic GC num-
bers were quantified as previously described [32, 35, 36].
Ovarian stroma content was quantified using ImageJ (Nation-
al Institute of Health, USA), using every 10th ovarian section

Fig. 1 a Experimental female A
groups were defined by Genotype Abbreviation | Tg.AMH.Cre | TgFSHB | BrcalA | Trp53+-
genotyping to detect the presence Control B
of specific gene mutations and =
transgenes, abbreviated as shown. Breal 8 * - *
b Whole ovary genotyping BrcalS¢/ Trp53+/- BT + + +
showed the presence of floxed TgFSH F + +
Breal and the Tg. AMH.Cre- BrcalS“/ TgFSH BF + + +
loxP-mediated Brcal deletion. ¢ Brcaloc Trp53+/-TgFSH BTF + + + +
In contrast, the pituitary, fallopian
tubes, and uterus had no B gDNA PCR An alysis
detectable Brcal deletion. r
. . . — < Breaia .
Genotyping wild-type animals e — < Brca1 flox (intron 3)
produced the expected PCR > <« Brca1 flox (intron 13)
products for normal Bracl introns o — Y
3 and 13, respectively. Trp53 0 — 1 Trp53*
heterozygosity was shown with oS < TgFSHb
PCR products from both — < AMH.Cre
wild-type and mutated alleles. L < Actb
Transgenic Cre and Tg.FSH (B- c BTF Negative
subunit) screening produced the Control
expected PCR products, and the C . o
beta-actin PCR product Uterus Fallopian Pituitary
confirmed the presence of ' b ' ' < Breala
genomic DNA in all samples
e 4 P - — <« Brea1 flox (intron 3)
— -— — < Brea1 flox (intron 13)
 — na——
— — — — — C— < Acth
Cc BTF Negative Cc BTF Negative c BTF Negative
Control Control Control
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(10/ovary) as described [37, 38]. Uterine/fallopian tube
20-um sections were embedded in paraffin, and tissue from
4 sections was dissected under light microscopy and used for
genomic DNA isolation described above.

Intraovarian Steroid Analysis

Frozen ovaries were transferred to 5-mL glass tubes contain-
ing 300 uL of homogenization buffer (0.5 % (w/A) BSA,
5 mM EDTA in PBS, pH 7.4) and homogenized on ice for
20 s using an IKA T10 basic disperser on the highest setting.
The dispersing element was gently wiped to remove any re-
maining tissue and rinsed in PBS between samples. Homog-
enized samples were centrifuged (3000 rpm, 10 min, 4 °C)
and supernatants removed from insoluble debris (pellet) and
transferred to fresh 1.5-mL plastic tubes, stored at —80 °C until
analysis. Sample estradiol and estrone levels were measured
by LC-MS/MS [39, 40]. Limits of detection (defined as lowest
level detected with a coefficient variation (CV) of <20 %)
were estradiol (2 pg/ovary) and estrone (1 pg/ovary).

Statistical Analysis

Statistical analysis was performed by two-way ANOVA using
Breal (ie., Breal®“™") and Tg.FSH status as main effects
with non-significant interactions ignored and a suitable linear
contrast to define the additional effects of 7rp53 heterozygos-
ity (Trp53*"") (NCSS version 9). p values for each main ef-
fect, interaction, and linear contrast are stated with values
below 0.05 regarded as significant. Comparisons between
specific groups used one-way ANOVA as indicated. All data
are presented as mean+SEM.

Results
Genetic Mouse Models

Genotyping confirmed the presence of specific gene muta-
tions and transgenes in experimental mice, with groups desig-
nated as shown in Fig. 1a. Whole ovary genotyping showed
the presence of floxed Brecal (545- and 620-bp PCR products
for modified introns 3 and 13, respectively) and the
Tg.AMH.Cre-loxP-mediated Brcal deletion (594-bp prod-
uct), as shown in Fig. 1b. In contrast, the pituitary, fallopian
tubes, uterus (Fig. 1b), and toe (not shown) had no detectable
Breal deletion, consistent with ovary-specific Cre-mediated
Brcal loss. Genotyping wild-type animals produced the ex-
pected 390- and 494-bp PCR products for normal Brcal in-
trons 3 and 13, respectively. Trp53 heterozygosity was shown
by 450- and 650-bp PCR products corresponding to wild-type
and mutated alleles, respectively (Fig. 1b). Transgenic Cre and
Tg.FSH (-subunit) screening produced the expected PCR

products, and the beta-actin PCR product confirmed the pres-
ence of genomic DNA in all samples.

Tg.FSH Expression After cross-breeding Tg.FSH x Brcal-
floxed mice, serum Tg.FSH levels were 28.5+3.5 IU/L (N=
4)and 53.4+17.3 IU/L (N=3) in 9- and 12-month-old Brcal-
Jloxedfloxed formales, respectively. As expected, serum Tg.FSH
levels were not detectable in non-Tg control females (C, B,
and BT; refer to Fig. 1). Serum Tg.FSH levels were 20.3+
6.4 TU/L (N=10) in aged control Tg.FSH (F) mice, whereas
significantly lower levels (p<0.001) were measured in mice
containing the Breal““™" genotype (BF 2.5+0.5 IU/L; BTF
2.9+0.6 IU/L).

Effect on Estrous Cycling

The ability of aged 12-month-old mice to display estrous
cycling was not affected by the follicular loss of Brcal
(Brcal®“™" status, p=0.57), or combined with T back-
ground (Trp53"" effect, p=0.71) and/or the presence of
F (Tg.FSH, p=0.59). A similar percentage of mice
(66 %) were cycling in all groups (Table 2). Overall,
there was no significant Brcal““™" genotype effect on
cycle length or proestrus stage (Brcal®“™", p=0.06).
However, estrous cycle and proestrus stage length were
significantly longer in B versus control C mice (one-way
ANOVA, p<0.05), as shown in Table 2. There were no
significant differences between combined preovulatory
(proestrus—+estrus) stage times, or between diestrus stage
times for any genotype (Table 2). However, post-
ovulatory (metestrus+diestrus) stage times displayed a
Breal““™/ genotype effect (Brcal®“/" status,
p<0.05), with longer combined stages in the B and BF
groups (one-way ANOVA, p<0.05) (Table 2).

Ovarian Weights, Histology, Corpora Lutea, and Follicle
Numbers

Ovary weights were significantly increased in 12-month-old
females carrying the BrealS“™" genotype (Brcal®™',
p<0.001; Tg.FSH, p=0.78; Trp53"", p=0.48) (Fig. 2a).
Ovarian stroma was significantly increased in Breal®“™" fe-
males (Breal““™", p<0.001), and there were more regions of
increased lipid-laden stromal cell types in B compared to con-
trol ovaries, as shown in Fig. 3. Total ovarian follicle counts
were significantly affected by the B genotype (Brcal““ ",
p<0.05; Trp53*", p<0.05; Tg.FSH, p=0.90), in particular
the reduced follicle numbers found in BF compared to F ova-
ries (»p<0.01, one-way ANOVA), shown in Fig. 2. In addition,
ovaries carrying the B genotype displayed aberrant follicles
that contained higher levels of pyknotic granulosa cells
(Breal®“™", p<0.001), which were not altered in equivalent
follicles of F ovaries (Tg.FSH, p=0.75) (Fig. 3b). Total
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Table 2  Estrous cycle analysis was performed just prior to collection of mice at 12 months of age

Genotype % cycling Days to complete Days spent in stage(s) over estrous cycle
(no. of mice) a cycle
Proestrus Estrus Proestrus+estrus Metestrus Diestrus Metestrus+diestrus
C (N=11) 63.6 43+40.2 1.0+0.0 1.1£0.1 2.1+0.1 1.1+£0.1 1.0+0.0 2.1+0.1
B (N=9) 66.7 5.5+0.3* 1.5+0.2% 1.0+0.3 2.54+0.3 1.5+0.2 1.5+0.3 3.0+0.4*
BT (N=11) 63.6 43+0.2 1.1+0.1 1.1+0.1 2.3+0.2 1.0+0.0 1.0+0.0 2.0+0.0
F (N=10) 80.0 4.6+0.3 1.0£0.0 1.3+0.2 2.3+0.2 1.3+0.2 1.1+0.1 2.4+0.2
BF (N=10) 60.0 5.2+0.3% 1.2+0.2 1.2+0.2 2.3+0.2 1.5+£0.2 1.3+0.2 2.8+0.2%
BTF (N=9) 66.7 5.0+0.3 1.3+£0.2 1.2+0.2 2.5+0.2 1.3+£0.2 1.2+0.2 2.5+0.2

Follicular Breal°“™" mutation alone or combined with Trp53™~ and/or the presence of Tg.FSH had no effect on the ability of females to exhibit estrous
cycling. Proestrus and cycle length were significantly longer in B versus C mice (one-way ANOVA, p<0.05). Overall, there was no significant B
genotype effect on estrous cycle or stages using all groups containing Breal ™~ (two-way ANOVA, p=0.06). Combined preovulatory stages
(proestrus+estrus) were similar in all groups. Diestrus stage length was also equivalent in all groups. Combined post-ovulatory (metestrus+diestrus)
stage times were longer in the B and BF groups (one-way ANOVA p<0.05). ¥*p<0.05, one-way ANOVA

numbers of corpora lutea with a normal appearance were
significantly decreased in 12-month-old females bearing
the B genotype (Brcal®“™", p<0.001; Tg.FSH, p=0.79)
(Fig. 2).

Analysis of ovarian histology showed that no macroscopic
tumors were present in 12-month-old females of any geno-
types examined (Fig. 2b). Likewise, there were no detectable
differences in uterine histology from 12-month-old females
from any model examined (Fig. 4).

°
2

Effect on Intraovarian Estradiol Content

Intraovarian estrone content was not significantly re-
duced in B genotype females (BrealSC™", p=0.29;
Tg.FSH, p=0.07; Trp53*", p=0.49), although there
was a significant interaction between B and F genotypes
(Tg.FSH/Brcal®“™", p<0.05). Tg.FSH significantly in-
creased (p<0.05) intraovarian estradiol content, which
was fourfold higher in F compared to control ovaries
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Fig. 2 a Relative ovary weights were significantly increased in 12-
month-old females from all Brcal®“™~ genotypes. Total follicle counts
were significantly reduced in Breal°“™ (and Tip53*) but not Tg FSH-
exposed mice. Total numbers of corpora lutea (CL) with a normal
appearance were significantly decreased in 12-month-old BrealS“™"
genotype (B containing) but not Tg.FSH (F) mice. Genotype
abbreviations defined in Table 1 shown in bar graph by white, C; light
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gray, B; dark gray, BT, white hatch, F; light gray hatch, BF; dark gray
hatch; BTF. Data shown as mean+SEM, N=7-12 per genotype. Asterisk
indicates significant difference via one-way ANOVA compared to C and
F mice. b Analysis of ovarian histology showed that no macroscopic
tumors were present in 12-month-old females of any genotypes ex-
amined (%4 magnification). Number sign indicates the corpus luteum
(CL), circumflex accent indicates hemorrhagic cyst



HORM CANC (2015) 6:142-152

147

a
g 1.0
(@] * * * *
et
+— 0.8
n ™ )
Y
O 06
C
S 04
5
Q_O.Z
o
o 0.0
C B BT F BF BTF
bO 25
s * * *
)
o 0.20 7
O
0] 0.15
:g 0.10
2
X 0.05
a
0.00
C B BT F BF BTF

Fig. 3 a Ovarian stroma was significantly increased in B (BrealS™")

genotype-exposed females. In addition, there were more regions of in-
creased lipid-laden stromal cell types in Brcal““"" but not Tg.FSH-
exposed ovaries. Representative images of C and BF ovary sections
depict the increased proportion of stroma found in Breal®C™""
genotype mice (x4 magnification withx20 magnification inset). N=7—

(Fig. 5), whereas B and T genotypes had no effect
(BrealSC™, p=0.17; Trp53™"~, p=0.90).

Discussion

We established a series of unique customized mouse models to
determine the specific role of localized Brcal loss in ovarian
tumorigenesis. Proven ovary-specific Cre activity provided by
Tg.AMH.Cre [21] was used to selectively target GC Brcal
disruption, Brcal%“". In addition, we combined Breal®C™"
with genetic (7rp53 loss) and endocrine changes (high FSH)
considered to be promoters of ovarian cancer. Our findings
show that follicular Brcal loss alone or combined with
Trp53"" and Tg.FSH expression did not cause ovarian or
uterine tumors, suggesting that the intraovarian environment
itself appears remarkably resistant to these genetic and hor-
monal mechanisms in oncogenesis.

Aged Breal®“™ females exhibited larger relative ovarian
weights compared to age-matched control females, which
largely reflected an increase in the proportion of ovarian stro-
ma featuring more areas of enlarged lipid-filled cells. Similar
foam-like cells were reported in a separate mouse model
exhibiting abnormal follicle maturation and few corpora lutea
[41]. The Breal®“™ ovaries displayed more follicles with a

JGCﬁP

12 per genotype. b The ovaries from Brca
aberrant follicles which contained higher levels of pyknotic granulosa
cells compared to equivalent control and Tg.FSH females.
Representative images of follicles from C and BT genotype females

females displayed

demonstrating pyknotic granulosa cells found in Breal®“™~

mice. (*20 magnification) N=7-12 per genotype

genotype

higher level of degenerating GCs, as well as fewer corpora
lutea. BRCA1 has been implicated in a wide variety of cellular
processes, including the regulation of genome integrity [42],
DNA damage recognition and repair [43], cell cycle check-
point control [44, 45], and apoptosis [46—48]. Disruption of
theses pathways may contribute to the higher levels of pyk-
notic GCs in the follicles of Brcal““™" ovaries, and possibly
explain the reduced number of corpora lutea.

Despite the relative increase in size, Brcal G ovaries did
not exhibit detectable tumors at 12 months of age, which con-
trasts with the benign cystadenomas reported in <8-month-old
mice with Tg.FSHR.Cre-induced Brcal inactivation, noting
similar use of the C57BL/6 background [17]. The distinct
phenotype of Brcal disruption when induced by the different
Cre mouse lines (Tg.AMH.Cre in the current work compared
to Tg.FSHR.Cre previously) may reflect different tissue ex-
pression levels or patterns of each Tg.Cre activity. An
established LacZ-reporter system to detect Cre activity
showed that Tg. AMH.Cre provides strong Cre activity in
GCs alone (70-100 % of GC in most preantral-antral folli-
cles), and no detectable extraovarian Cre activity in relevant
tissues including brain, pituitary, and uterus [21]. Further-
more, AMH.Cre-targeted disruption (of the androgen recep-
tor) produced a phenotype in female mice as young as
3 months of age [21]. It is possible AMH.Cre may provide
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Fig. 4 Analysis of uteri histology
of H&E-stained sections showed
that no macroscopic tumors were
present in 12-month-old females
of any genotypes examined (x4
magnification)

low Cre activity relative to FSHR.Cre, and reduced penetrance
may lead to a longer latency in tumor formation. However, the
published Tg.FSHR.Cre-induced LacZ-reporter expression
appears very weak or absent in GCs of many follicles [17].
Furthermore, ectopic expression of Tg.FSHR.Cre was report-
ed in the pituitary [18], which does not normally express
FSHR [49]. The uncertain significance of Brcal loss upon
overall pituitary function and possibly other sites of ectopic
Tg.FSHR promoter expression may limit interpretation of
findings with that model.

The relatively normal ovarian phenotype in TgAMH.Cre-
driven mutant Brcal mice suggests that the follicular environ-
ment is resistant to Brcal-associated tumorigenesis. More-
over, the lack of ovarian or uterine tumors in Brcal 9“7 fe-
males does not support the proposed existence of an ovary-
derived paracrine factor caused by follicular Brcal disruption,
which was predicted to induce uterine tumors in the
Tg.FSHR.Cre-induced mutant Brcal model [17].
Extraovarian rather than GC-driven defects may have caused
the cystic tumors in Tg.FSHR.Cre/mutant Brcal females [17].

@ Springer

These epithelial-like cystadenomas in the ovaries and uterine
horns each possessed normal rather than mutant Breal alleles,
suggesting that the ovarian tumors were secondary to uterine-
derived tumors [17]. Precancerous changes are commonly
seen in the fallopian tubes of women who are asymptomatic
carriers of BRCA I mutations [4, 5, 50]. Moreover, inactivation
of Brcal in mouse OSE induced preneoplastic epithelial
changes similar to those observed in the ovaries of human
BRCAI mutation carriers [16]. It is possible that inactivation
of BRCAI in both epithelial and non-epithelial cells of the
ovary maybe necessary for a cooperative effect that leads to
ovarian carcinogenesis. Such findings are consistent with the
recent “extraovarian origin hypothesis” proposing that ovari-
an serous tumors arise from the implantation of extraovarian
tissue, in particular epithelium (benign or malignant) from the
fallopian tube, from which the ovarian cancer arises second-
arily [51, 52]. Proposed tumor origins include Mullerian duct
derivatives surrounding the ovary [53], and many ovarian tu-
mors are composed of cell types and cystic structures not
present in normal ovarian tissue [53]. In the current model,



HORM CANC (2015) 6:142-152

149

10

oo

E1 (pg/ovary) o

e

o N O~ O

o
—
o
=)

D ™
o O

E2 (pg/ovary)
FoN

Nl

C B BT F BF BTF

Fig. 5 Analysis of intraovarian estrone (£/) and estradiol (£2) content
showed no significant difference in the E1 level in Breal®“™" (B
genotype) ovaries. Ovarian E2 content was not affected by the B and T
genotypes, whereas the E2 level was significantly higher in the F group
females. Data shown as mean+SEM, N=5 per genotype

Tg.AMH.Cre was not expressed in uterine, fallopian, or pitu-
itary tissues, and no extraovarian Brcal disruption was
detected.

Our current findings support the proposal that granulosa
cell-specific BRCA1 loss alone may be insufficient for ovar-
ian tumorigenesis. Past research showed that disruption of
BRCAI1 caused a longer doubling time for ovarian and breast
cancer cells [44, 45, 47, 48], and Brcal downregulation re-
sulted in growth arrest [54]. Furthermore, while most tumors
in individuals with germline BRCA/ mutations show com-
pound heterozygosity (with germline mutant retained) at the
BRCAI locus, consistent with a tumor suppressor role for
BRCAI, some tumors retain the wild-type BRCAI allele
[55-57]. It was postulated that BRCA ! haploinsufficiency re-
sults in a destabilized genome that is more sensitive to DNA
damage and other gene mutations. For instance, in the absence
of the caretaker function of BRCAI1, other repair pathways,
such as that involving TP53, may be activated, resulting in
slowed proliferation as damage is repaired [16]. Features of
Breal disruption such as longer cellular doubling time or in-
creased apoptosis can be overcome by loss of Trp53 [47,
48].Targeted disruption of both Brcal and Trp53 in OSE
and mammary tumor models have indicated that 7rp53 may
play a significant role in both Brcal-associated growth control
and tumorigenesis [15, 16, 48, 58—61]. Thus, diminished
BRCAI activity may create a genetically unstable environ-
ment, the impact of which is not wholly evident until further

genetic alterations take place, in a multi-hit mechanism of
oncogenesis.

On this basis, we combined 7rp53 haploinsufficiency with
the Brcal ™~ background to provide a second genetic defect
in a multi-hit approach. 7P53 dysfunction is commonly asso-
ciated with ovarian carcinoma, particularly in tumors associ-
ated with a germline BRCA/ mutation [62—64]. However, in
the present study, females carrying the combined Brcal°“"/
Trp53"" mutations had no detectable ovarian or uterine tu-
mors. Therefore, global 7ip53 haploinsufficiency in all cells
of the ovary, including GC and OSE, had no additive or com-
bined effect with follicular Brcal disruption in our model. It is
likely that extraovarian and/or additional genetic mutations
combine to initiate mutant BRCA [-associated tumorigenesis
and ovarian cancer. Recent multi-hit murine models targeting
conditional Brcal/Trp53/Pten disruption in the fallopian tube
epithelial cells produced high-grade serous ovarian tumors
[64], and targeting Brcal/Trp53/Rb inactivation in OSE pro-
duced ovarian carcinoma [65], highlighting the role of com-
bined genetic defects and the possible extraovarian origin of
certain ovarian cancers.

Elevated circulating FSH activity alone did not induce
ovarian tumors in 1-year-old mice. FSH activates pathways
associated with cell proliferation, growth, and oncogenesis
dose-dependently in normal and malignant human OSE cells
[19, 65], in particular during early stages of oncogenesis. Al-
though the present findings show that elevated FSH alone is
insufficient to initiate ovarian tumors, we cannot rule out a
role for FSH activity in promoting the progression of existing
ovarian cancers, in particular of an OSE origin in a multi-hit
mechanism. Unexpectedly, serum Tg.FSH levels were lower
in Breal®C”" females relative to Breal™* or Breal™"™!
females. Tg. AMH.Cre alone had no impact on Tg.FSH levels,
and the mechanism of the lower Tg.FSH levels in Breal““™"
females remains unclear, but might contribute to
underestimating the impact of high circulating FSH in our
multi-hit strategy. However, we previously showed that equiv-
alent levels (2-3 IU/L) of Tg.FSH in a lower-expressing
TgFSH mouse line increased ovulation [32], suggesting this
level may still provide enhanced functional FSH activity. Fe-
males with combined Breal®“/Trp53*"~ mutations and
Tg.FSH expression also had no detectable ovarian or uterine
tumors.

Our mouse model was based on conditional inactivation of
Breal in GCs, which are known regulators of the estrous
cycle. Therefore, we compared estrous cycling between all
Breal®“™ and control groups and found minimal differences
between Brcal cohorts; although the cycling data observed
was highly variable within the old female groups. The current
findings support the increased duration of the proestrus phase
of the estrous cycle reported in the earlier Tg.FSHR.Cre/mu-
tant Brcal model [17, 18]. However, the Brcal mutation had
no marked impact on ability to cycle or the estrous stages in all
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groups examined (i.e., Brcal with Tpr53 loss and/or high
FSH), and the present cycling data did not show an increase
in the preovulatory (proestrus+estrus) phase, described in
Tg.FSHR.Cre/mutant Brcal females [18]. Altered estrous cy-
cling in Tg.FSHR.Cre/mutant Brcal mice was proposed to
reflect increased estradiol activity. Circulating estradiol levels
were elevated in Tg.FSHR.Cre/Brcal females after the admin-
istration of pregnant mare serum gonadotrophins, although
direct analysis of ovarian steroid levels was not determined
[18]. In the current study, intraovarian estrone and estradiol
content remained normal in all Brcal®“™ females, whereas
elevated estradiol levels were found in Tg.FSH ovaries. Pre-
vious work showed that reduced expression of BRCALI in a
human granulosa cell line led to upregulated aromatase (the
rate-limiting enzyme in estradiol biosynthesis) expression
[66]. In our model, it is possible that localized estradiol pro-
duction may be higher in some Breal““™ follicles in order to
compensate for the presence of follicles exhibiting more
degenerating (pyknotic) GCs found in Breal®C™ ovaries.
However, direct analysis of ovarian steroids shows that the
GC-specific Brcal mutation does not alter overall ovarian
estradiol content, which is consistent with no major impact
upon the distinct stages of the estrous cycle.

In summary, our current findings indicate that the
intraovarian environment is resistant to tumorigenic changes
by combining up to three recognized tumor promoting strate-
gies, namely the associated genetic loss of Brcal and Tip53,
and addition of elevated FSH. Follicular Brcal modification
alone or combined with genetic (7ip53 loss) and endocrine
changes (high serum FSH) was not sufficient to cause ovarian
or uterine tumors. Our findings indicate that extraovarian rath-
er than ovarian GC-driven defects were likely responsible for
the ovarian-uterine cystic tumors reported in the earlier Brcal
mutant model, and support an emerging view of an extrago-
nadal origin for apparently ovarian cancers.
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