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Abstract: Risk reducing mastectomy is the only surgical approach for the prevention of breast cancer in women
with deleterious genetic mutations or in those deemed to be at extremely high risk. However, up to 10.5% of these
women still developed breast cancer. Thus, developing new strategies for complete prevention of breast cancer
is imperative. Mammary ducts were ablated by mammary-specific ablation of forkhead box protein A1 (Foxa1).
Mammary tumorigenesis was induced in control and mammary-specific Foxa1 knockout mice using carcinogens.
No mammary tumors were observed in these knockout mice compared to four types of breast tumors induced in
control mice. We present a promising novel strategy for the prevention of breast cancer by genetic ablation of mammary ducts via targeting Foxa1.
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Introduction
Women with BRCA1 or BRCA2 mutations have
a 50-80% lifetime risk of developing breast
cancer [4, 21]. Bilateral risk reducing mastectomy (RRM) is one strategy to significantly
reduce breast cancer occurrence in unaffected
BRCA mutation carriers. However, multiple
studies suggest nearly 5% to 10.5% of these
women undergoing preventive surgery still
developed breast cancer arising possibly from
residual breast cells after prophylactic surgery
[6, 9-11, 14, 19, 20]. Among BRCA carriers presenting with an index ipsilateral breast cancer,
nearly 60% will develop a contralateral breast
cancer over their lifetime; and risk reducing
contralateral mastectomy in this setting could
also result in up to 94% reduction of contralateral breast cancer [5, 15, 16, 18]. However, the
rate of disease-free and overall survival after
contralateral prophylactic mastectomy is under
debate. Recent studies showed that there were
no overall survival benefits after contralateral
prophylactic mastectomy, especially for estrogen receptor-negative patients, whereas another study showed improved 10-year overall survival after contralateral prophylactic maste-

ctomy [2, 5, 7, 17, 22]. These results indicate
that it is difficult to completely remove every
single mammary tumor cell or mammary progenitor cell with tumorigenic potential using surgery alone or even in combination with chemotherapy and radiotherapy because the rate of
breast cancer recurrence after mastectomy
could rise up to 40%, depending on breast cancer subtypes. Thus, completely ablating these
residual mammary cells after mastectomy to
prevent the breast cancer occurrence is of significant scientific importance.
Recently, we developed a mouse model with
complete ablation of mammary ducts by mammary gland-specific ablation of Foxa1 [13].
Forkhead box protein A1 (Foxa1 in mice and
FOXA1 in humans) is a pioneer transcription
factor regulating organogenesis and tumorigenesis in many tissues, including breast tissues
[12], but Foxa1 regulation in mammary gland
development is poorly understood [3]. Thus, to
better understand the role of Foxa1 in mammary development and tumorigenesis in vivo, a
mouse model with mammary-specific ablation
of Foxa1 is needed. We have recently shown
that completely ablating Foxa1 in mammary
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bility. Most breast cancers
originate from mammary terminal ductal lobular epithelia.
Thus, our genetic approach of
ablating mammary ducts by
suppressing Foxa1 is a genetic “mastectomy”, which is
promising for complete, clean
removal of mammary ducts.
Here, we present that this
mammary duct-free mouse
model is completely resistant
to carcinogen-induced mammary tumorigenesis.
Materials and methods
Animals
All animal procedures were
approved by the Institutional
Animal Care and Use Committee (IACUC) at the Mayo
Clinic. The experiment was
carried out under controlled
conditions with a 12-h light/
dark cycle. Cages with filters
were used along with sterile
bedding, ad libitum diet, and
water. Animals were maintained on a normal chow. The
derivation of Foxa1loxP/loxP mice (from Dr. Klaus H. Kaestner, University of PenFigure 1. Mammary tumorigenesis was induced in mice using DMBA/MPA.
A. Four types of breast tumors were observed in control Foxa1loxP/loxP mice
nsylvania) has been reported
after DMBA/MPA administration. B. Relative percentages of each tumor type
previously [8]. Foxa1loxP/loxP
in each mouse were calculated from total 22 mice after DMBA/MPA adminmice were mated with Krt14istration.
Cre mice (from Jackson Laboratory) to obtain FoxloxP/loxP
loxP/loxP
a1
; Krt14-Cre mice. Foxa1loxP/loxP mice
glands using Foxa1
; Krt14-Cre mice led
to the complete loss of mammary epithelial
were used as control wild-type mice. Genotypes
cells or mammary ducts, indicating that Foxa1
of Foxa1loxP/loxP and Cre were determined by
is essential for the formation of mammary
PCR.
ducts by controlling the growth of all types of
Carcinogenesis of breast cancer
mammary epithelial cells in the ducts [13].
More importantly, the complete loss of mamA group of eight female Foxa1loxP/loxP; Krt14-Cre
mary epithelia in Foxa1-deficient mammary
mice (six-week old) received a single dose of 20
glands suggests that terminating mammary
mg progestin medroxyprogesterone acetate
epithelial growth could be a new direction for
(MPA) pellets (Innovative Research of America)
the prevention of breast cancer. Mastectomy is
subcutaneously implanted into the interscapucurrently the only surgical approach for elimilar area. 7,12-dimethylbenz[a]anthracene (DMnating breast tissue and thereby breast cancer
BA) at a concentration of 1 mg/dose was
prevention for women who carry deleterious
genetic mutations with breast cancer susceptiadministered intragastrically to these mice at
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and about 70% of mammary
tumors in this model are estrogen receptor alpha-positive
(ERα+) and about 30% are triple-negative and other breast
tumors [1]. When we induced
mammary tumorigenesis in our
control Foxa1loxP/loxP mice using
the DMBA/MPA method, we
were able to recapitulate the
carcinogenesis of multiple
mammary tumors in all control
mice (Figure 1A). Moreover, by
immunostaining of molecular
markers, including ERα, progesterone receptor (PR), and
human epidermal growth factor
receptor 2 or erythroblastic
oncogene B2 (HER2 or ERBB2),
we were able to identify all four
Figure 2. Mammary duct-free mice are resistant to mammary tumorigentypes of breast cancers in this
esis. No tumor was observed in mutant Foxa1loxP/loxP; Krt14-Cre mice after
DMBA/MPA model, including
DMBA/MPA administration (n = 8).
the luminal A (ERα+; PR+; HER2-,
34.3%), luminal B (ERα+; PR+;
low
the age of weeks 9, 10, 11, 12, and 13 [1].
HER2 , 38.1%) with low HER2 expression,
Another group of 22 female Foxa1loxP/loxP mice
HER2+ (ERα-; PR-; HER2high, 6.1%) with high
received the same carcinogenesis treatments
HER2 expression, and triple-negative (ERα-;
as controls. At the age of 20 weeks old, all
PR-; HER2-, 21.5%) breast cancers (Figure 1A
mammary glands in these mice from each
and 1B). And the ERα+ breast cancers were still
group were collected for tumor evaluation.
the dominant ones. However, when we induced
mammary tumors in our mutant Foxa1loxP/loxP;
Immunohistochemical staining
Krt14-Cre mice using the DMBA/MPA method,
in addition to observing complete ablation of
Excised mammary gland tissues with and withmammary ducts by ablating Foxa1, no tumors
out tumors were fixed by immersion in 10%
of any types were observed in these mice
buffered formalin overnight and then trans(Figure 2), though little blood cell infiltration
ferred to 70% ethanol for long-term fixation.
was observed near the lymph node in the mamRepresentative sections of fixed tissue were
mary fat pads (Figure 2), indicating that mamtrimmed and embedded in paraffin, sectioned,
mary ductal epithelial cells are essential for
and stained with hematoxylin and eosin (H&E),
mammary tumorigenesis and complete ablacytokeratin 19 (CK19) antibody (clone, TROMAtion of mammary ducts prevents the occur3), Foxa1 antibody (C-20, Santa Cruz), ERα antirence of any types of breast cancers.
body (MC-20, Santa Cruz), PR antibody (C-19,
Santa Cruz), or HER2 antibody (C-18, Santa
Discussion
Cruz) for histological examination. The TROMA3 antibody was purchased from The University
Our study provides the first in vivo evidence
of Iowa, Iowa City, IA. All of the stained sections
that genetic ablation of mammary ducts is sufwere imaged using Aperio ScanScope XT (Vista,
ficient to completely prevent breast cancer
CA, USA).
occurrence. Thus, this strategy alone or in comResults
DMBA initiation with MPA promotion or DMBA/
MPA-induced mammary tumorigenesis is a
classical model of mammary carcinogenesis
426

bination with mastectomy together as an adjuvant therapy could be promising for completely
preventing the breast cancer occurrence in
those women at the highest risk of breast cancer and in those breast cancer patients after
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mastectomy. Moreover, this strategy could also
be useful for preventing breast cancer recurrence. In this direction, targeting FOXA1 or
other pathways to eliminate mammary epithelia or ducts in humans could be a novel and
promising approach for breast cancer prevention.
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