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ABSTRACT
Breast cancer is the second most frequently diagnosed cancer and the second leading cause of
cancer death in U.S. women. The studies presented in this thesis show that 1) Akt1, a
survival gene, is required for normal mammary gland postnatal development and
homeostasis. The loss of Akt1 in a C57/Bl6 transgenic mouse model results in a significant
delay in postnatal development, followed by permanent changes in adult mammary gland
structure. We also demonstrate 2) a critical relationship between Akt1, breast cancer
progression, invasion potential, and the epithelial-mesenchymal transition. Significant
decreases in the incidence of hyperplastic alveolar nodules (HANs) were found in Akt1-/female

mice

following

exposure

to

the

environmental

carcinogen,

dimethylbenza[α]nthracene (DMBA). However, suppression of Akt1 by shRNA in MCF7
human breast carcinoma cells is sufficient to promote the epithelial-mesenchymal transition,
and results in a significant increase in the ability to invade in a Matrigel assay. Furthermore,
we provide evidence that 3) bisphenol A (BPA), an endocrine disrupting chemical,
promotes mouse mammary gland hyperplasia and stimulates the G1/S phase transition
of the cell cycle and tamoxifen-resistance in the human breast carcinoma cell line,
MCF7. Mice exposed in utero to BPA exhibited multiple alterations in the adult mammary
gland, including increased ductal area, terminal end bud number and altered epithelial cell
proliferation. In addition, in utero exposure to BPA resulted in increased formation of HANs
following a secondary insult to DMBA. Physiologically relevant doses of BPA resulted in
enhanced MCF7 cell proliferation, stimulation of the G1/S phase transition, and tamoxifenresistance. Taken together, these studies provide new insights into the influences of Akt1
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signaling and environmental exposures on the promotion of mammary gland development
and cancer.
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Chapter 1.
Significance, Specific Aims, and
Background
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Significance
Breast cancer is the second most frequently diagnosed cancer amongst women and
the second leading cause of cancer death in U.S. women. Each year approximately 200,000
U.S. women are diagnosed with breast cancer, and roughly 40,000 die from the disease. Only
about 5% of breast cancer diagnoses can be attributed to inherited mutations in highpenetrance cancer susceptibility genes such as BRCA1 and BRCA2, and over 80% of
diagnoses occur in women with no family history of the disease (1, 2). Breast cancer risk
varies with age, diet, smoking, ethnicity, socio-economic status, precocious puberty, late
onset of menopause and environmental exposures (2). Genetic and epigenetic alterations that
occur Understanding the genetic and environmental mechanisms underlying the promotion
and progression of breast cancer is an important challenge and a prerequisite for developing
better prevention and treatment strategies.
Specific Aims
The PI3K/Akt pathway is the most commonly activated pathway in human cancer,
including breast cancer. To date, the role of Akt1 (a member of the Akt family) in mammary
gland development during pregnancy, lactation, involution, and breast cancer development in
genetic models has been extensively studied. However, the mechanism(s) behind which Akt1
regulates mammary gland postnatal development and breast cancer progression following
exposure to an environmental carcinogen have not been entirely elucidated. Furthermore,
considering most breast cancer patients have no family history of the disease, this leaves
strong evidence for the roles of various risk factors such as lifestyle choices and exposure to
xenoestrogens, in breast tumorigenesis. Recent evidence suggests that exposure to
environmental xenoestrogens, such as Bisphenol A (BPA), may alter breast cancer
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susceptibility. Therefore, understand how BPA elicits its effects in postnatal development as
well as in breast cancer progression is critical for prevention of disease. By understanding the
biology of how Akt1 activation and environmental exposures influence mammary gland
function and breast cancer development, we can more clearly understand the link between
environmental risk factors and genetics in breast cancer risk.
The studies presented in this thesis examine the role(s) of Akt1 in mammary gland
postnatal development, breast cancer promotion and invasion, as well as, how environmental
exposures influence mammary gland development and breast cancer risk. These studies are
addressed by the three specific aims listed below and are presented in chapters 2, 3, and 4:
1. Determine the role of Akt1 in mammary gland postnatal development and adult
mammary gland structure and function.
2. Examine the relationship between Akt1, breast cancer promotion, and breast cancer
progression.
3. Examine the effects of exposure to the xenoestrogen, Bisphenol A (BPA) on
epithelial proliferation signaling, breast cancer risk, and tamoxifen resistance.
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Part 1: Mammary Gland Development
The mammary gland is composed of epithelium surrounded by stroma. Postnatal
mammary gland development is tightly controlled by steroids, hormones, and cell-matrix
interactions. The mammary gland is responsible for the production and delivery of milk from
the mother to the nursing infant. The adult mammary gland is composed of an elaborate
“ductal tree” network that consists of ducts and stromal compartments. The adult mammary
gland contains an outer layer of myoepithelial cells and an inner layer of luminal epithelial
cells embedded in a basement membrane, which surround a hollow lumen to comprise the
alveolar bud. The luminal epithelial cells are responsible for the production of milk fat and
proteins. The myoepithelial cells contract during lactation under the influence of the hormone
oxytocin, to push the milk fat through the mammary gland to the collecting duct, where the
infant can nurse. The ductal tree is embedded in the mammary stroma, which largely
consists of adipocytes but also contains fibroblasts, blood vessels, and immune cells (3).
Figure 1 shows an illustrative example of the major mammary gland components.
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Figure 1. Mammary Gland Components. The Mammary gland is composed of ducts and
acini embedded in stroma (fat cells, connective tissues). Acini are lined by alveolar cells (aka
asacinar cells), which produce milk fat and proteins when stimulated and ducts are lined by
ductal epithelium.
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Whereas the human has one pair of mammary glands, the majority of mouse strains
examined have five pairs. These five pairs of mammary glands are located under the skin in
the thoracic and linguinal regions. During embryonic development in the mouse, a
rudimentary ductal structure invades the mesenchyma. This simple structure remains
dormant until approximately 21 days of age, when ovarian hormone secretion begins and
stimulates ductal growth (4). Normal mammary gland development occurs during puberty,
during which the mammary gland undergoes accelerated ductal morphogenesis to fill out the
fat pad. The human, while having fewer total mammary glands, forms a more complex
structure with the nipple that contains an outlet of five to ten lactiferous ducts per gland
instead of one collecting duct that leads to the nipple in the mouse (5)
Postnatal mammary gland development
During puberty, the ovarian hormones estradiol and progesterone stimulate
proliferation of stem cells in the terminal end bud (TEB) and induce side branching in the
mammary gland, respectively (6). The TEB is found only in the developing mammary gland,
and in both mice and humans is the main force driving mammary gland development. The
TEB contains a population of pluripotent stem cells in the outer layer, or cap layer, of the
TEB, which form the intermediate and myoepithelial cells of the duct. The TEB also contains
6-10 layers of body cells that give rise to luminal cells (7). Both layers have high rates of
mitosis during puberty, and studies have found that forward extension rates through the fat
pad can be up to 0.5 mm per day (8). At the same time as TEB bifurcation, lateral branching
also occurs along the subtending ducts to form secondary and tertiary lateral branches with
end buds (9). A number of molecular signals are needed to drive mammary morphogenesis,
such as local growth-regulatory signals, stromal-epithelial interactions, and extracellular
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matrix (ECM) remodeling.

Figure 2 illustrates the basic initial remodeling that the

mammary gland undergoes during puberty.
At birth, the rudimentary mammary gland is composed of epithelial cords and stroma,
which largely consists of the rudimentary fat pad, connective tissue, and fibroblasts.
Postnatal development of the mammary gland is dependent on the interaction of the epithelial
cells with the surrounding stroma. The basement membrane that surrounds the epithelial cells
is composed of proteins and proteoglycans. These are locally secreted by the epithelial and
myoepithelial cells and include fibronectin, laminin-1, type IV collagen, and heparin sulfate
proteoglycans (10, 11). Mammary gland postnatal development and the forward movement
of the TEB involve remodeling of the ECM. The ECM, ECM receptors and ECM-degrading
enzymes all play important roles in postnatal mammary development. For example, various
ECM components bind to molecules that promote branching, such as TGF-ß1, amphiregulin,
and the IGF-binding proteins (12).
During postnatal mammary gland development, the hormones estrogen, growth
hormone, and progesterone are largely responsible for ductal outgrowth. Estrogen and
growth hormone appear to act through stroma-derived growth factors rather than on the duct
itself to drive growth. Specifically, it has been shown that estrogen receptors in the stroma,
rather than the epithelium, were necessary for ductal development (13). This indicates
estrogen stimulates ductal outgrowth through a paracrine fashion, such as through epidermal
growth factor (EGF) signaling (14). EGFR is a member of the ErbB/type 1 family of
receptors, which play critical roles in the regulation of hormone action in the mammary
gland. Estrogen signaling in the stroma also promotes the production of hepatocyte growth
factor (HGF), which induces epithelial branching (15). In the epithelium, estrogen signaling

9

through ERα induces the cleavage of amphiregulin (AREG) from sheddase ADAM17 (a
disintegrin and metalloproteinase domain-containing protein 17), which then signals to the
EGF in the stroma (16). EGF in the stroma is essential for ductal outgrowth; however, it is
not necessary for lobulo-alveolar development (17).
Along with estrogen signaling, GH also stimulates TEB growth, specifically through
stromal insulin-like growth factor-1 (IGF1). A study by Walden et al., examined the effects
of GH on insulin signaling by injecting bovine GH (bGH) with or without estradiol (E2), into
sexually immature oophorectomized female rats. They found that GH stimulated IGF-1
mRNA in the stroma, and that this effect was synergized with E2, these results suggest that
GH acts on the stromal compartment to induce IGF-I mRNA expression leading to
differentiation of the terminal end buds (14). Additionally, a different study by Ruan and
colleagues illustrated that in oophorectomized mice, progesterone stimulated duct formation
and branching in combination with IGF-1, whereas E2 alone led to duct formation and side
branching (18). This indicates that progesterone is important for ductal elongation, whereas
E2 largely affects side branching, and that these two hormones likely act in concert during
postnatal development to promote growth.
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Figure 2. The growth of the mammary gland through the fat pad. The growth of
the mammary gland begins with the development of the placode around embryonic day 10 in
the mouse. By embryonic day 18 the mammary gland has developed into a rudimentary
ductal tree, which remains dormant until the onset of puberty. During puberty the ovarian
hormones estrogen and progesterone as well as additional growth factors stimulate ductal
elongation and branching and terminal end bud bifurcation, until the mammary gland has
fully reached the fat pad and the terminal end buds are permanently replaced with terminal
ends and alveolar buds.
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As the TEB reaches the ends of the fat pad, cell division rates drop and the cells
differentiate into ductal and myoepithelial cells, during which the myoepithelial cells lay
down the basement membrane (19). After growth is finished, TEB structures are permanently
replaced by terminal ducts and alveolar buds (20). Figure 3 illustrates representative whole
mounts depicting the major stages of mammary gland postnatal development in the mouse,
corresponding to neonatal, juvenile, pubertal, and adult time points. These time periods
correspond to 1-3 weeks of age, 3-4 weeks of age, 4-7 weeks of age, and 7 weeks of age in
the mouse, respectively (21). It has been proposed that the adult mammary gland contains a
population of mammary stem cells that are capable of self-renewal and give rise to epithelial
precursor cells. The progeny of the epithelial precursor cells are either ductal precursor cells,
or alveolar precursor cells. This population of stem cells is thought to be responsible for
alveolar renewal within the mammary gland in pregnancy (6).
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Figure 3. Stages of Mammary Gland Postnatal Development. Shown are representative
whole mounts of major time points during postnatal mammary gland development. Shown
are virginal neonatal (PND 11), juvenile (PND 25), pubertal (PND 50), and adult (PND 70).
Bar indicates 1,000 µm.

13

Part 2: Mammary Cancer
Breast cancer is the most frequently diagnosed cancer in women in the world. In
2011, breast cancer was the most common non-keratinocyte cancer and the leading cause of
death from cancer in women in developed countries (22). It is also the leading cause of death
from cancer for women worldwide. Breast cancer is a heterogeneous disease that
encompasses a number of genetic alterations. At diagnosis, approximately 10-15% of women
already have aggressive metastatic disease. Understanding the genetic alterations is critical to
the future development of potential therapeutic targets.
A number of risk factors are associated with breast cancer development. As with most
cancers, age is a major risk factor for developing breast cancer. The incidence of breast
cancer doubles every 10 years until the onset of menopause (23). However, unlike lung
cancer, the most common cancer killer, the incidence of breast cancer is 10 times higher than
in young women (under 45 years of age) (23). Overall, a woman has a 1 in 8 chance of
developing breast cancer over her lifetime. Geographic location is also an important risk
factor for breast cancer risk, with highest incidence occurring in the United States,
Netherlands, and Canada (23). Importantly, the offspring of immigrants from other countries
that have moved take on the incidence rate of the new country, indicating a strong role for
environmental factors. Genetic family inheritance (BRCA1/2 mutations) accounts for
approximately 10% of all breast cancers. Furthermore, considering this leaving 80-90% of
breast cancer patients with no family inheritance, this leaves strong implications for
environmental influences in breast cancer risk, such as prolonged exposure to xenoestrogens.
Breast cancer staging
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There are many types of breast cancer, and breast tumors are categorized by grade,
type, characteristics, and molecular subtypes. The American Joint Committee on Cancer
utilizes a breast tumor classification system for use in tumor registries (Table 1) (24). This
system classifies tumor size, regional lymph node metastasis, distant metastasis, and
histological grade. In general, the larger the tumor the poorer the prognosis for survival.
Specifically, tumors <1.0 cm in size have a 90% survival rate over 10 years, compared to
only 75% for tumors 1-2 cm in size, and 60% for tumors 2-5 cm in size (25). Lymph node
status staging is critical because the greater number of lymph nodes that have been infiltrated
by cancer, the poorer the survival prognosis. The recurrence rate of breast cancer for nodenegative patients is 15-30% over 10 years, whereas the recurrence rate is approximately 70%
for those patients with lymph node metastasis (26). Staging also includes tests for metastasis,
meaning the primary cancer has infiltrated to another organ in the body, commonly the lung,
liver, and bone (27). The risk of metastasis increases with larger tumor size and lymph node
metastasis (28). Breast cancer staging from levels 0-IV is classified based on the combination
of tumor size, lymph node status, and metastasis. Stage 0 is ductal carcinoma in situ, stages I
and II (A, B) are early breast cancer, stage III (A, B, C) is locally advanced breast cancer,
and stage V is metastatic breast cancer. The overall five-year survival rates for these different
stages are listed in Table 2.
Table 1. Staging System for Breast Cancer
Primary
tumor (T)
TX
T0
Tis
Tis (DCIS)
Tis (LCIS)
Tis (Paget)

Description
Primary tumor cannot be assessed
No evidence of primary tumor
Carcinoma in situ
Ductal carcinoma in situ
Lobular carcinoma in situ
Paget’s disease of the nipple with no tumor
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T1
T1mic
T1a
T1b
T1c
T2
T3
T4
T4a
T4b
T4c
T4d
Regional
lymph nodes
(N)
NX
N0
N1
N2
N2a
N2b
N3

N3a
N3b
N3c
Regional
lymph nodes
(pN)
pNX
pN0

Tumor ≤ 2 cm in greatest dimension
Microinvasion ≤ 0.1 cm in greatest dimension
Tumor > 0.1 cm but not > 0.5 cm in greatest dimension
Tumor > 0.5 cm but not > 1 cm in greatest dimension
Tumor > 1 cm but not > 2 cm in greatest dimension
Tumor > 2 cm but not > 5 cm in greatest dimension
Tumor > 5 cm in greatest dimension
Tumor of any size with direct extension to
(a) chest wall or
(b) skin, only as described below
Extension to chest wall, not including pectoralis muscle
Edema (including peau d’orange) or ulceration of the skin of the breast, or
satellite skin nodules confined to the same breast
Both T4a and T4b
Inflammatory carcinoma
Description
Regional lymph nodes cannot be assessed (eg, previously removed)
No regional lymph node metastasis
Metastasis in movable ipsilateral axillary lymph node(s)
Metastases in ipsilateral axillary lymph nodes fixed or matted, or in
clinically apparent ipsilateral internal mammary nodes in the absence of
clinically evident axillary lymph node metastasis
Metastasis in ipsilateral axillary lymph nodes fixed to one another (matted)
or to other structures
Metastasis only in clinically apparent ipsilateral internal mammary nodes
and in the absence of clinically evident axillary lymph node metastasis
Metastasis in ipsilateral infraclavicular lymph node(s), or in clinically
apparent ipsilateral internal mammary lymph node(s) and in the presence of
clinically evident axillary lymph node metastasis; or metastasis in ipsilateral
supraclavicular lymph node(s) with or without axillary or internal mammary
lymph node involvement
Metastasis in ipsilateral infraclavicular lymph node(s) and axillary lymph
node(s)
Metastasis in ipsilateral internal mammary lymph node(s) and axillary
lymph node(s)
Metastasis in ipsilateral supraclavicular lymph node(s)
Description
Regional lymph nodes cannot be assessed (eg, previously removed or not
removed for pathologic study)
No regional lymph node metastasis histologically, no additional
examination for isolated tumor cells
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pN0(i−)
pN0(i+)
pN0(mol−)
pN0(mol+)
pN1mi
pN1
pN1a
pN1b
pN1c
pN2
pN2a
pN2b
pN3

pN3a
pN3b

pN3c
Distant
metastasis
(M)
MX
M0
M1

No regional lymph node metastasis histologically, negative IHC
No regional lymph node metastasis histologically, positive IHC, no IHC
cluster > 0.2 mm
No regional lymph node metastasis histologically, negative molecular
findings (RT-PCR)
No regional lymph node metastasis histologically, positive molecular
findings (RT-PCR)
Micrometastasis (> 0.2 mm, none > 2.0 mm)
Metastasis in one to three axillary lymph nodes and/or in internal mammary
nodes with microscopic disease detected by sentinel lymph node dissection
but not clinically apparent
Metastasis in one to three axillary lymph nodes
Metastasis in internal mammary nodes with microscopic disease detected by
sentinel lymph node dissection but not clinically apparent§
Metastasis in one to three axillary lymph nodes and in internal mammary
lymph nodes with microscopic disease detected by sentinel lymph node
dissection but not clinically apparent
Metastasis in four to nine axillary lymph nodes, or in clinically apparent*
internal mammary lymph nodes in the absence of axillary lymph node
metastasis
Metastasis in four to nine axillary lymph nodes (at least one tumor deposit >
2.0 mm)
Metastasis in clinically apparent internal mammary lymph nodes in the
absence of axillary lymph node metastasis
Metastasis in 10 or more axillary lymph nodes, or in infraclavicular lymph
nodes, or in clinically apparent ipsilateral internal mammary lymph nodes in
the presence of one or more positive axillary lymph nodes; or in more than
three axillary lymph nodes with clinically negative microscopic metastasis
in internal mammary lymph nodes; or in ipsilateral supraclavicular lymph
nodes
Metastasis in 10 or more axillary lymph nodes (at least one tumor deposit >
2.0 mm), or metastasis to the infraclavicular lymph nodes
Metastasis in clinically apparent ipsilateral internal mammary lymph nodes
in the presence of one or more positive axillary lymph nodes; or in more
than three axillary lymph nodes and in internal mammary lymph nodes with
microscopic disease detected by sentinel lymph node dissection but not
clinically apparent
Metastasis in ipsilateral supraclavicular lymph nodes
Description
Distant metastasis cannot be assessed
No distant metastasis
Distant metastasis

Table adapted from (24).
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Table 2. 5-year Breast Cancer Patient Survival Rates by Stage
Stage

5-year
Survival Rate
0
93%
I
88%
IIA
81%
IIB
74%
IIIA
67%
IIIB
41%
IIIC
49%
IV
15%
Table adapted from (29).

Molecular subtypes of breast cancer
In addition to the classical pathological markers of breast cancer, molecular predictive
and prognostic markers are also used for staging breast cancer. The most common molecular
markers that are currently used include hormone receptor (HR) status and ERBB2 (or
HER2/neu) status. Breast cancer can be classified into four molecular subtypes: luminal A,
luminal B, Her2 overexpressing, basal-like, and normal breast-like tumors. The molecular
characteristics of these subtypes are listed in Table 3. Luminal type tumors are the most
common and are typically associated with better prognosis compared to basal-like or Her2
overexpressing tumors.
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Table 3. Characteristics of Molecular Subtypes of Breast Cancer.
Subtype
Luminal A
Luminal B
Her2-neu overexpressing
Basal-like (triple negative)

Typical Characteristics
(ER positive and/or PR positive, Her2
negative)
(ER positive and/or PR positive, Her2
positive)
(ER negative, PR negative, Her2 positive)
(ER negative, PR negative, Her2 negative,
cytokeratin (CK) 5/6 positive and/or
epidermal growth factor receptor (EGFR)
positive)

Information for table adapted from (30).
The type of adjuvant therapy, or therapy that occurs after primary therapy such as
surgery, can largely be based on and affected by HR status. For instance, adjuvant endocrine
therapy is used for endocrine responsive disease, whereas chemotherapy would be more
useful for endocrine nonresponsive disease (26, 31). The estrogen receptor (ER) and
progesterone receptor (PR) are two hormone receptors that have been used as clinical
prognostic factors. ER status (positive or negative) has been used as a marker of endocrine
responsiveness since the 1970s. Loss of expression of either ER or PR is associated with
poorer prognostic outcome and reduced responsiveness to endocrine therapy. There is a clear
benefit to tamoxifen (antiestrogenic drug) treatment in ER-positive tumors, whereas no
benefit is seen in ER-negative tumors (32). However, 30-40% of ER-positive tumors do not
respond well to endocrine therapy, which led to the need for further classification, such as
with PR (33). The PR is estrogen related, yet approximately 40% of ER-positive tumors lack
PR (26). Importantly, these ER+/PR- tumors are more resistant to tamoxifen compared to
ER+/PR+ tumors, which may be an indicator of another aberrant growth signaling pathway
that is altered in these tumors (26). Furthermore, recent evidence suggests that alternative
estrogen receptors, such as GPR30, are involved in both estrogen signaling and tumor
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development. For instance, GPR30 can modulate both genomic and non-genomic responses
induced by estrogen, and can lead to the activation of a number of downstream events
including EGFR activation and the MAPK and PI3K/Akt pathways (34, 35). GPR30 has also
been implicated in cancer cell invasion and metastasis, and is an indicator of poor survival in
breast cancer patients (34).
Overexpression of the Her2 gene occurs in approximately 13-20% of breast cancers,
and is commonly seen as a poor prognosis and resistance to chemotherapy marker. Her2+
tumors are also associated with a younger age at diagnosis, and recurrence and metastasis
(36). The human epidermal growth factor receptor 2 (HER-2)/neu (c-erbB-2) gene is a protooncogene member of the epidermal growth factor receptor (EGFR) family (37). This family
of receptors is involved in several important signaling pathways involved in signal
transduction, including Ras/mitogen-activated protein kinase pathway, PLC-γ pathway and
the PI3K/Akt pathway. Several cellular events are affected by the EGFR family, including
cell proliferation, survival, motility, and adhesion (37).
In order to further characterize breast cancer tissues to find new prognostic markers, a
number of microarray studies have been performed to examine genome-wide gene
expression. One of the first major findings following microarray analysis was the
classification of breast tumors into the molecular subtypes listed in Table 3 (38). This
classification system distinguished the tumor types with important clinical characteristics,
such as survival times. Several other microarray studies have found correlations with tumor
gene signature, metastasis risk, and survival outcome (39). Notably, it is now commonly
accepted that the PI3K pathway is the most commonly altered molecular pathway in human
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breast cancer, and several associations have been made with PI3K/Akt and survival and
treatment outcomes (40-42).
Metastasis and invasion
Tumor metastasis, which comprises multiple steps for a primary tumor to move to a
distant location, is the most common cause of death for cancer patients. For instance, 90% of
breast cancer patients that die have bone metastasis (43). Therefore, understanding the
mechanisms that underlie the ability for a tumor cell to invade is critical for the development
of therapeutic targets. The steps of metastasis are generally divided into the following:
invasion, intravasation and survival in the bloodstream or lymphatics, and metastatic
colonization (44).
The first step of tumor metastasis is invasion. Invasion consists of changes in the
epithelial cell phenotype including loss of cell-cell adhesion, loss of cell-ECM adhesion,
proteolytic degradation of the surrounding tissue and gain of motility (44). In cancer,
angiogenesis, or the generation of new blood vessels, is important for both the development
of a blood supply for the tumor and for the promotion of metastasis (45). Generally the
process of angiogenesis can be divided into 3 steps: 1) proliferation of endothelial cells, 2)
breakdown of the ECM, and 3) migration of endothelial cells (46). The formation of these
new blood vessels can provide a route of escape for the tumor cells during intravasation. The
intravasation process first requires that the tumor cells form transient attachments and acquire
a migratory phenotype.
The epithelial-mesenchymal transition (EMT) is a critical biological process that is
present both during normal embryonic development, including formation of the neural crest,
heart, and craniofacial features, and during tumor invasion (47, 48). The EMT is
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characterized by major changes that occur in the phenotype of an epithelial cell to acquire the
characteristics of an epithelial-like cell, ultimately resulting in decreased cell polarity,
increased migratory capacity, invasiveness, increased resistance to apoptosis, and increased
production of ECM components (47).
Loss of E-cadherin, a member of the classical cadherin family that plays a critical role
in regulating cell-cell adhesion and polarity, is a hallmark of the EMT. Cell-cell adhesions
are largely mediated by cadherins, which are major components of cell the adhesion junction
types adherens junctions and desmosomes (49). E-cadherin is not found in mesenchymal
tissue mainly due to transcriptional repression of the E-cadherin gene, CDH1. In most cases
of the EMT, E-cadherin is also repressed at the transcriptional level, most notably by the
master regulators of the EMT, the genes Snail, Twist, and Sip1 (48). Snail is a zinc finger
protein that binds to E-box motifs of promoters of target genes, which includes CDH1 (Ecadherin), PTEN, Muc1, Claudin, and Occludin (50). Not only does Snail play an important
role in invasion, but it has also been shown to promote other cancer hallmark traits, such as
resistance to apoptosis and unlimited replicative potential. Sip1 is another zinc finger protein
that functions as an E-cadherin repressor and EMT and invasion promoter (48). Twist is a
transcription factor that has been indentified to play roles in tumor metastasis, including
acting as an E-cadherin repressor, inducing EMT and cell migration, and is essential for
mammary tumor metastasis for the lung (51).
Alongside the loss of epithelial markers, the EMT is also characterized by acquisition
of mesenchymal markers, including increased expression of N-cadherin, vimentin, and
fibronectin. Mesenchymal cadherins are normally found in stromal cells, such as fibroblasts.
During the EMT, a cadherin “switch” is seen, during which these mesenchymal markers are
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increased in the epithelial tumor cells. N-cadherin has been shown to promote motility and
migration, and increases in N-cadherin are associated with increases in metastastic potential.
Tumor cells need to interact with the ECM and other cells in order to successfully
metastasize. N-cadherin promotes the interaction of the tumor cell with its surroundings,
potentially provoking the tumor cells to migrate to a different location (44, 48).
Tumor cell invasion is the process of the translocation of cells across the ECM to a
different location. The tumor cell must first attach to the ECM components such as laminin
and fibronectin. The tumor cell must then secrete hydrolytic enzymes such as matrix
metalloproteinases (MMPs) to degrade the basement membrane, which is a barrier for tumor
cells. MMPs are secreted by proenzymes and comprise a family of zinc-binding enzymes that
cleave ECM components (45). Urokinase plasminogen activator, cathepsins, and heparinases
also promote invasion. Tumor cell invasion also requires forward movement into the matrix,
which involves both the attachment of the cell to the ECM at the leading edge, and
detachment at the trailing edge (44). Cyclical turnover of these events is required for
continued invasion into the ECM.
Once in the bloodstream, tumor cells must survive in a harsh environment with strong
velocity forces and presence of immune cells. It is important to note that tumor cells may
enter the bloodstream indirectly through the lymphatic system, but it is only through bloodflow pathways that tumor cells may extravasate into another organ. Tumor cells can survive
the bloodstream through the activation of a number of pathways, such as receptor tyrosine
kinases (RTKs) (44). Cells also arrest in the bloodstream by size restriction due to the small
size of capillaries and binding to coagulation factors. Where a tumor cell metastasizes can
depend on vascular pathways as well as organ-cell compatibility factors. For instance, breast
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tumor cells that enter the vascular system first enter the heart, and then would enter systemic
arterial circulation to the lungs and to distant organs, such as the liver and bone (52). See
Figure 4.
Metastatic colonization of tumor cells at different sites generally utilizes a reverse
phenotype change by a mesenchymal to epithelial transition (MET). During this MET switch
tumor cells regain epithelial type markers, including E-cadherin (53). Tumor cells must also
undergo proliferation, and malignant tumor cells can frequently produce their own growth
factors, such as fibroblast growth factor (FGF), transforming growth factor ß (TGFß) and
various other growth factors and chemokines (44, 52). The distant tissue microenvironment
may also produce growth factors to promote colonization. Angiogenesis must also occur in
the distant tissue in order to produce a blood supply for the tumor to growth. A number of
factors can stimulate endothelial cells to promote angiogenesis, such as vascular endothelial
growth factor (VEGF), angiopoietin, and TGFß (44, 54).
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Figure 4. Tumor formation and invasion. (A) Following either genetic mutations or
exposure to environmental stressors such as DMBA exposure, epithelial cells in the
mammary gland undergo abnormal proliferation and genetic changes to form a primary
tumor in the breast. (B) Cancer cells that are able to escape the primary tumor undergo
several phenotypic changes and enter the bloodstream, where they travel to distant organs in
the body. At a secondary organ in the body the cancer cells can then extravasate from the
blood vessel to the organ and undergo metastatic colonization.
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Cell cycle control in cancer
As previously noted, cancer cells undergo aberrant proliferation both in the formation
of a primary tumor as well as during metastatic colonization. The cell cycle is comprised of
regulated events that promote cell division and replication of DNA. The cell cycle is divided
into the following phases: G1 (preparation for DNA synthesis), S (DNA synthesis), G2
(second gap phase) and mitosis (M). Cells in the G0 (quiescence) phases are dormant but can
enter the cell cycle when stimulated.
The cell cycle is tightly regulated by the activity of cyclins and cyclin dependent
kinases (CDKs). CDKs are serine/threonine regulatory protein kinases that are activated at
different points in the cell cycle (55). CDKs form complexes with cyclins to target specific
substrates to promote the progression between the cell cycle phases. For instance, the
substrate of CDK4/6/Cyclin D is the product of the retinoblastoma tumor suppressor gene
(pRb). Phosphorylation of pRb in G1 phase leads to the released of transcription factors E2F1 and DP-1, which leads to transcription of genes that are involved in S phase, including
cyclin A (55). Table 4 lists the cyclin and CDK complexes and the phases they control
through the cell cycle.
Cell cycle checkpoints exist in the cell cycle in order to control proper and orderly
control of the cell cycle. DNA damage checkpoints are found before the cell enters S phase
(G1-S transition) and after cell replication (G2-M transition) (55). In response to DNA
damage, DNA repair processes are put into place to either repair DNA breaks or adducts, halt
DNA replication, or undergo apoptosis, depending on the extent of damage. Activation of a
number of signal transduction pathways such as the PI3K, ataxia telangiectasia mutated
(ATM), or AMT- and Rad3- related (ATR) pathways are the first steps to inhibit cell cycle
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progression following DNA damage (56). Alterations in a number of components of the cell
cycle are frequently found in human cancer, such as inactivation of the tumor suppressor
gene pRb, or mutations in genes that encode for cyclins or CDKs. These defects, such as
elevated cyclin E and cyclin D levels in human breast cancer, can allow for uncontrolled
cellular proliferation and altered response to therapy (57).

Table 4. CDK/Cyclin complexes and the cell cycle phases they are active in.
CDK/Cyclin Complex

Cell Cycle Phase

Cyclin D(1,2, 3)/CDK4

G1 phase

Cyclin D(1, 2, 3)/CDK6

G1 phase

Cyclin E/CDK2

G1-S Transition

Cyclin A/CDK2

S phase

Cyclin A/CDK1

G2-M Transition

Cyclin B/CDK1

Mitosis

Table adapted from (55).

Dimethylbenza[α]nthracene as a model carcinogen
Lifestyle and environmental factors likely account for a large number of breast
cancers. Some toxicants that are associated with breast cancer are xenoestrogens, aromatic
amines, and polycyclic aromatic hydrocarbons (PAHs). 7,12 dimethylbenza[α]nthracene
(DMBA) is a known PAH environmental carcinogen, and like other PAHs it is formed from
the incomplete combustion of organic substances such as fossil fuels. DMBA can be found in
cigarette smoke and vehicle exhaust. DMBA can form DNA adducts via metabolic activation
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to reactive metabolites that can react with nuecleophilic DNA. This activation occurs in the
following steps: 1) DMBA biotransformation by P450 enzymes (CYPs) to arene oxides, 2)
hydrolysis of the arene oxides by microsomale epoxide hydrolase (EH) to trans dihydrodiols,
and 3) CYP-catalyzed oxidation at the double bond adjacent to the diol to form a diolepoxide (58). See Figure 5. When these active metabolites form DNA adducts and they are
not repaired by nucleotide excision repair, this can lead to mutations and carcinogenesis.
DMBA has been used as a model carcinogen for many years, and has been used to
form mammary tumors in rats by exposing the rodent to DMBA via oral gavage (59, 60). The
mammary gland contains a number of metabolizing enzymes in the breast that are involvedin
the bioactivation of DMBA, including CYP1A1, CYP1B1, and epoxide hydrolase (1). The
proliferating epithelium, rather than the stroma, is thought to be the major target of DMBA,
and the more proliferating targets the more likely for the production of DNA adducts (61,
62).
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Figure 5. Bioactivation of DMBA. Shown is the representative biotransformation of the
parent compound DMBA to its ultimate reactive intermediate, 1,2-DMBA-3,4-diol-1,2epoxide. This electrophilic intermediate can form DNA adducts via nucleophilic attack.for
Akt1) and serine (S473 for Akt2) residues, whose phosphorylation are required for Akt
activation.
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Part 3: PI3K/Akt Signaling
Akt gene family
Akt1 is one of three protein kinase B (PKB)/Akt isoforms: PKBα/Akt1, PKBβ/Akt2,
and PKBγ/Akt3. These three proteins have 80% amino acid and domain structure homology,
but are encoded by three separate genes that are located on different chromosomes. Akt1 is
the most highly expressed of the three genes in the body. All three Akt genes contain an Nterminal plekstrin homology domain, central kinase domain, and C-terminal hydrophobic
regulatory domain. See Figure 6. All three isoforms also contain conserved threonine (T308
for Akt1) and serine (S473 for Akt2) residues, whose phosphorylation are required for Akt
activation.
Akt activation
The Akt family is activated in a PI3K-dependent manner through the phosphorylation
is specific substrates. PI3K is composed of either a 85, 55, or 50 kDa regulatory subunit and
a 110kDa catalytic subunit (63). PI3K signaling is activated following autophosphorylation
of receptor tyrosine kinases induced by ligands such as growth factors, by G-coupled protein
receptor

activation,

or

by

integrin

signaling

(64).

PI3K

then

phosphorylates

phosphoinositides on the 3’-OH position on the ionositol ring of phosphatidylinositol-3,4biphosphate (PIP2) to generate phoshatidylinositol-3,4,5-triphosphate (PIP3) (65). PIP3 can
be dephosphorylated by the action of the tumor suppression, PTEN, which inhibits Akt
activity. Akt is recruited from the cytoplasm the plasma membrane by binding with PIP3 and
is phosphorylated at Thr308 and Ser473. Thr308 is phosphorylated at the activation loop of
the kinase domain by 3-phosphoinositide-dependent protein kinase PDK1, and Ser473 is
phosphorylated within the hydrophobic motif region of the regulatory domain by a currently
unidentified kinase, referred to mainly as PDK2 (64, 66).
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Biological functions of Akt1
Akt mediated phosphorylation leads to downstream regulation of a number of
substrates. These substrates include FOXO1, mTOR, NFĸB, TSC2, GSK3ß, RAF1, BAD,
MDM2, p27, eNOS, and Casp9 (65). Activation or inhibition of these substrates leads to
regulation of several different cellular functions, such as metabolism, apoptosis, survival,
growth, and proliferation. See Figure 7. Despite similar homology, the three Akt isoforms
regulate different physiological functions. Akt1 is the predominant isoform found in the
body, whereas Akt2 is highly expressed in the liver, skeletal muscle and adipose tissue, and
Akt3 is mainly found in the brain and testis (63). The functional specificity of the Akt
isoforms may depend on tissue distribution, specific stimulus regulation, substrate
specificity, subcellular localization, and regulatory partners (67). Some specific roles that
have been found using Akt isoform-specific knockout mouse studies include the regulation of
Akt1 in body size and apoptosis. The regulation of Akt2 in glucose homeostasis, and the
regulation of Akt3 in neuronal development (67). Studies have also demonstrated that the
Akt isoforms have compensatory functions as well (67).
The role of the PI3K/Akt family in mammary gland function
Akt is one of the most frequently hyperactived kinases in human cancer, including
breast cancer (68). A number of studies have been performed to determine the roles of the
different Akt isoforms in mammary gland development and cancer. A study of protein kinase
expression during pregnancy and lactation showed that Akt1 is highly expressed during
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Figure 6. Domain structures of the Akt family. Depicted are the domain structures of
Akt1, Akt2, and Akt3 including pleckstrin homology (PH), kinase domain and C-terminal
hydrophobic regulatory domain (HM). The chromosomal localizations are listed on the left,
and nucleotide amino acid length is listed on the right. Phosphorylation sites are depicted
with a “P.”
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Figure 7.
Akt activation. Receptor tyrosine kinases activate PI3K, leading to
phosphorylation of PIP2 to generate PIP3, a reaction that can be reversed by PTEN. PDK1
and Akt bind to PIP3 at the plasma membrane, and PDK1 and PDK2 phosphorylate Akt at
Thr308 and Ser473, respectively. Akt phosphorylation leads to activation or inhibition of a
number of substrates that contribute to the regulation of several cellular processes, some of
which are depicted in the diagram.
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pregnancy and lactation (69).

The use of mouse models has allowed researchers to

investigate Akt isoform specific regulation of mammary lactation and involution.
Several knockout mouse studies have been performed to demonstrate the isoformspecific requirements of the Akt gene family in pregnancy, lactation, and involution. A study
by Boxer, et al revealed that Akt1 expression is increased in the mammary gland during late
pregnancy and lactation, whereas Akt2 and Akt3 decreased during early pregnancy and
remained low throughout pregnancy, lactation, and involution (70). Milk secretion was also
severely impaired in Akt1-/- mice, which resulted in increased pup mortality and decreased
pup weight regardless of pup genotype when being nursed by an Akt1-/- dam (70). Another
study indicated that the absence of Akt1 in the murine mammary gland results in deficient
lobuloalveolar development during pregnancy (71). Akt2 appears to have an opposing role in
lobuloalveolar differentiation because Akt2-/- mammary glands display enhanced
lobuloalveolar structures (71). Akt1 deficiency also delays luminal cell differentaiton during
pregnancy, and accelerates involution, whereas Akt2 deficiency delays involution (71). Akt3
did not appear to have any critical roles during pregnancy, lactation or involution in either of
these studies, indicating that Akt1 and Akt2 are the critical Akt isoforms for mammary gland
function.
The role of the PI3K/Akt family in mammary cancer
In humans, mutations in genes that activate PI3K-PTEN-Akt signaling are common in
breast cancer. Specifically, PTEN mutations that result in loss of PTEN activity, activating
mutations of PI3K, or mutations of Akt1 or Akt2 are some of the mutations found in breast
tumors (72). While mutations in Akt1 itself are rare (4-8% of breast tumors), overall Akt
signaling is commonly activated in breast cancer (72).
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Recent studies have indicated that Akt1 and Akt2 play opposing roles in breast cancer
oncogenic signaling. One study found that ablation of Akt1 inhibits, while ablation of Akt2
accelerates tumors in MMTV-ErbB2/Neu and MMTV-PyMT transgenic mice (73). The
absence of Akt1 in these transgenic mice resulted in a decrease in the number and size of
hyperplastic alveolar nodules and an increase in the incidence of apoptosis (73) Considering
that oncogenic potential may be linked to developmental defects, these researchers also
examined postnatal growth in the same transgenic mice (Akt1-/-, Akt2-/-, and Akt3-/- mice)
at 10 weeks of age. They did not find that ablation of any of the Akt isoforms interfered with
postnatal mammary gland growth, but it is important to point out that they examined the
mammary glands after the major postnatal developmental timepoints had occurred.
Additional studies have further examined the roles of Akt1 and Akt2 in mammary
tumor progression and invasion. Similar to prior findings, the absence of Akt1 resulted in
resistance to the formation ErbB2-induced mammary tumors (74). Furthermore, the absence
of Akt1 reduced cellular migration and directionality and reduced colony formation in 3D
mammary epithelial cell cultures. In other studies, the activation of Akt2 in ErbB2-transgenic
mice enhanced invasiveness, whereas overexpression of Akt1 decreased metastatic potential
(75, 76). In IGF-IR hyperstimulated nontransformed MCF-10A breast epithelial cells, the
down-regulation of Akt1 resulted in enhanced growth-factor stimulated migration and an
EMT like phenotype (77). Down-regulation of Akt2 suppressed the EMT like conversion in
these cells, suggestion a link between Akt1 and Akt2 expression in the EMT. Similarly, in
another study, the absence of Akt1 promoted the EMT in MCF-10A cells when treated with
TGFß, which was a necessary treatment to induce migration (78). Overall, these studies
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display important distinct functions for Akt1 and Akt2 in the regulation of breast cancer
promotion and metastatic potential.
Part 4: Bisphenol A exposure and altered development and cancer risk
There is increasing concern that exposure to environmental pollutants such as
endocrine disruptors may influence disease and cancer risk. Endocrine disrupting compounds
(EDC) are of particular concern because they can function to antagonize or mimick the
effects of the body’s endogenous hormones, such as testosterone, estrogen, or thyroid
hormone (79). A number of compounds have been found in the environment that can act as
EDCs, such as polychlorinated biphenyls (PCBs), dioxins, polycyclic aromatic hydrocarbons
(PAHs), phthalates, metals, and bisphenol A (BPA) (80). BPA is a monomeric chemical that
has been in use since 1940, and is currently widely used in the production of polycarbonate
plastics and epoxy resins (81). See Figure 8 for the chemical structure of BPA. BPA is one
of the highest production volume chemicals world wide, with global production over 7
billion pounds per year, with 2 billion pounds produced in the US (81, 82). It is estimated
that BPA production results in a 1 million dollar revenue per day worldwide for companies
such as Beyer and Dow Chemical (81). Some of the everyday products that BPA can be
found in include food can linings, thermal receipts, plastic bottles and storage containers,
medical containers, and children’s toys (83). Considering that heat and acid or basic
conditions can accelerate the hydrolysis of the ester bond that links the BPA monomers
together, BPA is commonly leached into these products, leading to ubiquitous human
exposure (82). In the 1980s the environmental protection agency (EPA) determined the
acceptable daily intake for BPA to be 50 µg/kg/day, which was calculated at 1,000 times
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Figure 8. Chemical structure of BPA. Shown is the chemical structure of a BPA monomer,
as well as the ester bond that links the BPA monomers together.
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lower (1,000 is the uncertainty factor) than the lowest observed adverse effect level
(LOAEL) at 50 mg/kg/day (84).
Diethylstilbestrol and BPA
BPA was discovered to have estrogenic properties in the 1930s, and was used to
promote the growth of cattle and poultry (81). BPA was also used as an estrogen replacement
in women, until it was discovered that diethylstilbestrol (DES) had stronger estrogenic
properties and replaced the use of BPA. DES was widely prescribed to pregnant women from
1947 to 1971 in the belief that it would prevent miscarriages (85). While DES was mostly
prescribed to white women, the overall prevalence rate of DES exposure is estimated at 1-2%
of pregnant women in the US from 1947-1971, leaving about 2-4 million exposed pregnant
women and offspring (86). The doses of DES that women ingested varies, but one of the
highest median doses described was 12,200 mg (87). Unfortunately, rather than prevent
miscarriages, the use of DES resulted in several abnormalities in offspring exposed in utero.
Several clinical and laboratory studies have shown that in utero exposure to DES can disrupt
the differentiation of several estrogen-responsive organs.
Much of the research that has been performed on the effects of DES exposure has
been on the female offspring, and more recently studies have begun to focus on male
offspring. The females born to mothers who took DES during pregnancy have been termed
“DES daughters,” and exposed males were termed “DES sons.” Some of the target organs
that have been studied include the ovaries, uterus, fallopian tube, cervix, breast, testis,
epididymus, and prostate (86). When it was first discovered that DES exposure was linked to
vaginal/cervical clear cell adenocarcinoma (CCAC) in DES daughters, it was pulled from the
market in 1971. In 1979 it was firmly established that DES exposure during the first trimester
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increased the risk of developing CCAC in DES daughters (88). Further studies illustrate DES
exposure is also linked to several other developmental genital tract abnormalities such as a
hypoplastic uterus, vaginal adenosis, and cervical ectropion (86). Additonally, several
reproductive abnormalities were observed in DES daughters, including infertility, ectopic
pregnancy, and spontaneous abortion (86).
In addition to the anomalies found in DES daughters, more recent research has
indicated that DES sons exhibit a number of urogenital tract abnormalities. One study found
a significantly elevated risk of cryptorchidism following DES exposure in utero (89).
Additional studies found DES exposure linked to elevated incidence of one or more
reproductive tract abnormalities, including epididymal cysts, undescended testis, and
hypospadias (86). However, data linking DES to fertility problems or testicular cancer is
limited.
While DES is a much more potent estrogen then BPA, due to their structural
similarity BPA has recently become a cause of concern due to its ubiquitous presence in
many everyday products. It has been shown that BPA not only has a similar structure to that
of DES, but also metabolism and action (90). Specifically, it was found that BPA exposure
increases prolactin release and stimulates uterine, vaginal and mammary growth and
differentiation in vivo (90). However, unlike DES, which was a prescribed pharmaceutical
compound, BPA is a ubiquitous chemical thus allowing for widespread human exposure.
Human exposure to BPA
Humans are exposed by oral ingestion to BPA on a daily basis through a variety of
everyday products, such as plastic drinking bottles, canned food, dental sealants, microwave
food products, and canned beverages. Additional products that contain BPA include medical
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devices, paper receipts, and toys. Heat and either acidic or basic conditions can accelerate the
hydrolysis of the ester bond that links BPA monomers in polycarbonate plastics and resins.
These conditions can be met by the pasteurization and canning process, by microwaving
products, and by washing products (81). The primary source of BPA exposure in adults is
through oral ingestion from canned food (91). For infants, the primary source of BPA is
mainly through breast milk and infant formula and baby bottles (91).
Several studies have shown that BPA exposure is ubiquitous in the US. Considering
that BPA is mainly excreted in the urine, several studies have focused on urine
concentrations to indicate BPA exposure, while other studies have measured BPA in serum,
blood, breast milk, and placenta (92). Given that several studies measured unconjugated BPA
in blood and conjugated BPA in urine, this suggests that humans are at risk from internal
exposure to unconjugated BPA. One study found that BPA urine concentrations were
significantly decreased when human participants ate a fresh food diet with limited canned or
packaged foods, further illustrating the argument that dietary intake is a main route of
exposure for BPA (93). Another study found that BPA was detectable in 95% of human urine
samples with a geometric mean of 1.33 µg/L, indicating the BPA exposure was in fact
widespread (94). Another study developed a physiologically base toxicokinetic (PBTK)
model to approximate BPA exposure, and estimated that newborns and children may be
exposed to BPA between 0.2 µg/kg/day-8.3 µg/kg/day, whereas adults are estimated to be
exposed to BPA at about 1.5 µg/kg/day. This was a critical finding considering that several
rodent studies have indicated that the developing fetus and young children are more sensitive
populations to BPA exposure compared to adults (82).
BPA as an endocrine disrupting chemical

40

While the EPA established the acceptable daily intake for BPA to be 50 µg/kg/day, a
number of studies have indicated that BPA can act as an endocrine disruptor in both in vivo
and in vitro models at doses lower than this as well as at physiologically relevant levels.
BPA’s binding affinity for the classical nuclear receptors estrogen receptor (ER) α and ERß
is estimated to be 1,000 to 10,000 times less than estradiol itself (95). It is also believed that
BPA may elicit its effects through both the classical and non-classical estrogen receptors,
such as estrogen-related receptor γ (96, 97). Importantly, it appears that BPA interacts
differently with ERα compared to that of estradiol, leading to the argument that BPA is not
only a weak estrogen mimicking chemical, but also has a distinct mode of action and
produces its own range of activity (98).
There is current evidence that the rate of early life growth is a major risk factor for
the development of a group of chronic diseases that include coronary heart disease, stroke,
type 2 diabetes and hypertension. This has led to a new 'developmental' model for these
disorders. The so-called 'fetal origins hypothesis' proposes that the disorders originate
through developmental plasticity, whereby malnutrition or other stressors during fetal life,
infancy and early childhood permanently change the structure and function of the body, a
phenomenon known as 'fetal programming.' Potentially, this altered fetal programming could
influence the risk of cancer development later in life. Considering this, a number of studies
have focused on the effects of prenatal and neonatal exposure to BPA.
Timing of exposure and route of exposure are both critical variables to take into
account for BPA studies. Windows of vulnerability vary depending on the species and target
organ, as exposures outside of these windows may not elicit the same effects. A more
controversial topic regarding BPA in vivo studies is the method of exposure. Several methods
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are employed to dose the animal, including oral gavage, injection, or osmotic pumps. (99101). The use of these different methods will result in varying internal doses. The use of
injection will result in higher doses than oral gavage because the chemical will bypass first
pass metabolism by the liver. Osmotic pumps can release the chemical even at very low
doses in the body continuously, but will also bypass metabolism. It is because of this that oral
gavage is generally accepted to most accurately recapitulate human exposure, as humans are
generally exposures to BPA through ingestion. However, the internal doses are much lower
than the parent dose, and it is more difficult to measure internal doses using this method.
Some of the effects that have been observed following early life to BPA include
altered pubertal timing, increased body weight, malformations in the male and female
reproductive tracts, altered mammary gland development, and altered sexual behavior. Some
altered effects on the male include abnormal sperm (production and motility), reduced
fertility, decreased testis weight, and increased prostate weight (82). Some more specific
altered effects on the female include altered ovarian morphology, endometrial hyperplasia,
mammary intraductal hyperplasias, precocious mammary gland development, promoted
angiogenesis in the mammary gland, and decreased fertility (100, 102-106).
Summary:
The overlying theme in this thesis is the postnatal development and cancer development of
the mammary gland. Given that prior studies have implicated the importance of Akt1 in
mammary gland lobuloalveolar development during lactation and involution, we
hypothesized that Akt1 also would regulate postnatal mammary gland development.
Furthermore, we also hypothesized that the phenotype in Akt1-/- mammary glands would
exert a protective effect from tumor development following exposure to an environmental
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carcinogen. We also proposed that the absence of Akt1 would be a double-edged sword, in
that while it protects from initial tumor development, it would also give surviving tumor cells
a more aggressive metastatic phenotype. Finally, building on prior knowledge that BPA is an
endocrine disruptor, we proposed to explore the mechanisms behind BPA-induced mammary
developmental abnormalities, breast cancer risk, and survival signaling.
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Chapter 2.
Akt1 promotes postnatal mammary gland
development and breast cancer risk

--------------The figures presented in this chapter have been published elsewhere (LaRocca J, Pietruska J,
and Hixon ML. “Akt1 is essential for postnatal mammary gland development, function, and
the expression of Btn1a1.” PLoS ONE 6(9): e24432. doi:10.1371/journal.pone.0024432
(2011). All the experiments in this section were performed by Jessica LaRocca with the
following exceptions: the vectors for shRNA knockdown of Akt1, Akt2, and luciferase were
created by Dr. Jodie Pietruska. Dr. Jodie Pietruska also performed western blot experiments.

56

ABSTRACT
Akt1, a serine-threonine protein kinase member of the PKB/Akt gene family, plays critical
roles in the regulation of multiple cellular processes, and has previously been implicated in
lactation and breast cancer development. In this study, we utilized Akt1+/+ and Akt1-/C57/Bl6 female mice to assess the role that Akt1 plays in normal mammary gland postnatal
development and function. We examined postnatal morphology at multiple time points, and
analyzed gene and protein expression changes that persist into adulthood. Akt1 deficiency
resulted in several mammary gland developmental defects, including ductal outgrowth and
defective terminal end bud formation. Adult Akt1-/- mammary gland composition remained
altered, exhibiting fewer alveolar buds coupled with increased epithelial cell apoptosis.
Microarray analysis revealed that Akt1 deficiency altered expression of genes involved in
numerous biological processes in the mammary gland, including organismal development,
cell death, and tissue morphology. Of particular importance, a significant decrease in
expression of Btn1a1, a gene involved in milk lipid secretion, was observed in Akt1-/mammary glands. Additionally, pseudopregnant Akt1-/- females failed to induce Btn1a1
expression in response to hormonal stimulation compared to their wild-type counterparts.
Retroviral-mediated shRNA knockdown of Akt1 and Btn1a1 in MCF-7 human breast
epithelial further illustrated the importance of Akt1 in mammary epithelial cell proliferation,
as well as in the regulation of Btn1a1 and subsequent expression of ß-casein, a gene that
encodes for milk protein. Overall these findings provide mechanistic insight into the role of
Akt1 in mammary morphogenesis and function.
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INTRODUCTION
The mammary gland is a complex structure composed of epithelium surrounded by stroma.
Mammary gland postnatal development is an intricate process controlled by steroid and
peptide hormones in specific stages that is highly conserved in mammals. Unlike many other
organs which undergo development in utero, mammary gland development and ductal
branching occurs during puberty (1). While mice have five pairs of mammary glands
compared to one pair in humans, mammary gland development remains similar between the
two species, making the mouse a good model to study mammary gland development. During
embryonic development in the mouse, a rudimentary ductal structure invades the
mesenchyma, and remains dormant until approximately 21 days of age, when the onset of
ovarian hormone secretion stimulates ductal growth (2).
During puberty, the ovarian hormones estradiol and progesterone stimulate stem cell
proliferation in terminal end buds (TEBs) and induce side branching in the mammary gland,
respectively (3). The TEB is found exclusively in the developing mammary gland, and is the
main driving force for mammary gland development (4, 5). The outer layer, or cap layer, of
the TEB contains a special population of pluripotent stem cells (2), which ultimately
differentiate to form the intermediate, luminal, and myoepithelial cells of the duct (6). TEB
formation and side branching drive mammary gland invasion into the fat pad until the fat pad
is filled at approximately 10 weeks of age. Once the ducts have filled the entire mammary fat
pad, TEBs are permanently replaced by terminal ducts and alveolar buds (7). It has been
proposed that the adult mammary gland retains a mammary stem cell population which gives
rise to epithelial precursor cells (6). The progeny of the epithelial precursor cells are either
ductal precursor cells or alveolar precursor cells. The presence of these stem cells is thought
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to underlie the ability of the mammary gland to undergo alveolar renewal with subsequent
pregnancies (3). It has also been shown that the mammary epithelium is the major target for
carcinogen-induced initiation during tumorigenesis, making the understanding of the
mechanisms underlying mammary gland development and function imperative for
knowledge of reproductive function and for designing effective anticancer therapies (8).
Protein kinase B/Akt is a serine/threonine kinase that plays a central role in regulation
of cell metabolism, cell survival, motility, transcription, and cell-cycle progression (9, 10).
The Akt gene family is activated in a phosphoinositide 3 kinase- dependent manner by a
variety of signals including cytokines, growth factors, and hormones. The Akt family
includes three isoforms, Akt1, Akt2, and Akt3, which share 80% amino acid homology but
have distinct roles in regulating cellular activity (9). Akt1 is the predominant isoform, and
plays a role in placental development, organismal growth, adipogenesis, mammary gland
lactation and involution, and mammary gland tumorigenesis (11-17). Akt1 ablation has been
shown to delay mammary gland growth during pregnancy and lactation, and accelerates the
rate of involution following lactation (11, 14). Conversely, constitutively active Akt1 delays
epithelial cell apoptosis and mammary gland involution (18). Of note, Akt1-deficient dams
produce less milk during nursing, and consequently have smaller pup weights regardless of
the pup genotype (11, 19). It has been previously shown that Akt1 ablation delays the onset of
puberty and results in subfertility in C57/Bl6 mice (20). Akt1 deficiency also increases the
levels of the hormone estradiol and decreases the levels of progesterone at postnatal day 50;
however, hormone levels in wild-type and Akt1-deficient mice are comparable by postnatal
day 90 (20). Interestingly, estradiol and progesterone are responsible for ductal growth and
alveolar expansion in mammary glands, respectively (3). These previous studies led us to
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examine the molecular mechanisms underlying the requirement for Akt1 in mammary gland
development and function.
Although Akt1 is implicated in lactation and involution as well as mammary
carcinogenesis, its functional roles in regulating mammary gland development and
influencing adult mammary gland structure are not yet fully understood. In this study, we
show that Akt1 is essential for proper mammary gland composition during development and
for appropriate gene expression patterns in adulthood. We found that Akt1 deficiency delayed
mammary gland development, with fewer TEBs during puberty and fewer and smaller
alveolar buds in adulthood, potentially due to increased apoptosis in the epithelial
compartment. Our data further indicate that Akt1 deficiency resulted in gene expression
changes and several altered biological processes, which could affect cellular composition and
function, leading to impaired lactation. Specifically, in both adult virgin Akt1-/- mammary
glands and pseudopregnant Akt1-/- glands we found down-regulation of Btn1a1, which has
previously been shown to be critical for milk lipid secretion (21). We also show that
suppression of Akt1 in MCF7 human breast epithelial cells decreases expression of Btn1a1,
indicating a role for Akt1 in the regulation of Btn1a1. Suppression of Btn1a1 decreased
expression of Btn1a1 but not Akt1, suggesting that Btn1a1 functions downstream of Akt1.
Taken together, our results indicate that Akt1 regulates mammary gland postnatal
development as well as lobuloalveolar development through the regulation of apoptosis and
gene expression.
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MATERIALS AND METHODS
Animals:
Akt1 heterozygous mice (Mus musculus) on a C57/BL6 background were obtained from the
laboratory of Dr. Morris Birnbaum (University of Pennsylvania, Philadelphia, PA).
Heterozygous pairs were mated to obtain Akt1 +/+ and Akt1 -/- females for experimental
procedures. Animals were housed in polycarbonate cages and were given access to water and
feed ad libidum. Animals were sacrificed by CO2 asphyxiation at PND (postnatal day) 11,
PND 25, PND 50 or PND 70.
Mammary gland whole mounts:
Inguinal mammary glands from the fourth and ninth positions were removed, fixed in
Carnoy’s solution for 2-4 hours, stained overnight in carmine solution, rinsed in alcohol and
cleared in xylene overnight. Whole mounts were examined and images were taken using a
Zeiss Discovery V8 stereomicroscope equipped with an Axiocam MRc camera and Axiovert
Software (Carl Zeiss Canada Ltd., Canada). The criterion for scoring varied depending upon
the age of the mouse group being evaluated. The primary duct length was measured at PND
11 and PND 25 using the curve spline measurement feature. Since the mammary glands are
significantly larger at PND 50 and 70, the length of growth past the lymph node was
measured instead of the primary duct length by using the length measurement feature. Ductal
outgrowth was measured using the outline spline measurement feature as the area occupied
by the entire mammary gland for all time points. Terminal end buds and alveolar buds were
measured for all time points in the Zone C area of the mammary gland, which for this study
is defined as the area comprised of the outer 1 mm of the entire mammary gland (22).
Terminal end buds were defined as having a diameter of ≥100µm. The number of total buds
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was comprised of terminal end buds (≥100 µm) and alveolar buds (<100 µm). The
percentage of terminal end buds was calculated by dividing the number of terminal end buds
by the number of total buds. The scores from the fourth and ninth position mammary glands
from each animal were averaged and the mean was used to represent that animal.
Histological analysis:
Mammary gland whole mounts were manually embedded in paraffin and cut into 7-µm
sections for histological analysis. Following deparaffinization, mammary gland sections were
washed in 0.1% lithium carbonate to remove carmine aluminum stain. Mammary sections
were stained with hematoxylin and eosin (H&E) and martius yellow, soluble blue, brilliant
crystal (MSB) stain for fibrin to examine basic pathology. Alveolar bud diameters were
measured on the Aperio ImageScope v10.2 (Aperio Technologies Vista, CA). At least 20
measurements per animal were taken and the mean was used to represent that animal.
Western blots:
Thoracic mammary glands were pulverized in liquid nitrogen then lysed in cold RIPA buffer
(20mM Tris 8.0, 150 mM NaCl, 0.5% sodium deoxyocholate, 0.1% SDS, 1% NP-40, 10mM
sodium pyrophosphate, 10mM sodium fluoride) supplemented with 60 µl/ml HALT
protease/phosphatase inhibitors (Thermo Scientific, Waltham, MA) and 1mM PMSF (Roche,
Indianapolis, IN). Lysates were incubated on ice for 20 minutes with frequent vortexing and
cleared twice by centrifugation (13,200rpm, 10 minutes, 4°C). MCF7 cells were lysed in cold
lysis buffer (50mM Tris pH 8.0, 250mM NaCl, 1% NP-40, 0.1% SDS, 5mM EDTA, 2mM
sodium orthovanadate, 10mM sodium pyrophosphate, 10mM sodium fluoride), incubated on
ice for 20 minutes and cleared by centrifugation (13,200rpm, 10 minutes, 4°C). Protein
concentrations were determined using the DC Protein Assay (Bio-Rad). Fifty micrograms of
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total protein was subjected to SDS-PAGE and transferred onto Immobilon-P PVDF
(Millipore, Billerica, MA). Membranes were blocked for 60 minutes at room temperature in
5% non-fat milk/Tris-buffered saline/0.1% Tween (TBST). Membranes were incubated for 2
hours at room temperature then overnight at 4°C in one the following antibodies: AKT1
(#2938, 1:1000 in 5% BSA/TBST), AKT2 (#2964 , 1:1000 in 5% BSA/TBST), AKT3
(#3788, 1:1000 in 5% BSA/TBST), or GAPDH (AM4300, 1:4000, Applied Biosystems). All
antibodies were obtained from Cell Signaling Technology (Danvers, MA) unless indicated
otherwise. Membranes were washed 3 times (5 minutes per wash) in TBST, and incubated
for 60 minutes at room temperature in horseradish peroxidase conjugated goat anti-rabbit IgG
(1:2000, Cell Signaling) or goat anti-mouse IgG (1:10,000 Millipore) diluted in 5%
milk/TBST. Membranes were washed 3 times (5 minutes per wash) in TBST and once in
TBS prior to visualization using enhanced chemiluminescence (Thermo Scientific).
Determination of apoptotic rates by terminal deoxynucleotidyl transferase mediated
dUTP nick end labeling (TUNEL) staining and quantitation:
PND 70 mammary glands were stained for apoptosis using the ApopTag kit (Chemicon,
Temecula, CA) according to the manufacturer’s instructions. Tissues were counterstained
with hematoxylin. Digital images were captured using the Aperio Scanscope Imagine System
(Aperio Technologies, Vista, CA), and TUNEL positive nuclei were measured using the
nuclear algorithm analysis on the Aperio Imagescope v10.2. At least 200 cells per animal
were measured.
RNA isolation:
RNA was isolated from thoracic mammary glands from mice (PND70) previously flash
frozen in liquid nitrogen or MCF7 cells using the mirVANA RNA Isolation Kit (Ambion
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Inc., Austin, TX) according to manufacturer's protocols. RNA concentration was quantified
using a ND-1000 spectrophotometer (Nanodrop, Wilmington, DE), aliquoted, and stored at
−80 °C until needed.
RNA microarray hybridization:
Integrity of RNA isolated from thoracic mammary glands was assessed using an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). Complementary DNA (cDNA) was
synthesized from 300 ng of total RNA and purified according to the manufacturer's protocol
(Affymetrix, Santa Clara, CA.). Equal amounts of purified cDNA were used as the template
for subsequent in vitro transcription reactions for complementary RNA (cRNA) amplification
and biotin labeling using the Affymetrix RNA Transcript Labeling Kit. cRNA was purified
and fragmented according to the protocol provided with the GeneChip Sample Cleanup
Module (Affymetrix, Santa Clara, CA). All GeneChip microarrays (Mouse Genome 430 2.0
Array) were hybridized, washed, stained, and scanned using the Complete Gene Chip
Instrument System according to the Affymetrix Technical Manual. The Mouse Genome 430
2.0 microarray contained 17 probe sets.
Microarray data analysis:
All data is MIAME compliant and data is publically available at GEO with accession
number: GSE30671. Affymetrix CEL files were imported into Partek® Genomics Suite™ 6.5
(Partek Inc., St. Louis, MO) using the default Partek normalization parameters. The robust
multiarray average (RMA) normalization method was used to normalize data. Statistically
significant differentially expressed genes between Akt1+/+ and Akt1-/- mammary glands
were defined as having a p<0.05 as determined by a one-way analysis of variance (ANOVA).
The recovered P-values of the statistically significant genes were corrected using a step-up
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false discovery rate value of 5%. The final list of differentially expressed genes included only
those genes with a 1.5-fold change (up or down) with a p<0.05. Data was further analyzed
using Ingenuity Pathways Analysis (IPA) (Ingenuity® Systems, www.ingenuity.com). The
IPA Functional Analysis program was used to identify the biological functions and/or
diseases that were most significant to the data set. Only molecules from the dataset meeting
the p value cutoff of 0.05 and were associated with biological functions and/or diseases in
Ingenuity’s Knowledge Base were considered for the analysis. Right-tailed Fisher’s exact test
was used to calculate a p-value determining the probability that each biological function
and/or disease assigned to that data set was due to chance alone. IPA’s Pathway Analysis
generated graphical representation of the molecular relationships between molecules,
represented as nodes, and the biological relationship between nodes, represented as an edge
(line). All edges were supported by at least 1 reference from the literature or from canonical
information stored in the Ingenuity Pathways Knowledge Base. Nodes are displayed using
various shapes that represent the functional class of the gene product, while the intensity of
the node color indicates the degree of up- (red) or down- (green) regulation. Edges are
displayed with labels describing the nature of the relationship between the nodes.
Quantitative RT-PCR:
Total RNA (1 µg) was treated with DNase (Promega, Madison, WI) and reverse-transcribed
using the iScript cDNA Synthesis Kit (Bio-Rad) according to the manufacturer's protocols.
cDNA templates were amplified with pre-optimized mouse-specific QuantiTect® primer
assays (Qiagen, Valencia, CA) using iQ SYBR Green Supermix (Bio-Rad) on an iCycler iQ
Multicolor Real-time PCR Detection System (Bio-Rad). Each 25 µl sample was run in
triplicate,
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phosphoribosyltransferase (HPRT). Log2-transformed relative expression ratios were
calculated as described using the equation set forth by Pfaffl (Pfaffl 2001).
Pseudopregnancy stimulation:
Female mice at 60-90 days old were injected intraperitoneally (i.p.) with 5.0 international
units (IU) of PMSG (Sigma Aldrich) followed by 5.0 IU of hCG i.p. 48 hours later.
Mammary glands were excised from mice 18 hours after hCG administration, thoracic glands
were flash frozen for RNA, and inguinal glands were either processed for whole mounts or
fixed in 10% neutral buffered formalin.
Immunofluorescence:
Indirect immunofluorescence was performed on formalin-fixed, paraffin-embedded 7 µm
sections. Sections were re-hydrated, and antigen retrieval was performed by heating slides in
10mM sodium citrate in a steamer for 20 minutes. Sections were blocked overnight with
normal goat and rabbit serum (Vector Laboratories, Burlingame, CA), and incubated with
primary antibodies against Btn1a1 (AV45164, Sigma-Aldrich) and Akt1 (sc-1618, Santa
Cruz) followed by Alexa Fluor 488 rabbit anti-goat (Invitrogen) and Alexa Fluor 594 goat
anti-rabbit (Invitrogen). Sections were counterstained with DAPI and visualized on a
microscope equipped with a digital camera and software.
Cell culture and short-hairpin RNA knockdown:
MCF-7 cells, a generous gift from the lab of Dr. Edward Filardo (Brown University), were
cultured in phenol red-free DMEM/F-12 (Hyclone), 10% fetal bovine serum, 0.1%
penicillin/streptomycin in a humidified atmosphere (5% CO2/95%air). Retroviral-mediated
shRNA knockdown was performed as described in (23). The oligonucleotides containing
targeting sequences (shown in uppercase) for firefly luciferase [short-hairpin luciferase
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(shLuc)] controls, human Akt1 (shAkt1), and human Btn1a1 (shBtn1a1) were asfollows:
5’gatccccGCGACCAACGCCTTGATTGttcaagagaCAATCAAGGCGTTGGT
CGCtttttgga-3’ for luciferase, 5’-gatccccGAGTTTGAGTACCTGAAGCttcaagagaGCTT
CAGGTACTCAAACTCtttttggaaa-3’ for Akt1, and 5’-gatccccGCGT GATAGAGGAGA
GAATttcaagagaATTCTCTCCTCTATCACGCttttggaaa-3’for Btn1a1. Knockdown cells
were maintained in 1.0µg/ml puromycin. For cell proliferation 100,000 cells were plated in
each well of a 6-well plate. Cell proliferation was determined by Trypan blue exclusion using
a TC-10 automated cell counter (Bio-Rad, Hercules, CA), and calculating the percent change
of in number of cells relative to cell number on day 0.
Statistical analysis:
A Bartlett test for homogeneity followed by a two-tailed students t-test adjusted for equal
variance were performed to test for statistical significance. For genotype and exposure
interactions, a two-way ANOVA followed by a Tukey HSD test was performed. A P value
of <0.05 was considered to be statistically significant. Statistics were calculated using R
software (R Project).
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RESULTS
Akt1 deficiency delays mammary gland postnatal development.
Previously identified roles for Akt1 in developmental delay and reproductive impairment (11,
14, 17, 19, 20) led us to examine its involvement in postnatal mammary gland development.
We first examined the growth patterns of mammary glands in Akt1+/+ and Akt1-/- mice at
different stages of postnatal development, including neonatal (PND 11), juvenile (PND 25),
pubertal (PND 50), and adult (PND 70) stages (Fig.1 A-H). Akt1-/- mammary glands
exhibited significantly stunted ductal outgrowth during the juvenile and pubertal time periods
(PND 25 and PND 50, respectively), but by adulthood (PND 70) the glands occupied the
same amount of space in the fat pad compared to Akt1+/+ mice (Fig. 1 K). Accordingly,
primary duct length was reduced in Akt1-/- glands at both PND 11 and PND 25 (Fig. 1 I).
Analogous to the ductal outgrowth, at PND 50 growth past the lymph node was shorter in
Akt1-/- glands (Fig. 1 J). At adulthood, the growth past the lymph node was comparable in
Akt1-/- and Akt1+/+ glands (Fig. 1 J). Overall, these results suggest that Akt1 is not necessary
for the initial formation of the rudimentary ductal tree during the neonatal period, but that it
does mediate ductal growth during puberty until adulthood when Akt1-/- glands reach full
outgrowth similar to their wild-type counterparts.
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Figure 1. Akt1 promotes postnatal mammary gland growth. Representative whole mounts
of Akt1+/+ (A-D) and Akt1-/- (E-H) mammary glands at PND 11 (A,E), PND 25 (B,F), PND
50 (C,G), and PND 70 (D,H). Measurement of primary duct length at PND 11 and PND 25 in
Akt1+/+ and Akt1-/- glands (I). Measurement of the growth past the lymph node at PND 50
and PND 70 in Akt1+/+ and Akt1-/- glands (J). Quantification of ductal outgrowth for
Akt1+/+ and Akt1-/- mammary glands at PND 11, 25, 50, and 70 (K). Data represented in line
plot as mean +/- standard error. Data represented in bar plots as mean + standard error. Scale
bars indicate 1,000 µm. Statistical analyses were conducted using a two-tailed student’s t
test. **p<0.01, *p<0.05. n=3-8 per genotype, per age group.

69

Figure 2. Akt1 does not mediate initial side branching in the developing mammary
gland. Quantification of the number of branch points in the mammary gland at PND 11 and
PND 25. Data represented as mean plus standard deviation. Statistical analyses were
conducted using a two-tailed student’s t test. n=3-8 per genotype, per age group.
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Akt1 regulates the cell population in developing and adult mammary glands
Considering the effects that Akt1 deficiency elicited on ductal growth in the mammary gland,
we next investigated the effects of Akt1 loss on ductal branching and alveolar expansion in
the developing gland. Initial results indicated the Akt1 deficiency had little effect on initial
side branching at either PND 11 or PND 25 (Fig. 2). We evaluated terminal end bud
bifurcation by quantifying the number of terminal end buds, alveolar buds, and terminal
ducts in the Zone C area of the mammary gland throughout development (Fig. 3, A-H) (22).
Akt1 deficiency decreased the number of terminal end buds during the juvenile time period
(Fig. 3 I). The terminal end bud is characterized by having an inner layer of body cells
surrounded by an outer layer of cap cells, which give rise to luminal cells and basal cells,
respectively (3). This outer layer of cap cells is evident in the Akt1+/+ mammary glands
during puberty, but is near absent in the Akt1-/- glands (Fig. 3 B, F). These terminal end buds
are normally present during puberty, and are permanently replaced with alveolar buds and
ducts when the mammary gland reaches the end of the fat pad (7). Therefore, calculating the
percentage of terminal end buds is useful for gauging the relative stage of development of the
mammary gland. Although Akt1-/- glands contained a lower percentage of TEBs at PND25,
there was a trend for a higher percentage of TEBs during puberty (PND 50), suggesting a
more immature phenotype for the Akt1-/- glands at puberty (Fig. 3 K).
Akt1 deficiency also decreased the total number of alveolar buds and ducts during
puberty (PND 50), which persisted into adulthood (PND 70) (Fig. 3 J). While Akt1-/- glands
eventually reach the same size as their wild-type counterparts, the overall alveolar bud and
terminal duct population remains lower, indicating a permanent change in
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Figure 3. Akt1 mediates the terminal end bud, terminal duct and alveolar bud
population. Representative H&E images of Akt1+/+ (A-D) and Akt1-/- (E-H) mammary
glands at PND 11 (A,E), PND 25 (B,F), PND 50 (C,G), and PND 70 (D,H). Arrow indicates
terminal end buds (B) Quantification of terminal end buds in Akt1+/+ and Akt1-/- mammary
glands at PND 11, 25, 50 and 70 (I). Quantification of total buds and terminal ducts in
Akt1+/+ and Akt1-/- mammary glands at PND 11, 25, 50 and 70 (J). Quantification of the
terminal end buds relative to the total number of buds of Akt1+/+ and Akt1-/- mammary
glands at PND 11, 25, 50 and 70 (K). Scale bars indicate 100 µm. Data represented in line
plots as mean +/- standard error. Statistical analyses were conducted using a two-tailed
student’s t test. **p<0.01, *p<0.05, #p<0.1. n=3-8 per genotype, per age group.
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mammary gland structure. This alveolar bud deficiency could be attributed to the earlier lack
of terminal end buds, which contain the progenitor cells for alveolar and ductal myoepithelial
and epithelial cells. Importantly, this apparent lack of alveolar buds and ducts may be a
potential reason for abnormal mammary gland reconstruction during pregnancy and lactation
in Akt1-/- glands as seen in other studies (14).
Akt1 influences mRNA patterns in the adult mammary gland
The deficiency in alveolar buds and terminal ducts in Akt1-/- adult mammary glands led us to
examine the effects of Akt1 deficiency on gene expression in the adult mammary gland. We
performed Affymetrix gene arrays on PND 70 Akt1+/+ and Akt1-/- thoracic mammary
glands, which indicated differential expression of 119 genes with a fold change of <1.5 and a
p-value of <0.05. Real-time RT-PCR validation of selected genes from the gene array
indicated strong correlation between gene array results and RT-PCR. The genes chosen for
validation were butyrophilin, subfamily 1, member A1 (Btn1a1), v-akt murine thymoma viral
oncogene homolog 1 (Akt1), myotubularin related protein 7 (Mtmr7), mucin 1 (Muc1), limb
bud and heart development homolog (Lbh), desmocollin 3 (Dsc3), POU class 2 associating
factor 1 (Pou2af), and fas apoptotic inhibitory molecule 3 (Faim3) (Fig. 4 A). We also
validated the absence of Akt1 protein in the adult mammary glands by western blot, as well
as the presence of Akt isoforms Akt2 and Akt3 (Fig. 5).
Ingenuity pathway analysis indicated several altered biological functions as a result of
Akt1 ablation, including cell-to-cell signaling, intercellular interaction, tissue morphology,
organismal development, and cancer within the top ten altered functions (Fig. 4 B). Pathway
analysis further illustrated that the pattern of differential gene expression was highly
associated

73

Figure 4. Akt1 influences gene expression patterns in the adult mammary gland.
Microarray results were validated with qRT-PCR for the genes Btn1a, Akt1, Mtmr7, Muc1,
Lbh, Dsc3, Pou2af, and Faim3. Data represented as fold change in gene expression for Akt1/- vs. Akt1+/+ (A). IPA analysis generated the top ten biological functions and diseases
altered by the loss of Akt1 (B) IPA analysis generated an association network connecting
cardiovascular system development and function, organismal development, and cancer (C).
Statistical analyses for qRT-PCR were conducted using a two-tailed student’s t test.
**p<0.01, *p<0.05, #p<0.1. n=3 per genotype for microarray, n=6 per genotype for qRTPCR.
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Figure 5. Western blot analysis of Akt isoform expression in PND 70 Akt1+/+ and Akt1 /- mammary glands. Western blots of Akt1 (A), Akt2 (B), Akt3 (C), and GAPDH (D) in
PND 70 Akt1+/+ and Akt1-/- mammary glands are representative of 5-8 animals per
genotype.
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with cardiovascular system development and function, organismal development, and
carcinogenesis pathways (Fig. 4 C).
Alveolar cell death incidence and alveolar bud diameter are dependent on Akt1.
Our previous results indicated that Akt1 is necessary to maintain proper alveolar bud
population in adulthood. Given the pro-survival role of Akt1 during pregnancy and lactation
(14, 19) and the ability of Akt1 to block several pro-apoptotic processes, we examined the
effect of Akt1-/- loss on localization of fibrin and collagen in the mammary gland, alveolar
bud size, and mammary epithelial cell death. Collagen and fibrin deposition were not altered
by the ablation of Akt1, indicating normal stromal architecture in Akt1+/+ and Akt1-/mammary glands (Fig. 6 A, C). However, there was a strong trend for decreased alveolar bud
diameter in Akt1-/- mammary glands, concomitant with increased epithelial cell apoptosis
(Fig. 6 B, D-F). Considering that our gene array results denoted cell death and tissue
morphology to be two of the top ten altered biological processes altered by Akt1 deficiency,
these data further suggest that apoptosis and alveolar bud formation in the mammary gland
are dependent, in part, on Akt1.
Akt1 affects mammary gland lobuloalveolar development and Btn1a1 expression during
psuedopregnancy
Prior studies have indicated that Akt1 is necessary for proper lobuloalveologenesis and
lactation during pregnancy and nursing. We chose to study the role of Akt1 in alveolar
differentiation during pseudopregnancy based on our findings of its effects on mammary
gland development during puberty and on subfertility in Akt1-/- females. Similar to previous
work using naturally pregnant mice, Akt1 affects the frequency of formation of
lobuloalveolar structures in pseudopregnant mice (Fig. 7 A-D). While Akt1 deficiency
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Figure 6. Akt1 influences alveolar bud diameter and apoptosis incidence in adult
mammary glands. Martius yellow, soluble blue, brilliant crystal (MSB) stain of Akt1+/+ (A)
and Akt1-/- (C) PND 70 mammary glands. Blue staining indicates collagen and purple
staining indicates fibrin. TUNEL staining in Akt1+/+ (B) and Akt1-/- (D) PND 70 mammary
glands. Measurement of alveolar bud diameter in Akt1+/+ and Akt1-/- PND 70 mammary
glands (E). Measurement of TUNEL positivity in Akt1+/+ and Akt1-/- PND 70 mammary
glands (F). Arrow indicates apoptotic cells in the Akt1-/- gland. Scale bars indicate 100 µm.
Data represented as mean plus standard error. Statistical analyses were conducted using a
two-tailed student’s t test. #p= 0.08, *p<0.05. n=4 per genotype for (E), n=3 per genotype for
(F).
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Figure 7. Akt1 is necessary for Btn1a1 expression following pseudopregnant hormonal
stimulation Representative whole mounts of pseudopregnant Akt1+/+ (A) and Akt1-/- (B)
78

mammary glands, and H&E stained (C, D) mammary glands. Representative
immunofluorescence of Akt1 and Btn1a1 in pseudopregnant Akt1+/+ (E, G, I) and Akt1-/- (F,
H, J) mammary glands. Arrow indicates co-expression of Akt1 and Btn1a1 the in Akt1+/+
mammary gland epithelium. Btn1a1 gene expression as determined by real time RT-PCR in
virgin and pseuodopregnant Akt1+/+ and Akt1-/- thoracic mammary glands (K).
Exposure=pseudopregnancy.
Scale
bars
for
whole
mounts
and
histology/immunohistochemistry indicate 1,000 µm and 100 µm, respectively. Data
represented as mean plus standard error. Statistical analyses were conducted by a two-way
ANOVA followed by a Tukey HSD test. **p<0.01 for Tukey HSD post-hoc test. n=3-6 per
genotype, per exposure.
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reduces the number of differentiated alveolar buds, it is not required for alveolar
differentiation, as indicated by the presence of alveoli (Fig. 7 D). This is in contrast to
previous work that concluded that ablation of Akt1 inhibits the formation of lobuloalveolar
structures, but this is likely due to the fact that our study induced pseudopregnancy, whereas
prior work utilized naturally pregnant animals (14). Considering the decreased number of
alveolar buds and ducts in adult virgin Akt1-/- mammary glands, our results indicate that Akt1
is necessary for the initial formation of alveolar buds during development and relative
number of lobuloalveolar structures formed during pregnancy, but is not necessary for
alveologenesis.
Our gene array and real-time RT-PCR results indicated that the loss of Akt1 in the
mammary gland significantly decreased expression of Btn1a1, a member of the butyrophilin
Ig superfamily that is basally expressed in the brain, heart, lymph node, ovary and uterus,
thymus, lung, spleen, and mammary gland (24). Bnt1a1 is highly expressed in the secretory
epithelium of lactating mammary glands, and is essential for milk lipid secretion (21).
Btn1a1 and Akt1 were co-expressed in pseudopregnant mammary glands (Fig. 7 E, G, I), and
expression of Btn1a1 was decreased in Akt1-/- glands, signifying that Akt1 is necessary for
proper protein expression of Btn1a1 in the mammary gland (Fig. 7 H). Additionally, while
Akt1+/+ mammary glands responded to pseudopregnancy by significantly increasing the
levels of Btn1a1 as compared to virgin glands, Akt1-/- mammary glands failed to do so (Fig.
7 K). Btn1a1 expression in Akt1-/- glands during pseudopregnancy was also significantly
decreased as compared to pseuodpregnant Akt1+/+ glands. A two-way ANOVA analysis
revealed that both Akt1 genotype status and exposure (pseudopregnancy) were significant
factors in determining Btn1a1 expression.
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Akt1 promotes cell proliferation and Btn1a1 and ß-casein gene expression in MCF7
human breast epithelial cells
In order to directly address whether Btn1a1 or ß-casein are downstream of Akt1, we
evaluated the effect of shRNA-mediated knockdown of Akt1 or Btn1a1 in MCF7 human
breast epithelial cells on ß-casein, a gene that encodes for a milk protein expressed during
early lactational mammary epithelial differentiation (11). MCF7 cells expressing shRNA
targeting Akt1 (shAkt1) exhibited significant decreases in cell proliferation after 4-6 days of
growth in culture (Fig. 8 A). Knockdown of Akt1 also resulted in significant decreases in
both Btn1a1 and ß-casein expression (Fig. 8 B), while knockdown of Btn1a1 (shBTN1A1)
decreased expression of Btn1a1 and ß-casein, but not Akt1 (Fig. 8 B, Fig. 9.).
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Figure 8. Akt1 is required for epithelial cell proliferation and Btn1a1 and ß-casein gene
expression. Percent change in cell growth over 6 days in MCF7 cells expressing shAkt1 or
shLuciferase control (A). Relative gene expression of Akt1, Btn1a1, and ß-casein in shAkt1,
shBtn1a1, or shLuciferase cells (B). Data represented as mean plus standard error. Statistical
analyses were conducted using two-tailed student’s t tests. #p<0.1, **p<0.01, *p<0.05
compared to shLuciferase control. n=3 independent infections.
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Figure 9. Selective knockdown of the Akt1 isoform in MCF7 human mammary
epithelial cells. Western blot analysis of Akt1, Akt2, Akt3, and GAPDH in MCF7 cells
expressing shLuciferase, shBtn1a1 or shAkt1.

83

DISCUSSION
The mammary gland is a critical reproductive organ, and the abilities of the adult mammary
gland to undergo normal development and proper lobuloalveolar remodeling during
pregnancy are critical for reproductive health. The mammary gland is distinct from other
organs because it undergoes most of its branching postnatally with the onset of puberty rather
than in utero. Proper branching morphogenesis is fundamental for functional development
and differentiation to occur in adulthood. Using an Akt1+/+ and Akt1-/- mouse model to
examine postnatal development in vivo, we found that Akt1 is essential for proper mammary
gland organogenesis and appropriate adult mammary homeostasis. Mammary gland
development can be separated into three distinct stages: embryonic, adolescent, and adult.
We found that the initial branching and formation of the rudimentary duct occurred normally
in Akt1-/- mammary glands, indicating that embryonic mammary gland development is Akt1independent. These results are not surprising considering embryonic mammary development
is also hormone-independent, and PI3K/AKT activates ERα (25).
We did find that postnatal mammary gland development is Akt1-dependent. Unlike
embryonic growth, postnatal development requires estrogen and progesterone, which are
secreted by the ovaries at approximately three weeks of age in the mouse. Ductal outgrowth
of inguinal mammary glands was significantly reduced in Akt1-/- glands during early and late
pubertal time points. However, by adulthood these glands occupied the same amount of
space in the fat pad as their wild-type counterparts. Our previous work indicated that Akt1-/female mice had higher levels of estradiol and lower levels of progesterone than Akt1+/+
females during late puberty, but that these levels were similar in both genotypes by adulthood
irrespective of Akt1 status (20). Considering that postnatal ductal growth and alveolar
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expansion are dependent on estradiol and progesterone, the higher levels of progesterone
most likely have a compensatory effect on ductal outgrowth, allowing for the Akt1-/mammary glands to reach full size. Conversely, the levels of estradiol may be a contributing
factor to the altered terminal end bud and alveolar expansion seen in the Akt1-/- glands.
Mammary gland postnatal ductal development is driven by the rapid growth of the terminal
end bud, a unique structure that contains dichotomously dividing stem cells during puberty.
The terminal end bud contains a ‘tube within a tube’ structure, with an outer layer of
undifferentiated cap cells and an inner layer of luminal epithelial cells. Both layers have high
rates of mitosis, and normally have rates of forward growth through the fat pad of about
0.5mm per day (26). Akt1 deficiency resulted in a significant decrease in the terminal end
bud population during puberty, and a significant decrease in total alveolar buds and a strong
trend for decreased alveolar bud size in adulthood. We also demonstrated that suppression of
Akt1 in human breast epithelial cells inhibited cell proliferation, further illustrating the
importance of Akt1 in mammary epithelial cell growth. The growth of the terminal end bud
relies both on estradiol and growth factors elicited by the stroma, such as insulin-like growth
factor-1 (IGF-1). Notably, the AKT pathway has been implicated in both estrogen and insulin
signaling (9, 25). Moreover, Akt has been shown to be phosphorylated downstream of IGF-1
(27). In our model, Akt1 could be a potential mediator of IGF-1 and estrogen signaling to the
terminal end bud, and its deficiency results in a lack of bifurcation.
The permanent structural changes in Akt1-/- mammary glands led us to examine
alterations in gene expression in adult glands. We chose to validate a set of genes based on
their high rates of fold change and relative importance in growth and differentiation
processes. For example, Akt1-/- glands exhibited increased expression of Lbh, a gene
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normally expressed during development in branched limbs and the heart, which could be a
compensatory mechanism for the observed deficiency in postnatal growth and bud
development. Over-expression and deregulation of Lbh results in suppression of epithelial
cell differentiation and a potential involvement in Wnt-induced breast tumorigenesis (28).
Our findings further suggest that the lack of Akt1 in the mammary gland may also disrupt its
functional role in lactation. Akt1 has previously been found to be involved in the proper
formation of lobuloalveolar units during pregnancy, as well as in proper milk production
during nursing. The phenotype of Akt1-/- mammary glands has been described, including the
inhibition of lobuloalveolar units and survival in mammary epithelia during pregnancy (14).
We chose to investigate the molecular basis of abnormal mammary gland function
based on our prior results indicating decreased expression of Btn1a1 in Akt1-/- mammary
glands. Btn1a1 has recently been found to be a crucial gene for proper milk lipid secretion
during lactation. We induced pseuodopregnacy to examine the influence of Akt1 on Bnt1a1
during pregnancy by PMSG and hCG injections in Akt1+/+ and Akt1-/- adult females since
Akt1-/- females have high rates of fetal resorptions and are subfertile (20). Following
hormonal stimulation, Akt1+/+ mammary glands exhibited increased expression of Btn1a1,
suggesting that Btn1a1 induction occurs normally during pregnancy, likely in preparation for
milk production during nursing, as Btn1a1 is required for the secretion of milk lipid droplets
(24). Akt1-/- mammary glands failed to induce an increase in expression of Btn1a1 during
pseudopregnancy compared to a virgin state, and had significantly decreased Btn1a1
expression compared to pseuodopregnant Akt1+/+ glands. Furthermore, knockdown of Akt1
in human breast epithelial cell decreased expression of ß-casein, Btn1a1 and Akt1, and
knockdown of Btn1a1 decreased expression of ß-casein and Btn1a1, but not Akt1. These data
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suggest that Btn1a1 is downstream of Akt1, and ß-casein is further downstream. These data,
taken together with the previously shown roles of Btn1a1 and Akt1 in lactation, suggest a
regulation of Btn1a1 by Akt1 in the mammary gland, and that Akt1 may promote milk protein
production through Btn1a1 and subsequent ß-casein expression. Collectively, while Akt1-/mammary glands can form alveoli during pseudopregnancy, they are fewer in number and
potentially dysfunctional in their milk production.
IPA revealed that several genes involved in organismal development, cell death,
tissue morphology, and cancer were altered Akt1-/- mammary glands. The roles of the
PI3K/AKT pathway in cell survival and apoptosis have been extensively studied, but we
found differential expression of additional genes that may be involved in this process,
including Mtmr7, Pou2af, and Faim3, which play roles in either cell survival or apoptosis.
We also found that Akt1 deficiency resulted in decreased alveolar bud diameter and increased
epithelial cell apoptosis, which could decrease the quantity of alveolar buds and terminal
ducts in adult Akt1-/- glands. However, cell growth in terminal end buds and alveolar buds
not only relies on mitogenic signals for proliferation, but also on cell-cell contacts for
forward growth. Cell-cell signaling and interaction was another biological process altered by
Akt1 deficiency, which included several altered genes such as Dsc3, a member of the
cadherin superfamily. Cadherins are calcium-dependent cell-adhesion proteins that mediate
cell-cell interaction, and several cadherins are expressed in mammary gland alveolar buds
and terminal end buds. Previous research has indicated that disruption of cell-cell contacts
inhibits forward growth, suggesting that these interactions are essential for proper mammary
gland growth through the fat pad (26). It is possible that aberrant signaling in the absence of
Akt1 disrupted cell-cell signaling, resulting in improper growth, as demonstrated in the
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delayed ductal outgrowth and deficiency in terminal end bud growth and alveolar bud
development. Collectively, our findings suggest that Akt signaling is essential for proper
alveolar bud apoptosis, quantity, growth, and size.
Considering prior studies and our novel findings, it is likely that Akt1 is necessary for
both proper mammary gland postnatal growth and functional adult development. Regarding
postnatal growth, Akt1 appears essential for ductal outgrowth through the fat pad as well as
for the bifurcation of terminal end buds and formation of alveolar buds and terminal ducts.
Permanent changes in mammary gland composition and gene expression are likely
contributing factors to the abnormal function of adult Akt1-/- mammary glands. Regarding
Btn1a1, it seems that Akt1 is essential for its expression both during a basal virgin state as
well as during pseudopregnancy. The lack of Btn1a1 and Akt1 expression, both of which
influence milk lipid production, can result in increased offspring mortality, suggesting these
genes are essential for proper reproductive health and offspring growth.
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Chapter 3.
Akt1 regulates breast cancer promotion, the
epithelial-mesenchymal transition, and
invasion.

--------------The figures presented in this chapter are under final preparation for manuscript submission.
All the experiments in this section were performed by Jessica LaRocca with the following
exceptions: Dr. Vanessa Sanchez took confocal microscopy images and Dr. Jodie Pietruska
assisted with western blot experiments and shRNA design.
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ABSTRACT
Introduction: PKBα/Akt1, a member of the PKB/Akt gene family, has been shown to play
critical roles in several cellular processes, including cell survival, motility, and proliferation.
While ample evidence links Akt1 with the induction and progression of breast cancer when
in the presence of other stimulants, such as TGFß treatment, the direct role of Akt1 in breast
cancer promotion and invasion has yet to be fully understood. Therefore, we sought to
investigate the direct consequences in breast cancer of the loss of Akt1 using both an in vivo
chemical-carcinogenesis mouse model, as well as, the MCF human breast carcinoma cell
line.
Methods: To identify a functional role for Akt1 in breast cancer promotion in vivo, we
exposed adult female Akt1+/+ and Akt1-/- C57/Bl6 mice to a single dose of 30 mg/kg of the
carcinogen dimethylbenz[α]anthracene (DMBA), and analyzed mammary epithelial cell
proliferation and tumor initiation over several time points. To understand the role of Akt1 in
the epithelial mesenchymal transition (EMT) and invasion, we utilized retroviral-mediated
shRNA knockdown of Akt1 in human breast MCF7 cells MCF-7 cells. We analyzed
proliferation, motility, invasion, cellular morphology and several makers for the EMT.
Results: In this study, we show that Akt1 ablation results in decreased aberrant mammary
epithelial proliferation, increased tumor latency and reduced tumor burden in a chemicalcarcinogenesis mouse model. Suppression of Akt1 in human MCF7 breast carcinoma cells
resulted in decreased cellular proliferation without altering apoptosis. Furthermore,
suppression of Akt1 was sufficient to induce the EMT as well as promote invasion through
the regulation of the E-cadherin repressors, Twist and Snail1.
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Conclusions: Overall our study illustrates that Akt1 promotes epithelial cell proliferation and
breast cancer promotion in vivo, and directly regulates EMT initiation and subsequent
invasion in low metastatic potential human breast carcinoma cells.
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INTRODUCTION
Breast cancer is a serious threat to women worldwide, with the highest incidence occurring in
developed countries. It is the most common cancer in women in the western world and the
second leading cause of death. A woman has a 1 in 8 lifetime risk of developing breast
cancer, with risk increasing with age (1). Inherited mutations in breast cancer genes BRCA1
and BRCA2 account for approximately 5% of total breast cancer cases, and approximately
80% of breast cancer patients have no family history of the disease (2). Hence, other risk
factors must be considered when determining a woman’s chance for developing breast cancer
such as current age, race, age at menarche, age at first live birth, and number of breast
biopsies (3). Furthermore, breast cancer survival is highly correlated with the ability of the
primary tumor to metastasize to a distant site and the stage at which the initial tumor is
diagnosed at (4). The mechanisms by which breast cancer cells invade and metastasize are
still not fully understood. Therefore, understanding the roles of genetic alterations in breast
cancer cells remains critical for the improvement of therapeutic strategies.
Protein kinase B/Akt1 is a serine/threonine kinase that plays a central role in
regulating cell metabolism, cell survival, motility, gene transcription, and cell cycle
progression. Akt is activated in a phosphoinositide 3-kinase dependent manner by a variety
of signals including cytokines, growth factors, and hormones. The Akt gene family includes
three isoforms, Akt1, Akt2, and Akt3, which share 80% amino acid homology but have
distinct roles in regulating cell activity (5). Akt1 is the predominant isoform and plays roles in
placental development, animal growth, adipogenesis, mammary gland lactation and
involution, and mammary gland tumorigenesis. Akt1 ablation delays mammary gland growth
during pregnancy and lactation, and accelerates the rate of involution following lactation (6,

96

7). We have previously shown that Akt1 regulates postnatal mammary gland development,
and lack of Akt1 in the mammary gland disrupts many cellular pathways, including cancer
(8).
While mutations in Akt1 itself are rare in breast cancer (3.7% incidence), mutations in
the PI3K/Akt pathway occur in most breast cancers (7). The absence of Akt1 decreases tumor
induction, and conversely Akt1 overexpression can decrease tumor latency in vivo in
transgenic lines, such as in MMTV-polyoma middle T transgenic mice (9-11). In vitro,
silencing of Akt1 in mammary epithelial cells enhances cell migration and produces an
epithelial-mesenchymal transition (EMT) phenotype and motility when in the presence of
TGFß (10, 12). Based on this, we chose to examine the role of Akt1 both in vivo and in vitro
on its functionality in breast cancer promotion and invasion. The aims of these studies were
to examine the role of Akt1 in tumor initiation in a chemical-carcinogenesis mouse model. To
determine a functional role for Akt1 in the EMT and its ability to promote invasion we
analyzed the effects of Akt1 deficiency in the low metastatic potential MCF7 human breast
epithelial carcinoma cell line.
MATERIALS AND METHODS
Animals
Akt1 heterozygous mice (Mus musculus) on a C57/BL6 background were obtained from the
laboratory of Dr. Morris Birnbaum (University of Pennsylvania, Philadelphia, PA).
Heterozygous pairs were mated to obtain Akt1 +/+ and Akt1 -/- females for experimental
procedures. Animals were housed in polycarbonate cages and were given access to water and
feed ad libidum. Akt1 +/+ and Akt1 -/- females aged 3 months of age were given dose of 30
mg/kg Dimethylbenza[α]nthracene (DMBA) and sacrificed at PND 214, PND 365, or PND
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477. Animals were sacrificed by CO2 asphyxiation. The Brown University Institutional
Animal Care and Use Committee approved all experimental animal protocols in compliance
with National Institute of Health guidelines. IACUC approval number is 0909078.
Mammary gland whole mounts
Inguinal mammary glands from the fourth and ninth positions were removed, fixed in
Carnoy’s solution for 2-4 hours, stained overnight in carmine solution, rinsed in alcohol and
cleared in xylene overnight. Whole mounts were examined and images were taken using a
Zeiss Discovery V8 stereomicroscope equipped with an Axiocam MRc camera and Axiovert
Software (Carl Zeiss Canada Ltd., Canada). Alveolar buds were measured for all time points
in the Zone C area of the mammary gland, which for this study is defined as the area
comprised of the outer 1 mm of the entire mammary gland (13). Mammary gland
hyperplastic alveolar nodules were quantified for each animal on whole mounts and validated
by histological analysis.
Histological analysis
Mammary gland whole mounts were manually embedded in paraffin, and cut into 7-µm
sections for histological analysis. Following deparaffinization, mammary gland sections were
washed in 0.1% lithium carbonate to remove carmine aluminum stain. Mammary sections
were stained with hematoxylin and eosin (H&E) and visualized on the Aperio ImageScope
v10.2 (Aperio Technologies Vista, CA).
Cell culture and short-hairpin RNA knockdown
MCF-7 cells, a generous gift from the lab of Dr. Edward Filardo (Brown University), were
cultured in phenol red-free DMEM/F-12 (Hyclone), 10% fetal bovine serum, 0.1%
penicillin/streptomycin in a humidified atmosphere (5% CO2/95%air). Retroviral-mediated
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shRNA knockdown was performed as described in (14). The oligonucleotides containing
targeting sequences (shown in uppercase) for firefly luciferase [short-hairpin luciferase
(shLuc)

controls

and

human

Akt1

(shAkt1)

were

as

follows:

5’gatccccGCGACCAACGCCTTGATTGttcaagagaCAATCAAGGCGTTGGTCGCtttttgga3’

for

luciferase,

and

5’-gatccccGAGTTTGAGTACCTGAAGCttcaagaga

GCTTCAGGTACTCAAACTCtttttggaaa-3’ for Akt1. Knockdown cells were maintained in
1.0 µg/ml puromycin.
MCF-7 proliferation and viability assays
For cell proliferation rates, 100,000 cells were plated in each well of a 6-well plate and
allowed to grow for 5 days. Adherent and floating cells were collected, and total cell number
and viable cell number were determined by Trypan blue exclusion using a BioRad TC10
automated cell counter (BioRad). Percent of cell viability was calculated by dividing the
number of viable cells over the total number of cells counted.
Western blots
MCF7 cells were lysed in cold RIPA buffer (20mM Tris 8.0, 150 mM NaCl, 0.5% sodium
deoxyocholate, 0.1% SDS, 1% NP-40, 10mM sodium pyrophosphate, 10mM sodium
fluoride) supplemented with 60 µl/ml HALT protease/phosphatase inhibitors (Thermo
Scientific, Waltham, MA) and 1mM PMSF (Roche, Indianapolis, IN). Lysates were
incubated on ice for 20 minutes with frequent vortexing and cleared twice by centrifugation
(13,200rpm, 10 minutes, 4°C). MCF7 cells were lysed in cold lysis buffer (50mM Tris pH
8.0, 250mM NaCl, 1% NP-40, 0.1% SDS, 5mM EDTA, 2mM sodium orthovanadate, 10mM
sodium pyrophopsphate, 10mM sodium fluoride), incubated on ice for 20 minutes and
cleared by centrifugation (13,200rpm, 10 minutes, 4°C. Protein concentrations were
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determined using the DC Protein Assay (Bio-Rad). Fifty micrograms of total protein was
subjected to SDS-PAGE and transferred onto Immobilon-P PVDF (Millipore, Billerica,
MA). Membranes were blocked for 60 minutes at room temperature in 5% non-fat milk/Trisbuffered saline/0.1% Tween (TBST). Membranes were incubated for 2 hours at room
temperature then overnight at 4°C in one the following antibodies: Akt1 (#2938, Cell
Signaling 1:1000 in 5% BSA/TBST), pAkt (#4060S, Cell Signaling 1:1000 in 5%
BSA/TBST), Muc1 (#4538S, Cell Signaling 1:1000 in 5% BSA/TBST), E-cadherin (#3195S,
Cell Signaling 1:1000 in 5% BSA/TBST), N-cadherin (#610920 BD Biosciences 1:1000 in
5% BSA/TBST), ß-catenin (#9582 Cell Signaling 1:1000 in 5% BSA/TBST), or GAPDH
(AM4300, Applied Biosystems 1:4000 in 5% BSA/TBST. All antibodies were obtained from
Cell Signaling Technology (Danvers, MA) unless indicated otherwise. Membranes were
washed 3 times (5 minutes per wash) in TBST, and incubated for 60 minutes at room
temperature in horseradish peroxidase conjugated goat anti-rabbit IgG (1:2000, Cell
Signaling) or goat anti-mouse IgG (1:10,000 Millipore) diluted in 5% milk/TBST.
Membranes were washed 3 times (5 minutes per wash) in TBST and once in TBS prior to
visualization using enhanced chemiluminescence (Thermo Scientific).
Immunofluorescence
Cells were plated on coverslips (100,000 cells per coverslip) and allowed to attach overnight.
Cells were fixed in 4% paraformaldehyde, permeabilized in 1% Triton X-100, and blocked in
blocking solution (5% normal donkey serum/0.1% BSA/0.1% Tween 20) for one hour. Cells
were incubated in primary antibody in blocking solution overnight at 4oC at the following
dilutions: Akt1 (#2938, Cell Signaling 1:100 in blocking solution), Muc1 (#4538S, Cell
Signaling 1:100 in blocking solution), E-cadherin (#3195S, Cell Signaling 1:100 in blocking
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solution), N-cadherin (#610920 BD Biosciences 1:100 in blocking solution), or ß-catenin
(#9582 Cell Signaling 1:100 in blocking solution). For dual immunoflourescence cells were
incubated with the appropriate antibodies. Negative controls were incubated without primary
in blocking solution. Cells were incubated with Alexa Fluor 488 donkey anti-rabbit IgG
(1:1,000; Invitrogen), Alexa Flour 594 donkey anti-rabbit (1:1,000; Invitrogen), Alexa Flour
488 donkey anti-mouse IgG (1:1,000; Invitrogen), or Alexa Flour 594 donkey anti-mouse
(1:1,000; Invitrogen) for one hour and coverslips were stained with 4′,6-diamidino-2phenylindole (DAPI) (H-1200, Vector Laboratories). Samples were analyzed using
SlideBook software (Intelligent Imagine Innovations, Denver, CO) and spinning disk
confocal scanning microscopy (Olympus IX81, Olympus Corporation, Tokyo, Japan). For
dual immonofluorescene cells were incubated with appropriate Alexa Flour 594 and 488
secondary antibodies and stained with DAPI. Samples were imaged on a Zeiss ImagerM1
fluorescence microscope.
Motility and invasion assays
Motility was tested using BD Control Inserts (8-µm pore size; BD Biosciences). Invasiveness
was tested using BD Matrigel Invasion Chamber (8-µm pore size; BD Biosciences). shAkt1
or shLuc cells (5 × 104 cells in 0.5 mL of media without serum) were seeded into the upper
chambers of the system, the bottom wells in the system were filled with DMEM/F-12 plus
1.0µg/ml puromycin supplemented with 10% fetal bovine serum as a chemo-attractant and
then incubated at 37 °C for 24 h. An additional set of shAkt1 or shLuc cells were treated with
DMSO, or 2 µM LY-294,002 (L9908, Sigma) then were seeded into the upper chambers of
the system (5 × 104 cells in 0.5 mL of media without serum), the bottom wells in the system
were filled with DMEM/F-12 plus 1.0µg/ml puromycin supplemented with 10% fetal bovine
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serum as a chemo-attractant and then incubated at 37 °C for 24 h. Non-invasive or nonmotile cells were removed from the upper surface of the filter with two cotton swab
cleanings. Migrating cells were fixed in ice cold methanol and stained with hematoxylin for
quantification. All experiments were performed in triplicate.
RNA isolation
MCF7 cells were lysed and RNA was isolated using the mirVANA RNA Isolation Kit
(Ambion Inc., Austin, TX) according to manufacturer's protocols. RNA concentration was
quantified using a ND-1000 spectrophotometer (Nanodrop, Wilmington, DE), aliquoted, and
stored at −80 °C until needed.
Quantitative RT-PCR
Total RNA (1 µg) was treated with DNase (Promega, Madison, WI) and reverse-transcribed
using the iScript cDNA Synthesis Kit (Bio-Rad) according to the manufacturer's protocols.
cDNA templates were amplified with pre-optimized mouse-specific QuantiTect® primer
assays (Qiagen, Valencia, CA) using iQ SYBR Green Supermix (Bio-Rad) on an iCycler iQ
Multicolor Real-time PCR Detection System (Bio-Rad). Each 25 µl sample was run in
triplicate,

and

mRNA

levels

were

analyzed

relative

to

hypoxanthine

phosphoribosyltransferase (HPRT). Log2-transformed relative expression ratios were
calculated as described using the equation set forth by Pfaffl (Pfaffl 2001).
Statistical analysis
A Kruskal-Wallis chi-squared test was performed for hyperplastic alveolar nodule incidence,
and a Wilcoxon rank sum test was performed to determine significance for hyperplastic
alveolar nodule burden. For other experiments a bartlett test for homogeneity followed by a
two-tailed students t-test adjusted for equal variance were performed to test for statistical

102

significance. A P value of <0.05 was considered to be statistically significant. Statistics were
calculated using R software (R Project).
RESULTS
Akt1 promotes aberrant proliferation following exposure to the carcinogen, DMBA
In order to address if Akt1 is directly involved in DMBA-induced proliferation, we exposed
adult (PND 70) Akt1+/+ and Akt1-/- female C57/Bl6 mice to 30 mg/kg DMBA and assessed
mammary epithelial cell proliferation over a series of time points. This exposure model is a
commonly accepted method to induce low levels of mammary carcinomas in rodents (15,
16). We quantified the number of zone C alveolar buds in Akt1+/+ and Akt1-/- mammary
glands at PND 214, PND 365, and PND 477, or approximately 20 weeks, 42 weeks, or 58
weeks following exposure to DMBA, respectively (Figure 1 A-F). We found that Akt1
deficiency protected mammary glands from aberrant proliferation at PND 214 and PND 365
when compared to Akt1+/+ glands at the same time point (Figure 1 G). Abnormal
proliferation regressed in Akt1+/+ mammary glands resulting in statistically similar alveolar
bud number in Akt1+/+ and Akt1-/-
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Figure 1. Loss of Akt1 prevents aberrant mammary gland proliferation following
exposure to DMBA. Representative whole mounts at PND 214, PND 365, and PND 477 of
Akt1+/+ and Akt1-/- mammary glands following previous exposure to DMBA (A-F).
Quantification of the number of zone C alveolar buds in mammary glands following prior
exposure to DMBA (G). Data represented in bar plots as mean + standard error. Scale bars
indicate 1,000 µm. Statistical analyses were conducted using a two-tailed student’s t test.
**p<0.01 compared to Akt1+/+ at the same time points. #p<0.05 compared to Akt1+/+ at
PND 214. n=3-7 per genotype, per age group.
mammary glands by PND 477 (Figure 1 G).
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Conversely, the quantity of alveolar buds remained similar across the time points in Akt1-/mammary glands.
Akt1 deficiency delays the onset of HAN formation and reduces tumor burden
Considering that the absence of Akt1 protected the mammary gland from abnormal
proliferation following carcinogen exposure, we predicted that Akt1 would also promote
initial tumor formation. To assess this, we quantified the number of preoplastic HANs over
the same time points that the alveolar buds were quantified (Figure 2 A). While irregular
epithelial proliferation regressed in Akt1+/+ mammary glands over time, the onset of
preneoplastic HANs formation occurred by 365 days of age, with no incidence of HANs at
this time for Akt1-/- mice (Figure 2 B). By 477 days of age, HANs were detected in Akt1-/mammary glands, but HAN incidence and burden remained low in the Akt1-/- mammary
glands. Importantly, these data show that while HANs are able to form in Akt1-/- mammary
glands, they have an increased latency time and a decreased burden. This observation is
consistent with prior studies that indicate Akt1 controls breast cancer progression in vivo, but
shows novel evidence that Akt1 promotes tumorigenesis following exposure to an
environmental carcinogen (10, 11).
Akt1 suppression by shRNA suppresses breast epithelial cellular proliferation without
altering cellular viability
Conflicting arguments have been proposed for how Akt1 regulates cellular proliferation in the
breast. One study showed evidence that overexpression of Akt1 in MDA-MB-231 breast
cancer cells inhibits proliferation; whereas, several other studies have found that suppression
of Akt1 in other mammary epithelial carcinoma cell lines inhibits proliferation (10, 17, 18).
Down-regulation of Akt1 in these studies utilized
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Figure 2. Akt1 deficiency delays the formation and reduces the burden of hyperplastic
alveolar nodules in vivo. Representative H&E histological sections of Akt1+/+ and Akt1-/mammary glands following previous exposure to DMBA at PND 214, PND 365, and PND
477 (A). Quantification of the number of hyperplastic alveolar nodules in Akt1+/+ and Akt1/- mammary glands following previous exposure to DMBA at PND 214, PND 365, and PND
477 (B). Data represented as mean +/- standard error. Scale bars indicate 100 µm. A KruskalWallis chi-squared test was performed for hyperplastic alveolar nodule incidence, and a
Wilcoxon rank sum test was performed to determine significance for hyperplastic alveolar
nodule burden. *p<0.05 compared to Akt1+/+ at the same time point.
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mammary cell lines derived from either MMTV-ErbB2 transgenic mouse tumors or from
cells with insulin-like growth factor-I receptor (IGF-IR) hyperstimulation (17, 18). Based on
these previous studies, we chose to study knockdown of Akt1 by shRNA in MCF7 breast
carcinoma epithelial cells without the addition of IGF or additional genetic alterations in
order to directly address the effects of loss of Akt1 on mammary carcinoma cell proliferation
and viability. Suppression of Akt1 in MCF7 cells resulted in decreases in Akt1 protein levels
without altering the levels of phosphorylated total Akt (Figure 3 A). Suppression of Akt1 in
shAkt1 MCF7 cells is also illustrated by immunofluorescen (Figure 3 B). Cellular
proliferation was significantly decreased nearly 2-fold in shAkt1 cells compared to shLuc
control cells after 5 days of growth (Figure 3 C). Importantly, the percent viability of shAkt1
and shLuc cells remained the same after 5 days of culture, indicating that decreases in
cellular number was likely due to suppression of proliferation, rather than the induction of
apoptosis (Figure 3 D).
The suppression of Akt1 promotes the epithelial-mesenchymal transition (EMT) in
human breast carcinoma cells
Considering prior reports have found the importance of the Akt family on invasion,
we determined if inhibition of Akt1 directly controls the EMT in breast cancer cells. To
assess this, we observed several classical markers of the EMT by immunoflouresence and
western blot to determine both protein localization and quantity (Fig 4). First, we assessed
the quantity of Mucin1 (Muc1), a large surface glycoprotein expressed by epithelial cells,
that is also overexpressed in over 90% of human breast cancers and correlates with poor
survival (19, 20). Muc1 was found to be expressed in shLuc cells, as indicated by both
immunofluorescence and western blot. Interestingly, Muc1 protein
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Figure 3. Akt1 directly regulates cellular proliferation in breast carcinoma cells.
Representative western blot of Akt1 and p-Akt in shAkt1 and shLuc cells with GAPDH
serving as a loading control (A). Representative confocal immunofluoresence images of Akt1
in shAkt1 and shLuc cells (B). Quantification of total and viable cells of shAkt1 and shLuc
cells following 5 days of growth in culture (C). Percent viability of shAkt1 and shLuc cells
(D). Data represented in bar plots as mean + standard error. Scale bars indicate 50 µm.
Statistical analyses were conducted using a two-tailed student’s t test. **p<0.05. Experiments
were repeated in triplicate.
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Figure 4. Loss of Akt1 promotes the epithelial-mesenchymal transition in MCF7 breast
carcinoma cells. Representative confocal immunofluoresence images of Muc1, E-cadherin,
N-cadherin, and ß-catenin in shAkt1 and shLuc cells (A). Representative western blots of
Muc1, E-cadherin, N-cadherin, ß-catenin in shAkt1 and shLuc cells with GAPDH serving as
a loading control (B). Scale bars indicate 50 µm. Arrow indicates nuclear localization of ßcatenin in shAkt1 cells.
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Figure 5. Dual immunofluorescence of Akt1 and N-cadherin in shAkt1 and shLuc cells.
Representative dual immunofluoresence images of Akt1 and N-cadherin in shAkt1 and
shLuc cells (A). Scale bars indicate 50 µm.
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Figure 6. Dual immunofluorescence of Akt1 and E-cadherin in shAkt1 and shLuc cells.
Representative dual immunofluoresence images of Akt1 and E-cadherin in shAkt1 and shLuc
cells (A). Scale bars indicate 50 µm.
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Suppression of Akt1 is sufficient to induce invasion in low metastatic potential MCF7
breast carcinoma cells via regulation of Twist and Snail1 expression
Recent evidence has shown that decreased levels of Akt1 suppress cell migration in
cells expressing IGF1-R, and correspondingly overexpression of Akt1 decreases migration
and invasion in breast cancer cells (18, 21). However, it has not previously been shown that
downregulation of Akt1 is sufficient to promote invasion. Due to the fact that our results
indicated that suppression of Akt1 is adequate to promote the EMT, we investigated if Akt1
promotes motility or induces invasion in low metastatic potential breast cancer cells. Our
results indicate that suppression of Akt1 did not increase motility in control inserts (Figure 7
A). However, Akt1 deficiency was sufficient to stimulate invasion through a matrigel assay
(Figure 7 B). This is striking considering that shLuc control cells were unable to invade the
matrigel assay, which is typical of MCF7 cells (Figure 7 B).
To begin to address the molecular mechanism, we examined gene expression of two
genes that promote EMT and subsequent invasion, Twist and Snail (22-24). Our results
demonstrate that shAkt1 cells exhibited significantly decreased expression of Akt1, indicating
suppression of Akt1 at the gene expression level (Figure 7 C). Akt1 deficiency led to a
significant 4-fold increased expression of Twist compared to shLuc controls. Snail1, an Ecadherin repressor member that can also interact with ß-catenin, was upregulated by nearly 8fold in shAkt1 cells as well (Figure 7 C) (23). These results suggest that in low metastatic
potential MCF7 breast carcinoma cells, the loss of Akt1 is sufficient to promote the EMT
subsequent invasion through the upregulation of Twist and Snail1.
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Figure 7. Akt1 deficiency is sufficient to induce invasion in MCF7 breast carcinoma
epithelial cells. Motility of shAkt1 and shLuc cells in 24 hours (A). Invasion index of
shAkt1 and shLuc cells in 24 hours (B). Gene expression of Akt1, Twist, and Snail in shAkt1
and shLuc cells (C). Data represented in bar plots as mean + standard error. Statistical
analyses were conducted using a two-tailed student’s t test. **p<0.01, *p<0.05 #p=0.1.
Experiments were repeated in triplicate.
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Inhibition of pAkt with suppression of Akt1 decreases the ability for shAkt1 MCF7 cells
to invade.
In order to address if pAkt activation was necessary for shAkt1 cells to invade, we
exposed shAkt1 and shLuc MCF7 cells to PI3K inhibitor Ly-294002 or a specific Akt1/2
inhibitor and performed motility and matrigel invasion assays. First we confirmed that
treatment with LY294002 or the Akt1/2 inhibitor reduced pAkt levels by western blot
(Figure 8 A). Interestingly, Akt2 levels were increased in control DMSO treated shAkt1
cells compared to control DMSO treated shLuc cells, but pAkt levels remained similar. Ly294002 or Akt1/2 inhibitor treatment both resulted in an opposite effect; Akt2 levels were
relatively higher in the Ly-294002 or Akt1/2 inhibitor shLuc cells compared to Ly-294002
shAkt1 cells. Similar to our initial invasion assay results, shAkt1 cells did not exhibit
significant increases in motility compared to shLuc cells, but Akt1-deficiency was again
sufficient to induce invasion (Figure 8 B, C). Treatment with Ly-294002 significantly
reduced motility in both shAkt1 and shLuc cells compared to respective shRNA DMSO
controls (Figure 8 B) Furthermore, Ly-294002 treatment significantly reduced invasion in
shAkt1 cells. Importantly, motility and invasion were more sufficiently inhibited with the
specific Akt1/2 inhibitor, which also further decreased pAkt levels. ShLuc were not able to
invade in the matrigel assay following any treatment (Figure 8 C).
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Figure 8. Suppression of pAkt reduces the motility and invasion in shAkt1 MCF7 cells.
Protein expression of Akt1, Akt2, and pAkt in shAkt1 and shLuc MCF7 cells treated with
DMSO control, Ly-294002, or an Akt1/2 Inhibitor (A). Motility of DMSO control or treated
shAkt1 and shLuc cells after 24 hours (B). Invasion index of DMSO control treated shAkt1
and shLuc cells after 24 hours (C). Statistical analyses were conducted using a two-way
ANOVA followed by a Tukey HSD test. **p<0.01, *p<0.05 compared to shAkt1 + DMSO.
##p<0.01 compared to shLuc + DMSO. Experiments were repeated in triplicate.
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DISCUSSION
Using both in vivo and in vitro models, these studies demonstrated that Akt1 is a
central regulator for breast tumor formation and breast cancer invasion. Using a chemical
carcinogenesis mouse model, we show that the lack of Akt1 delayed HAN formation and
reduced HAN burden. Here we show new evidence that Akt1 is critical for the initial
formation of HAN following exposure to a ubiquitous human carcinogen, but even in the
absence of Akt1 HANs will eventually form after a longer latency period.
The polycyclic aromatic hydrocarbon (PAH) dimethylbenz[α]anthracene (DMBA) is a
byproduct of the combustion of organic matter. Humans are ubiquitously exposed to DMBA
through cigarette smoke, vehicle exhaust fumes, and grilled foods. Of the lifestyle choices
and environmental factors associated with breast cancer risk, PAHs are a major class of
environmental carcinogens that play a significant role in breast cancer development. DMBA
is a model PAH that has been used to initiate mammary tumorigenesis in rodents.
While stromal compartments can influence the tumorigenic process, the mammary
epithelium is the main target of DMBA-induced carcinogenesis

(25). Breast tumor

development induced by exposure to PAHs such as DMBA is likely related to the total
number of undifferentiated cells available for exposure (26). Previously we have shown that
Akt1 deficiency results in a significant decrease in the number of alveolar buds in adult
mammary glands, so it is possible that there were less susceptible undifferentiated cell targets
for DMBA (8). Here we also show that Akt1 deficiency in human breast epithelial cells
results in a decrease in proliferation without increasing apoptosis. Therefore, a lack of
actively proliferating epithelial targets could be the resulting reason for decreased tumor
burden and a longer latency period for HAN formation following exposure to DMBA.
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It has previously been shown that TGFß and Akt1 si-RNA treated MCF10a cells
exhibit stem cell-like properties and have decreased expression of E-cadherin gene
expression, indicative of EMT (12). In our study we show that suppression of Akt1 is
sufficient to result in increases in Twist and Snail1 expression, which have been well
demonstrated to play critical roles in the promotion of EMT. Twist is frequently
overexpressed in human breast invasive lobular carcinomas, and has been shown to repress
differentiation and induce early cell dissemination (24, 27). Ectopic expression of Twist has
been shown to result in loss of E-cadherin repression, and promote cell motility.
Upregulation of Twist has also previously been shown to promote the EMT and subsequently
invasion and metastasis in breast carcinoma cells (24).We show that shAkt1 breast carcinoma
cells also demonstrate several hallmarks of the EMT, including loss of E-cadherin, increase
of N-cadherin, and ß-catenin nuclear localization. Decreased E-cadherin has been shown to
augment augments beta-catenin nuclear localization (28). ß-catenin nuclear localization
together with members of the LEF/TCF family can lead to activation of a number of cellular
pathways involved in carcinogenesis, such as activation of c-myc (29). This suggests that
loss of Akt1 promotes the EMT in MCF7 breast carcinoma cells because of the increased
expression of Twist.
Snail1, a member of the SNAIL family that has been shown to repress the expression
of epithelium-specific genes such as Muc1 and Claudin, was significantly increased in
shAkt1 breast carcinoma cells (23, 30). Interestingly, loss of Akt1 also resulted in a striking
decrease in Muc1 expression. Suppression of Muc1 has been show to play opposing roles in
proliferation in different breast cancer cell lines, and siRNA against Muc1 can increase
invasion in MDA-MB-468 breast cancer cell lines (31). However, Muc1 is normally
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expressed in the breast, and can serve an epithelial marker (32). We propose that in MCF7
breast carcinoma cells, suppression of Akt1 is sufficient to induce Snail1 expression, which
may be a contributing factor to the loss of Muc1 expression and subsequent EMT. The tumor
metastasis process occurs through many steps, with the initial step being invasion (33). The
EMT is observed during invasion and is implicated with the emergence of tumor metastasis.
Our data agree with previous reports that indicated that suppression of Akt1 in TGFß treated
or IGF-IR-stimulated breast cancer cells is involved with the promotion EMT and invasion in
breast cancer cells (12, 18). However, our data supplies new evidence that Akt1 repression is
sufficient to promote the EMT and induce invasion in low metastatic potential MCF7 breast
carcinoma cells, without the need for TGFß treatment or IGF-IR-stimulation. Likely, this
process was mediated by the induction of Snail1 and Twist expression via Akt1 suppression,
which consequently led to EMT stimulation processes and invasion induction.
We hypothesized that in the shAkt1 cells, pAkt were necessary for invasion.
Interestingly, concurrent treatment with the PI3K inhibitor LY-294002 was able to
significantly reduce motility of shLuc cells and both motility and invasion of shAkt1 MCF7
cells. Activation of Akt as demonstrated by pAkt was not affected by suppression of Akt1,
yet Akt2 levels were higher in shAkt1 cells. This suggests that activation of pAkt may occur
at Akt2 in shAkt1 MCF7 cells in a compensatory manner due to the deficiency of Akt1.
Given that Akt2 is frequently overexpressed in breast cancers and is associated with
metastasis, it is possible that the higher levels of Akt2 may promote the invasive phenotype
observed in the shAkt1 MCF7 cells (34). Furthermore, the suppression of pAkt reduced
motility and invasion, further suggesting that pAkt activation plays a critical role in the
invasive property of these cells. The inhibition of pAkt by an Akt1/2 inhibitor also resulted in
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significant decreases in motility and invasion. It is likely that the activation of Akt2
compensates for the loss of Akt1 in shAkt1 cells, which can lead to a more invasion
phenotype. Then, when the levels of Akt2 or pAkt are concurrently decreased, this invasion
phenotype is decreased. It is also possible that stable Akt1-deficiency in shAkt1 MCF7 cells
alters a number of downstream affects that allows the cells to maintain their ability to invade
even while pAkt is concurrently inhibited. Increased motility and invasive potential is
essential for metastasis, and the use of Akt inhibitors has been proposed for use in breast
cancer treatment (35). This data could be useful in the development of Akt inhibitors for
cancer treatment, given that while suppression of Akt1 decreases tumor proliferation, it
promote a more invasive phenotype in the tumor cells.
In summary, the data presented indicate that Akt1 promotes, but is not necessary to
induce, mammary epithelial hyperplasia formation in vivo. Similarly, loss of Akt1 reduces the
proliferation incidence in breast epithelial cells both in vivo and in vitro. The data also show
Akt1-deficiency is sufficient to induce EMT and promote invasion through the stimulation
Twist and Snail1 expression in MCF7 breast carcinoma cells. Overall these data implicate
direct roles for Akt1 in cellular proliferation, EMT promotion, and invasion in the breast
epithelium.
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Chapter 4.
Bisphenol A promotes mouse mammary
gland hyperplasia and stimulates cell cycle
progression and tamoxifen-resistance in
human breast carcinoma cells.

--------------Some of the figures presented in this chapter are under review (LaRocca J, Pietruska J, and
Hixon ML. “Bisphenol A stimulates cell cycle progression, proliferation, and tamoxifenresistance in MCF7 human breast carcinoma cells.” Under Review, Toxicology In Vitro.)
All the experiments in this section were performed by Jessica LaRocca with the following
exceptions: Dr. Jodie Pietruska performed western blot experiments and FACS analysis.

125

ABSTRACT
Exposure to Bisphenol A (BPA) is linked to abnormal mammary development and
hyperplasia, yet the underlying molecular mechanism(s) remain unclear. We investigated
the impacts of in utero exposure via oral gavage to low (50 µg/kg) and moderate (1,000
µg/kg) doses of BPA on the mammary gland in C57/Bl6 mice and of BPA-exposure to
MCF7 breast carcinoma cells. Mice exposed to BPA exhibited multiple alterations in the
adult mammary gland, including increased ductal area, alveolar bud number and
epithelial cell proliferation. BPA-exposed mice exposed to a single dose of
dimethylbenza[α]nthracene (DMBA) at adulthood exhibited increases in the incidence
and burden of hyperplastic alveolar nodules (HANs). Furthermore, physiologically
relevant doses of BPA enhanced MCF7 cell proliferation, in part due to stimulation of the
G1/S phase transition as indicated by increased expression of cyclin D1 and subsequent
phosphorylation of pRb. BPA-exposed MCF7 cells also exhibited resistance to the
growth inhibitory effects of the chemotherapeutic agent, 4-hydroxytamoxifen.
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INTRODUCTION
There is growing evidence that early life exposure to estrogenic compounds alters
the timing of mammary gland and breast development and may influence the lifelong risk
for breast cancer (1). Breast cancer continues to be a serious threat to women throughout
the world, and is the most common cancer of women in the western world. In the US
alone, breast cancer is diagnosed in approximately 200,000 women annually, and over
40,000 women die each year from the disease (2). Breast cancer prevention is critical,
since up to 15% of patients already have metastatic disease at the time of diagnosis, and
nearly 40% have regional spread of disease. Risk factors for breast cancer include current
age, race, age at menarche, age at first live birth, number of breast biopsies, and the
number of first-degree relatives with breast cancer. (3). However, over 80% of breast
cancers occur in women with no family history of the disease, highlighting a substantial
role for environmental exposures in mammary carcinogenesis.
Numerous chemicals within the environment, termed endocrine disruptors, exhibit
hormone-mimicking effects that interfere with the normal endocrine functions. Many
endocrine disruptors have estrogen-mimicking effects, including diethylstilbestrol (DES),
a synthetic estrogen and teratogen that is known to have harmful reproductive effects in
humans (4). The xenoestrogen bisphenol A (BPA) exhibits structural similarity to DES
(5-7), and is the building block of polycarbonate plastic. BPA is one of the highest
production volume chemicals produced worldwide, and is used in the manufacture of
plastic food containers, baby bottles, and linings of canned goods (8). Human exposure to
BPA is ubiquitous and occurs primarily by ingestion, as unbound monomers remaining
after polymerization leach from the plastic into food and beverages over time. (9).
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BPA is an estrogenic compound which targets steroid receptors, including
estrogen receptor alpha (ERα), membrane ER (mER), and G-protein coupled receptor 30
(GPR30) (10). Signaling through these non-classical pathways (GPR30) following BPA
exposure has been associated with cell proliferation, chemoresistance, and Erk1/2
activation (11, 12). Previous reports have indicated that perinatal exposure to BPA leads
to abnormal mammary gland formation and hyperplasia of the mammary ducts (13).
Early life exposure to BPA has also been shown to disrupt estrous cyclicity, mammary
gland postnatal development, and mammary gland tissue organization (14-16). Notably,
fetal rats exposed to BPA via osmotic pumps in the dam developed ductal hyperplasia
and carcinomas as adults (17). Additionally, in vitro exposure to low doses of BPA
confers chemoresistance in breast cancer cells independent of ERα, and may increase
breast cancer susceptibility and accelerate mammary tumorigenesis (12, 18-20).
The present study was designed to determine whether low to moderate doses of
BPA could perturb mouse mammary gland development leading to changes at both the
morphological and molecular level. Prior studies have indicated that BPA exposure
increases susceptibility to mammary hyperplasia and carcinogenesis in mice and rats
utilizing either osmotic pumps or oral gavage as dosing methods, respectively (13, 21).
We hypothesized that BPA alters postnatal development and likely alters growth
signaling in the mammary epithelium, but that mammary tumor formation would require
subsequent exposure to an environmental carcinogen, such as DMBA.

Our model

utilized C57/Bl6 mice, an appropriate model system to study effects of xenoestrogen
exposure in mammary glands (22) as well as MCF7 cells, a widely used human breast
carcinoma cell line of epithelial origin. The specific objectives of this study were to
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determine 1.) if perinatal exposure to BPA induced morphometric or molecular changes
in the pubertal and adult mammary gland that may promote the formation of HANs in a
DMBA carcinogenesis model and 2.) if exposure to low doses of BPA alters cell cycle
progression and proliferation in human breast epithelial cells.
MATERIALS AND METHODS
Exposure paradigm:
Bisphenol A (BPA, >99% pure) and diethylstilbesterol (DES, >97.5% pure) were
purchased from Sigma Aldrich (St. Louis, MO) and dissolved in sesame seed oil (Sigma
Aldrich). Timed pregnant C57/Bl6 mice purchased from Charles River Laboratories
(Wilmington, MA) were dosed via oral gavage with either sesame oil as a vehicle control
(n=12), 50µg BPA/kg (n=11), or 1,000µg BPA/kg (n=14) from gestational days (GD) 1016. As a positive control, DES was administered via oral gavage at 2µg/kg (n=14) from
GD 10-16. Doses were administered on a microgram per kilogram body weight basis and
adjusted daily for weight changes. Female offspring were sacrificed by CO2 asphyxiation
at postnatal day (PND) 25 or PND 56. Litter sizes ranged from 3-6 pups per litter at
weaning, and litters were not adjusted due to small litter size. Instead, females were
selected from each litter for different time points and experiments to minimize litter
effects. For mammary gland hyperplasia studies, female offspring from BPA-exposed
litters (1 per litter) were dosed via oral gavagae with 30 mg/kg DMBA at 3 months of age
and sacrificed at 11-12 months of age. We chose this method to attempt to induce small
amounts of hyperplasia in the animals, in order to address susceptibility following
exposure to BPA. Animals were housed in polycarbonate cages (not checked for estrogen
activity) and provided access to chow (Purina 5010) and water in a central pipe system ad
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libitum. The Purina 5010 diet contains 318 +/- 2 µg/kg of genistin and 4 +/- 0 µg/kg
genistein, which could potentially affect BPA activity compared to a diet with no soy
(23). Estrous cycle stage was determined by vaginal lavage cytology at PND 56. Body
weights and anogenital distance (AGD) were measured at PND 25 and PND 56. AGD
was measured from the base of the genitalia to the anus utilizing digital calipers (Control
Company, Friendswood, Texas). The Brown University Institutional Animal Care and
Use Committee approved all experimental animal protocols in compliance with National
Institute of Health guidelines.
Whole mount analysis:
Inguinal mammary glands were removed, fixed in Carnoy’s solution for 2-4 hours,
stained overnight in carmine aluminum solution, rinsed in alcohol and cleared in xylene
overnight. Whole mount images were obtained using a Zeiss Discovery V8
stereomicroscope equipped with an Axiocam MRc camera and Axiovert Software (Carl
Zeiss MicroImaging, Thornwood, NY). The specific criterion for scoring was based on
the age of the mouse being evaluated. Branch points were measured for PND 25
mammary glands. Ductal area was measured using the outline spline measurement
feature as the area occupied by the entire mammary gland at PND 25 and 56. Terminal
end buds (TEBs) and terminal ends and ducts were counted for both time points in the
Zone C area of the mammary gland, which for this study is defined as the area
comprising the outer 1 mm of the entire mammary gland (24). TEBs were defined as
having an area of ≥10,000 µm2 (25). Total ends were counted as TEBs plus terminal ends
and ducts. The percentage of TEBs was calculated by dividing the number of TEBs by
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the number of total ends. The incidence and burden (multiplicity) of hyperplastic alveolar
nodules (HAN) were determined by whole mount.
Apoptosis determination:
PND 56 mammary gland whole mounts were manually embedded in paraffin, and cut
into 7 µm sections for histological analysis. Following deparaffinization, mammary gland
sections were washed in 0.1% lithium carbonate to remove carmine aluminum stain.
Mammary glands were stained for apoptosis by the terminal deoxynucleotidyl transferase
(TdT) UTP nick end labeling (TUNEL) method using the ApopTag kit (Chemicon,
Temecula, CA) according to the manufacturer’s instructions, and tissues were
counterstained with hematoxylin. Digital images were captured using an Aperio
Scanscope Imagine System (Aperio Technologies, Vista, CA), and TUNEL-positive
nuclei in the epithelium were measured using the nuclear algorithm analysis on the
Aperio Imagescope v10.2 (Aperio Technologies). At least 500 epithelial cells per animal
were measured and TUNEL positive cells were expressed as a percentage of total number
of cells counted.
Immunohistochemistry:
PND 56 mammary sections were stained using the VectaStain Elite Avidin-Biotin
Complex Kit as directed by the manufacturer (Vector Labs, Burlingame, CA). Sections
were probed with a primary antibody against Ki67 (sc-7846, Santa Cruz Biotechnology,
Santa Cruz, CA, 1:100 in TBST). Sections were visualized using a 3,3’Diaminobenzidine Peroxidase Substrate Kit (Vector Labs). Digital images were captured
using the Aperio Scanscope Imagine System (Aperio Technologies, Vista, CA), and Ki67
positive nuclei in the epithelium were measured using the nuclear algorithm analysis on
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the Aperio Imagescope v10.2 (Aperio Technologies). At least 500 epithelial cells per
animal were measured and Ki67 positive cells were expressed as a percentage of total
counted cells.
MCF-7 cell culture:
MCF-7 cells, a generous gift from Dr. Edward Filardo (Brown University), were
maintained in phenol red-free DMEM/F-12 (Hyclone) supplemented with 10% fetal
bovine serum (Atlanta Biologicals, Atlanta, GA) and 0.1% penicillin/streptomycin
(Invitrogen) and grown at 37ºC in a humidified chamber containing 5% CO2/95% air. For
all experiments, MCF7 cells were grown in hormone-depleted exposure medium (phenolred free DMEM/F-12 (Hyclone) supplemented with 10% dextran charcoal-treated FBS
(CDFBS) (Hyclone) and 0.1% penicillin/streptomycin for 48 hours prior to trypsinization
and plating. Cells grown in phenol-red free CDFBS media exhibit slower growth
compared to growth in phenol-red free FBS media, but can still proliferate, similarly to
what has previously been shown (Figure 1) (26).
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Figure 1. Comparative growth of MCF7 cells in media supplemented with FBS or
CDFBS. Percent of cellular proliferation compared to day 0 following growth in CDFBS
or FBS. Data represented as mean +/- standard deviation. Experiments were repeated in
triplicate. Symbols represent results of two-sided t-test.*p<0.05.
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Cell proliferation and viability assays:
MCF7 cells were plated in exposure medium at a density of 100,000 cells per well in 6well plates and allowed to adhere for 24 hours prior to exposure to BPA, DES, or
Ethinylestradiol (EE) all of which were dissolved in ethanol (ETOH). ETOH
concentrations never exceeded 0.05% for any experiment. After 24, 48, and 72-hour
exposures, adherent and floating cells were collected, and total and viable cell number
were determined by Trypan blue exclusion using a BioRad TC10 automated cell counter
(BioRad). For concurrent tamoxifen treatment, MCF7 cells were plated in exposure
medium at a density of 100,000 cells per well in 6-well plates and allowed to adhere for
24 hours prior to exposure to BPA, DES, or EE in the presence or absence of (Z) 4Hydroxytamoxifen (≥ 98% pure, Sigma-Aldrich). After 0, 24 or 48-hour exposures,
adherent and floating cells were collected, and total and viable cell number were
determined by Trypan blue exclusion using a BioRad TC10 automated cell counter
(BioRad), and percent change in growth was calculated as the percent change in cell
number compared to day 0.
Flow cytometric analysis of cell cycle:
MCF7 cells exposed to BPA, DES, or EE for 24 or 48 hours were pulsed with
bromodeoxyuridine (BrdU, Sigma Aldrich) at a final concentration of 10 µM for three
hours before each timepoint. Adherent and floating cells were collected and fixed in a 1:2
solution of phosphate-buffered saline/70% ethanol. Nuclei were isolated by digestion in
0.08% pepsin/0.1N HCl, followed by DNA denaturation with 2N HCl and neutralization
with 0.1M sodium borate. Nuclei were stained with FITC-anti BrdU antibody (1:5, BD
Biosciences) and washed with immunofluorescence assay buffer (10mM HEPES pH 7.4,
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150mM NaCl, 4% fetal bovine serum, 0.5% Tween 20, 0.1% sodium azide). RNase A
(5ng/ml) and propidium iodide Staining Solution (BD Biosciences) were added to each
sample and FACS analysis was performed on a BD FACSCAlibur flow cytometer
equipped with 3.8 CellQuest™ analysis software.
Western blots:
MCF7 cells were treated as previously indicated, and floating and adherent cells were
collected, rinsed in PBS, and lysed in cold cell lysis buffer (50mM Tris 8.0, 250 mM
NaCl, 0.1% SDS, 1% NP-40, 5mM EDTA, 2mM sodium orthovanadate, 10mM sodium
pyrophosphate, 10mM sodium fluoride) supplemented with 10 µl/ml HALT
protease/phosphatase inhibitors (Thermo Scientific, Waltham, MA), and 1mM PMSF
(Roche, Indianapolis, IN). PND 56 mammary glands were pulverized in liquid nitrogen,
and lysed in cold lysis buffer as described for the MCF7 cells. Lysates were incubated on
ice for 20 minutes and cleared by centrifugation (13,200rpm, 10 minutes, 4°C). Protein
concentrations were determined using the DC Protein Assay (Bio-Rad) and thirty
micrograms of total protein was subjected to SDS-PAGE and transferred onto
Immobilon-P PVDF (Millipore, Billerica, MA). Membranes were blocked for 60 minutes
at room temperature in 5% non-fat milk/Tris-buffered saline/0.1% Tween (TBST).
Membranes were incubated for 2 hours at room temperature then overnight at 4°C in one
of the following antibodies: phospho-pRb (Ser780) (Cell Signaling, #3590, 1:1000 in 5%
BSA/TBST), pRb (Cell Signaling, #9309, 1:2000 in 5% BSA/TBST), cyclin A (Santa
Cruz, sc-596 1:200 in 5% milk/TBST), cyclin D1 (Thermo Scientific, SP4, 1:200 in 5%
milk/TBST), cyclin E (Santa Cruz, sc-481 1:200 in 5% milk/TBST) or GAPDH
(Ambion, AM4300, 1:4000 in 5% milk/TBST). Membranes were washed 3 times (5
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minutes per wash) in TBST, and incubated in horseradish peroxidase (HRP) conjugated
goat anti-rabbit IgG (1:2000, Cell Signaling or 1:10,000, Millipore, Billerica, MA) or
HRP goat anti-mouse IgG (1:2000, Cell Signaling or 1:10,000, Millipore). Membranes
were washed 3 times (5 minutes per wash) in TBST and once in TBS prior to
visualization using enhanced chemiluminescence (Thermo Fisher, Rockford, IL).
Statistical analysis:
For in vivo experiments, a one-way ANOVA followed by a Tukey HSD test was used to
determine statistical significance between BPA and sesame oil exposure groups. For
DES, a two-tailed student t-test was performed to determine statistical significance
between sesame oil and DES exposure groups. For body weights and AGD, litter
averages were used for each n. For other

in vivo experiments and statistics a different

animal from each litter was used per n. For in vitro experiments, a one-way ANOVA
followed by a Tukey HSD test was used to determine statistical significance for BPA
exposure groups. A two-tailed student t-test was performed to determine statistical
significant between ETOH and either DES or EE exposure groups. A two-way ANOVA
followed by a Tukey HSD test was used to determine statistical significance for BPA/4OH-Tamoxifen co-exposure groups. A Kruskal-Wallis chi-squared test for HAN
incidence and a Wilcoxon rank sum test for HAN burden. A p<0.05 was considered
statistically significant. Statistics were calculated using R (R Project, r-project.org).
RESULTS
To determine if maternal exposure to either BPA or DES resulted in overt
maternal toxicity to the dam, we examined dam weights daily during the exposure
interval. Dam weight gain remained similar for BPA and sesame oil groups at
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approximately 9 grams (Table 1). In addition, we detected no differences in the length of
gestation or gestational weight gain in either of the BPA exposed dams (Table 1) when
compared to the sesame oil control dams. In contrast, perinatal DES exposure increased
gestation length and both dam weight gain, indicating that while BPA exposure had little
effect on overt maternal toxicity, DES produced negative effects. With respect to effects
on offspring of exposed dams, BPA exposure did not affect offspring body weight at
either PND 25 or PND 56, while DES exposure resulted in decreased body weight at
PND 25, which was not sustained by adulthood (PND 56) (Table 2). Additionally,
perinatal exposure to DES, but not BPA, resulted in increased AGD by PND 56.
BPA exposure alters mammary gland area. Following perinatal exposure to BPA or
DES, we measured mammary gland area at PND 25 and PND 56 (Figure 2A-1H).
Exposure to BPA at the EPA environmentally safe dose (50 µg/kg) or exposure to DES
reduced mammary gland area at PND 25 compared to controls (p=0.01 and p=0.04,
respectively). Exposure to the moderate dose of BPA (1,000µg/kg) did not induce
changes in ductal area at PND25 (Figure 2I); however, by adulthood (PND56) mice
exposed to BPA (50 µg/kg [p=0.02], 1,000 µg/kg [p=0.04]) or DES (p=0.03) exhibited
increased mammary gland area compared to sesame oil controls (Figure 2J).
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Table 1. Pregnancy outcome parameters.
Mouse Exposure

Gestation

Dam Weight Gain

Group (N = #

Length

From GD10-GD16 (g)

Dams)

(days)

Sesame oil (N=12)

18.8 +/- 0.5

10.2 +/- 1.3

BPA 50 µg/kg

18.7 +/- 0.8

9.6 +/- 2.4

18.9 +/-1.1

9.5 +/-1.9

19.1 +/- 0.5#

8.2 +/- 1.5**

(N=11)

BPA 1,000 µg/kg
(N=14)

DES 2 µg/kg
(N=14)

#

p=0.1; *p<0.05; **p<0.01 compared to sesame oil controls.
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Table 2. Litter averages of reproductive parameters of mice following perinatal
exposure with BPA or DES.
Exposure

PND 25 Body

PND 56 Body

PND 56 AGD

PND 56

n=litters examined

Weight

Weight (grams)

(mm)

Adjusted AGD

(grams)

(mm/gram body
weight)

Sesame Oil (8)

11.09 +/- 1.02

19.54 +/- 2.20

5.26 +/- 0.77

0.27 +/- 0.04

BPA 50 µg/kg (7)

9.99 +/- 1.03

19.10 +/- 2.29

5.56 +/- 0.61

0.29 +/- 0.04

BPA 1,000 µg/kg

11.58 +/- 1.47

20.70 +/- 1.72

5.46 +/- 1.02

0.26 +/- 0.05

9.73 +/- 0.42*

20.42 +/- 2.72

6.89 +/- 1.41*

0.34 +/- 0.05*

(7)
DES 2 µg/kg (8)

*p<0.05 compared to sesame oil controls.
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Mammary gland developmental parameters following BPA exposure. Based on our
findings that BPA influenced mammary gland area during postnatal development, we
examined additional parameters of mammary gland development. By PND 25, perinatal
exposure to BPA did not alter the total number of branch points (Figure 3), the total
number of terminal ends (Figure 2K), or the number of TEBs at PND 25 (Figure 3),
while DES decreased the number of TEBs at PND 25 without affecting numbers of
branch points or total ends. Although the number of TEBs was comparable across all
exposure groups in adulthood, animals exposed to BPA (50 µg/kg or 1,000µg/kg) or DES
exhibited increased numbers of Zone C ends compared to controls at this timepoint
(Figure 3K). Since TEBs are maximally present during puberty, the ratio of TEBs to
total ends can be used as an indicator of the relative stage of the developing mammary
gland. We found no differences in the percentage of TEBs at both PND 25 and PND 56
for any exposure group (Figure 3), which suggests that BPA or DES did not affect the
relative phenotypic stage of mammary gland development using this exposure paradigm.
BPA exposure modifies epithelial apoptosis and proliferation in adult mammary
epithelial cells. Previous work indicates that BPA exposure influences cell survival and
apoptosis in a multitude of organs and cell types (21, 27). Based on this, and on our
previous evidence that perinatal BPA exposure leads to increases in both ductal area and
the alveolar bud population, we next examined apoptotic incidence and proliferation in
the epithelium of adult (PND 56) mammary glands (Figure 4A-2H). Although the
percentage of TUNEL-positive epithelial cells was not altered by BPA or DES exposure
(Figure 2I), the percentage of Ki67-positive cells increased following exposure to BPA
(50 µg/kg) or DES (Figure 4J). Furthermore, the ratio of apoptosis to proliferation,
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Figure 2. Whole mount analysis of mammary gland area following perinatal
exposure to BPA or DES. (A-H) Representative whole mounts of mammary glands at
PND 25 and PND 56 in mice treated perinatally with BPA or DES. Graphs of ductal area
measured at (I) PND 25 and (J) PND 56. (K) Total ends in the zone C section of PND 25
and PND 56 mammary glands. Data represented as mean plus standard deviation, n = 5-8
animals per exposure group/time point, each n represents an animal from a different litter.
Bar =1,000 µm. Symbols represent results of ANOVA followed by Tukey HSD or twosided t test for BPA or DES, respectively. *p<0.05, **p<0.01.
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Figure 3. Mammary gland developmental parameters following perinatal BPA or
DES exposure. (A) The number of branch points in BPA and DES-treated mammary
glands at PND 25. (C) TEBs in the zone C section of PND 25 and PND 56 mammary
glands. (C) The percent of TEBs of total ends at PND 25 and PND 56. Data represented
as mean plus standard deviation. n=5-8 animals per treatment group/time point, each n
represents an animal from a different litter. Symbols represent results of ANOVA
followed by Tukey HSD or two-sided t test for BPA or DES, respectively.*p<0.05.
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Figure 4. Perinatal exposure to BPA or DES enhances survival in adult mammary
epithelial cells. (A-D) Representative images of TUNEL staining in PND 56 mammary
glands exposed perinatally to BPA or DES. (E-H) Representative images of Ki67
immunohistochemistry in PND 56 mammary glands exposed perinatally to BPA or DES.
(I) Percentage of TUNEL-positive epithelial cells. (J) Percentage of Ki67-positive
epithelial cells. (K) Apoptotic index expressed as the ratio of percentage TUNEL-positive
to the percentage of Ki67-positive epithelial cells. Bar = 100 µm. Data represented as
mean plus standard deviation, n=3-4 animals per exposure group per experiment, each n
represents an animal from a different litter. Symbols represent results of ANOVA
followed by Tukey HSD or two-sided t test for BPA or DES, respectively. #p<0.1,
*p<0.05, **p<0.01.
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Figure 5. Perinatal BPA exposure increases the levels of ERα and pAkt in adult
mammary glands. Shown are representative western blots of ERα and pAkt in PND 56
mammary glands exposed in utero to sesame oil, BPA 50 µg/kg, BPA 1,000 µg/kg, or
DES 2 µg/kg. ß-actin served as a loading control.
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calculated by dividing the percentage of TUNEL-positive cells by the percentage of
Ki67-positive cells, was significantly lower following exposure to BPA (50 µg/kg) or
1000µg/kg ) or DES (Figure 4K). Given the statistically significant changes that
occurred in mammary gland outgrowth and apoptosis following BPA exposure and
considering the weakly estrogenic activity of BPA, we chose to assess protein expression
of the survival protein pAkt, and the classical estrogen receptor ERα adult mammary
glands. Protein expression by western blot reveals increased expression of ERα and pAkt
in BPA and DES-treated mammary glands (Figure 5).
In utero BPA exposure enhances the formation of HANs by 1 year of age. In order to
determine if in utero exposure to BPA influenced mammary tumorigenesis, we selected
random female offspring of BPA-exposed dams and administered a single dose of 30
mg/kg DMBA at 3 months of age. This dosing paradigm has previously been shown to
induce a small number of tumors in a rat model of mammary carcinogenesis (21). In our
C57/Bl6 model, perinatal exposure to 50 µg/kg BPA followed by DMBA exposure
increased both the incidence and burden (multiplicity) of hyperplastic alveolar nodules
(HANs) by 1 year of age (Figure 6A panel ii, 3B); however the increase did not reach
statistical significance. In contrast, exposure to the moderate dose of BPA (1,000 µg/kg)
or DES significantly increased both HAN incidence and burden (Figure 6B).
BPA exposure increases MCF7 cell proliferation and viability and promotes S phase
entry. In order to investigate the mechanisms by which BPA induces alterations in
mammary epithelial cell proliferation, we first evaluated the effect of BPA exposure on
proliferation and viability of MCF7 human breast epithelial cells. We exposed MCF7
cells to BPA at both physiologically relevant (0.001 µM, 0.01 µM), and non-
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Figure 6. Perinatal BPA exposure promotes the formation of hyperplastic alveolar
nodules following adult exposure to the environmental carcinogen, DMBA. (A)
Representative whole mounts of mammary glands at 1 year of age following treatment 30
mg/kg DMBA at 3 months of age and either sesame oil exposure (i), BPA 50 µg/kg
exposure (ii), BPA 1,000 µg/kg exposure (iii), or DES µg/kg exposure (iv). (B)
Hyperplastic alveolar nodule incidence and burden following BPA or DES and DMBA
exposures at 1 year of age. Arrows indicate hyperplastic alveolar nodules. LN= lymph
node. HAN=hyperplastic alveolar nodule. Symbols represent the individual results of a
Kruskal-Wallis chi-squared test for HAN incidence and a Wilcoxon rank sum test for
HAN burden. Tests were performed using sesame oil control as a reference. *p<0.05,
**p<0.01.
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Figure 7. BPA increases proliferation of human breast epithelial cells. (A) Percent of
cellular proliferation compared to hour 0 following exposure to ETOH control, BPA, or
DES at 0, 24, 48, and 72 hours of exposure. Data represented as mean +/- standard
deviation. (B) Percent viability of cells at 24, 48, and 72 hours of exposure. Data
represented as mean plus standard deviation. Experiments were performed in triplicate.
Symbols represent results of ANOVA followed by Tukey HSD for BPA or two-sided ttest for DES or EE. *p<0.05.
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physiologically relevant (0.1 µM, 1.0 µM, and 10.0 µM) doses and measured cell
viability and total cell number after 24, 48, and 72 hours of continuous exposure. Cells
exposed to either 0.1 µM DES or 0.01 µM EE were included as positive controls. After
48 hours of exposure, DES and EE significantly increased cell proliferation, whereas high
doses of BPA (1.0 µM, and 10.0 µM) had non-significant trends for increased cellular
proliferation (Figure 7A). After a 72-hour exposure, the highest doses of BPA (1.0 µM
and 10.0 µM) significantly increased cellular proliferation, similar to DES and EE
(Figure 7A). However, the lower doses of BPA did not exert any changes in cellular
proliferation at any time point compared to ethanol controls. The percent viability
(expressed as a percent of viable cells over total cells) was not affected by BPA at any
time point, and only DES significantly increased viability at 72 hours of exposure
(Figure 7B).
Since exposure to high doses of BPA increased MCF7 cell proliferation, we used
BrdU labeling and flow cytometric analysis to determine whether BPA altered cell cycle
progression. After a 24-hour exposure to both physiologically relevant and high doses of
BPA, we observed a dose-dependent increase in the percentage of cells in S phase, with a
concomitant dose-dependent decrease in the percentage of cells in G1, reaching
significance with the higher doses of BPA as well as with the positive controls (Figure 8,
9). The percentage of cells in S phase was also significantly increased by all doses in a
dose-dependent manner at 48 hours, and the highest doses of BPA stimulated S phase
entry to the same extent as DES or EE (Figure 8, 9). In order to investigate the effects of
BPA on cell cycle at the molecular level, we evaluated expression and phosphorylation of
pRb, as well as G1 and S phase cyclins after 6 or 12-hour exposures to BPA (Figure 10).
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Figure 8. BPA stimulates cell cycle progression in human breast epithelial cells.
Quantification of cell cycle phase distribution following a (A) 24 hour or (B) 48 hour
exposure to BPA. Experiments were performed in triplicate and results represented as
mean plus standard deviation. Symbols represent results of ANOVA followed by Tukey
HSD for BPA or two-sided t test DES or EE. *p<0.05, **p<0.01.
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Figure 9. FACS cell cycle profiles following BPA exposure. Representative cell cycle
profiles of MCF7 cells exposed to ethanol control, BPA, DES, or EE for (A) 24 or (B) 48
hours.
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Figure 10. BPA modulates the expression of cell cycle proteins. MCF7 cells were
treated with various concentrations of BPA, DES, EE, or ETOH control for 6, 12, 24, or
48 hours and probed for several proteins involved in the cell cycle. Shown are
representative blots for p-pRB, pRB, Cyclin D1, Cyclin E, and Cyclin A. GAPDH served
as a loading control.
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BPA exposure increased cyclin D1 expression at 6hr, which persisted at 12hr and
occurred concomitant with increased phosphorylation of pRb, both of which are required
for passage through the G1/S restriction point. Expression of cyclin E, which is elevated
during late G1 and S phases and declines in G2, increased in response to BPA after 12hr,
but decreased after 24, and to a greater extent, 48 hours, concomitant with increases in
cyclin A, indicating progression through S phase (Figure 10). Taken together, the cell
cycle analysis by flow cytometry and Western blot indicate that BPA promotes the G1/S
phase transition in MCF7 cells.
BPA co-exposure in MCF7 cells confers resistance to the anti-proliferative effects of 4OH-Tamoxifen. Having demonstrated that BPA exposure promotes proliferation and
supports cell cycle entry, we next examined if BPA exposure can confer resistance to 4OH-Tamoxifen, a more potent form of tamoxifen that has a binding affinity for estrogen
approximately 33-fold higher than that of the parent compound tamoxifen (28). MCF7
cells were exposed to ETOH as a vehicle control, 4-OH-Tamoxifen, or BPA, DES, or EE
in combination with 4-OH-Tamoxifen (10µM) at a dose sufficient to significantly inhibit
cell proliferation (53.7 +/- 13.4 % increased cell quantity from day 0 for control vs 0.3 +/16.8 % increased cell quantity from day 0 for TAM), but not induce apoptosis (96.3 +/1.5 % viability for control vs.92.8 +/- 1.9 % viability for TAM), by 48 hours (Figure 11).
Similar to DES and EE, BPA exposure significantly abrogated the growth inhibitory
effects of 4-OH-Tamoxifen, indicated by increased cell number compared to 4-OHTamoxifen alone. These results are consistent with previous studies showing that BPA
can confer resistance to high doses of several other chemotherapeutic agents (12, 18).
Strikingly, our results indicate that exposure of human breast carcinoma cells to BPA,
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Figure 11. BPA co-exposure confers resistance to 4-OH-Tamoxifen in MCF7 cells.
MCF7 cells were co-exposed to various concentrations of BPA, DES, or EE, with an
additional dose of 10 µM 4-OH-Tamoxifen for 48 hours. A negative ETOH control, a
positive BPA treatment (1 µM) alone, as well as TAM alone was used to measure effects
for TAM treatment alone. TAM=4-OH-Tamoxifen. Data represented as percent change in
cellular proliferation compared to day 0. Symbols represent results of a two-way
ANOVA followed by a Tukey HSD test for BPA/4-OH-Tamoxifen or two-sided t-test for
TAM vs. Control and Control vs. BPA. ##p<0.01 compared to control. +p<0.1, *p<0.05,
**p<0.01 compared to TAM.
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including at physiologically relevant levels, confers resistance to the anti-proliferative
effects of 4-OH-Tamoxifen.
DISCUSSION
Previous reports have found that early life exposure to BPA induces changes in
the adult mammary gland, including morphological changes, hyperplasia, and a shifting
of the window of susceptibility for mammary carcinogenesis (13, 27, 29). In this study,
we report that exposure to BPA at moderate and low doses induce proliferative changes
both in vivo and in vitro. Specifically, BPA exposure in vivo resulted in increased
mammary gland branching, morphogenesis, and mammary epithelial cell proliferation,
and BPA exposure in vitro promoted cell cycle progression past the G1/S restriction
point, thus enhancing cell proliferation.
The method of BPA exposure to animals currently remains a controversy. In this
study we administered BPA via oral gavage, as humans are primarily exposed to BPA by
ingestion. Other methods of exposure such as injection or osmotic pumps circumvent
first-pass metabolism of the liver, resulting in a higher internal dose. Importantly, a recent
study indicates that most BPA that humans ingest is quickly eliminated in the urine (30).
This study found that concentrations in the urine were on average 42 times higher than
what was found in the serum, and 83% of the serum samples had undetectable total BPA
levels. Importantly, it is the levels of bioactive BPA (not conjugated) in serum that would
present a concern for exposure, because it is blood, not urine, that reaches target organs.
While internal BPA measurements were not made in our study, the initial metabolism of
BPA by the dam would result in a much lower internal dose to reach the developing fetus
compared to that of the original dose given to the dam. We believe that oral gavage most
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accurately represents human exposure to BPA, making our study more relevant than
others that use injections or pumps. Frequently, the use of these pumps is used as a
method to study developmental biology, rather than the toxicology itself. Particularly,
these pumps will constantly release BPA into the bloodstream, which is not how humans
are exposed since the liver must first metabolize the compound. Again, considering that
urine levels do not correspond to internal BPA measurements, we propose that urine
levels should not be considered physiologically relevant doses with injections or pumps.
Likely, this is why mammary tumors development in vivo from so called “physiologically
relevant” exposures with the use of pumps.
Considering the sensitivity of the developing fetus to toxicant exposure and the
widespread presence of BPA in both fetal and maternal serum in humans, we focused on
the effects of BPA exposure from gestational days 10-16, which corresponds to the major
period of organogenesis in the mouse and during which the rudimentary mammary duct
is formed. (7). We utilized the C57/Bl6 mouse as it is sensitive to perinatal BPA
exposure, and is appropriate to study the effects of BPA in the mammary gland (22). It
should be noted that we observed infanticide in the C57/Bl6 strain, which accounts for
the differences in original dam numbers and litter numbers (Tables 1 and 2). The
aggressive behavior results in a range of 3-6 pups per litter by weaning, but as previously
shown levels of litter viability were not significantly altered following BPA exposure
(31). The low dose of BPA used in this study is equivalent to the EPA oral reference dose
for BPA (50 µg/kg per day, BPA 50), while the moderate dose (1,000 µg/kg-day, BPA
1,000), is 50 times lower than the EPA’s lowest observable adverse effect level (LOAEL)
for rats and 130 times lower than the EPA’s LOAEL for mice. We administered DES at a
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dose of 2µg/kg, as doses above 5 µg/kg can result in opposite effects relative to lower
doses (9).
Given the high doses of the EPA reported LOAEL for BPA, we did not find it
surprising that perinatal BPA exposure had no effect on body weights. While DES
exposure resulted in increased AGD, exposure to BPA did not alter AGD compared to
control, suggesting that exposure to low to moderate doses of BPA dose not affect this
aspect of sexual development in females. These results are consistent with previous
reports using other mouse strains (32, 33). We have also previously shown that the testis
is not a sensitive organ to BPA at these same doses (31). However, effects on additional
parameters of mammary gland development did occur in this study, indicating that the
mammary gland is a particularly sensitive organ to BPA. Previous reports have shown
that early life exposure to BPA alters DNA synthesis and histoarchitecture in the
development mammary gland (15). The initial number of branch points in pubertal
mammary glands was unaltered in both BPA and DES exposure groups, indicating that
the formation of the rudimentary ductal structure was not affected. However, by
adulthood exposure to BPA (BPA 50 or BPA 1000) or DES resulted in a significant
increase in ductal area, which is similar to previously published results (13, 34). It has
also been shown that early life exposure to BPA increases estrogen sensitivity in the
mouse, which is in agreement with the increased mammary ductal area and increased
expression of ERα we observed (22). The number of terminal ends was also significantly
increased following exposure to BPA. Importantly, the body weights of the animals
exposed to BPA were not affected, indicating that the increased mammary gland size was
not simply due to increased body weight. This suggests that, following BPA exposure, a
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more pronounced surge in mammary gland growth occurs during puberty. Previous
research has shown that early life exposure to low levels of BPA via osmotic pumps can
disrupt estrous cyclicity in mice, and given that the mammary gland is an estrogensensitive organ, disrupted hormone levels could alter the developmental programming
and adult structure of the mammary gland seen in our study (14).
We also report that mammary glands from mice exposed perinatally to BPA and
DES exhibited increased Ki67 positivity across all exposure groups. Recent evidence
suggests that BPA is capable of increasing proliferation within the mammary gland, as
indicated by increased angiogenesis in adult female offspring of BPA-exposed dams (35),
increased mammary gland intraductal hyperplasia, and increased Ki-67-positivity in
beaded ducts and their associated alveolar buds (13). Here we show that, in a
carcinogenesis model, perinatal exposure to BPA increases the incidence of hyperplastic
alveolar nodules, which are the murine equivalent of human atypical lobular hyperplasia,
and are precursors to breast tumors (36-38). Our chemical carcinogenesis mouse model
utilized DMBA, a well-characterized PAH that has been used previously to induce
mammary tumors in rodents (39). A recent report revealed that perinatal exposure to BPA
can increase susceptibility to DMBA-induced mammary hyperplasia, but the authors did
not find changes in mammary development with respect to ductal length; however ductal
area, alveolar counts and immunohistochemistry were not examined (19). The major
targets of DMBA are proliferating epithelial cells, and greater numbers of proliferating
epithelial cells provides more targets for DMBA-induced hyperplasia (40). Our study
provides new evidence that perinatal BPA exposure increases alveolar bud bifurcation,
which correlates with increased terminal end number and epithelial cell proliferation. We
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also found in vitro that BPA increased cellular proliferation but did not alter the viability
of mammary epithelial cells at several time points, indicating effects on proliferation
rather than apoptosis. We also see increases in the levels of pAkt following BPA
exposure, which may influence the increased proliferation observed in the epithelial cells.
We propose that BPA exposure increases mammary epithelial cell proliferation, thereby
increasing the number of targets for DMBA and ultimately, the incidence of HANs in the
adult mammary gland.
In order to address the mechanistic basis of BPA-induced increases in mammary
epithelial cell proliferation in a model relevant to human mammary gland function and
carcinogenesis, we exposed estrogen receptor-positive MCF7 breast carcinoma cells to
BPA, DES, or EE and investigated changes in cell number, viability, and cell cycle
progression. Prior research has indicated exposure to high levels of BPA activates
endogenous ERα and promotes proliferation in MCF7 cells (41, 42). We used
environmentally relevant doses of BPA (0.001 µM and 0.01 µM) which are within the
range of detectable BPA levels observed in maternal and fetal serum during pregnancy
(7). Additionally, we used higher doses of BPA (1 µM, 10 µM), and DES or EE, given
the similarity between BPA and endogenous estrogens. We found that by 72 hours, high
doses of BPA (1 and 10 µM) but not environmentally relevant doses (0.001 µM and 0.01
µM) significantly increased cellular proliferation. It has been previously shown that
similarly low doses of BPA (0.001 µM) can significantly promote cellular proliferation in
other cell lines regardless of estrogen-receptor status, which differs from our results (12,
43). MCF7 cells and other breast cancer cell lines such as T47D and MDA-MB-478
express nonclassical estrogen receptors such as ERRα, ERRß, and ERRγ, and recent
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evidence has shown that BPA can bind with members of the estrogen receptor-related
(ERR) family, particularly ERRγ (12, 44-46). Considering that ERRγ can modulate
estrogen signaling and proliferation in breast cancer cells, and the fact that prior studies
have found significant differences in cell proliferation following exposure to low doses of
BPA, it is possible that different breast cancer cell lines have different levels of ERR
activity following BPA exposure, which may account for differences in cell proliferation
(45).
Similar to the proliferation results, higher doses of BPA elicited a stronger
response with respect to DNA synthesis, indicated by increased percentages of cells in Sphase at 24 hours. By 48 hours of exposure, all doses of BPA, including physiologically
relevant doses, increased the percentage of cells in S-phase and decreased the percentage
of cells in G1, in a dose-dependent manner. Additionally, we observed small but
significant decreases in G2/M found only at higher exposures (Figure 5, B), suggesting
that BPA exposure may also increase the duration of S phase. Earlier and increased entry
into S-phase after only 24 hour exposures to high doses of BPA, DES, or EE could
account for increased total cell proliferation by 48 and 72 hours that was not observed at
lower doses.
Our study also provides novel evidence that BPA exposure alters cell cycle
control through the regulation of G1/S phase cell cycle regulatory proteins. Western blot
analysis of MCF7 cells exposed to BPA for 6 or 12 hours indicates that BPA alters the
levels of proteins involved in cell cycle progression, in particular those required for
regulation of the G1/S phase restriction point. After 6 hours, we observed increased
expression of cyclin D and cyclin E, which are required for hyperphosphorylation
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(inactivation) of pRb, which occurred by 12 hours, indicating G1/S phase transition. At 12
hours, we also observed an increase in cyclin A protein levels, which is essential for Sphase progression and entry into mitosis. The decreases in phospho-pRb at 48 hours
following BPA exposure could indicate that the cells are in late S-phase, as phospho-pRb
is decreased in G2/M. Accordingly, FACS analysis at these doses at the 48 hour timepoint
appear shifted, again indicating late S-phase rather than early.
Breast cancer prevention is critical given that breast cancer is the most common
cancer in women in the western world and the second leading cause of death. A woman
has a 1 in 8 lifetime risk of developing breast cancer, with risk increasing with age (47).
Tamoxifen is an FDA approved anti-estrogenic drug that is used in the treatment and
prevention of breast cancer, and resistance to tamoxifen is a major challenge for breast
cancer patients (48). BPA exposure has been shown to antagonize the effects of
chemotherapeutic drugs such as cisplatin and doxyribicin in breast cancer cell lines
including the estrogen receptor-postive T47D and estrogen-receptor negative MDA-MB468 cell lines (12, 43). Similarly, we show that in estrogen receptor-positive MCF7 cells,
exposure to BPA, including at physiologically relevant levels, concurrently with the
active tamoxifen metabolite 4-OH-Tamoxifen significantly decreases the antiproliferative effects of the chemotherapeutic.
CONCLUSIONS
Our data indicate that BPA promotes proliferative signaling as evidenced by
decreases in TUNEL/Ki67 ratio in BPA-exposed mammary glands, as well as, increases
in phosphorylation of the phosphor-pRb following BPA exposure in vitro. The increases
in cellular proliferation observed both in vivo and in vitro are due, in part, to enhanced
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survival signaling and cell cycle modulation, rather than suppression of apoptosis. This
was observed in vivo by increases in Ki67 with no change in apoptosis, and in vitro by
increases in cell proliferation and cell cycle progression, but no changes in viability.
Furthermore, co-exposure with BPA and the antiestrogen 4-OH-Tamoxifen not only
resulted in significant resistance to the chemotherapeutic drug, but also resulted in nonsignificant increases in cell proliferation compared to control.
Clinically, the ability for chemotherapeutic agents to kill breast cancer cells is
imperative for survival outcomes. Our results suggest that the environmental toxicants
such as BPA may have negative influences on not only the initiation of mammary gland
hyperplasia but also on treatment efficacy by antagonizing the growth inhibitory effects
of anti-estrogenic chemotherapeutic agents. Overall, our data implicate a role for BPA in
the promotion of mammary gland postnatal branching, aberrant mammary epithelial cell
proliferation, tumor formation, and 4-OH-Tamoxifen resistance via cell cycle progression
and survival signaling.
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Chapter 5.
Conclusions and Future Directions

169

Overview:
Breast cancer is a serious threat to women worldwide, with the highest incidence
occurring in developed countries. It is the most common cancer in women in the western
world and the second leading cause of death. Breast cancer prevention is critical given
that at diagnosis up to 15% of patients already have metastatic disease, and nearly 40%
have regional spread of disease. When one considers that over 80% of breast cancers
occur in women with no family history of the disease, the hypothesis that the role of
environmental exposure(s) likely plays a role in breast cancer development emerges.
Therefore, understanding the role(s) of environmental exposure(s) and genetic
alteration(s) that lead to breast cancer promotion and progression remains critical for the
improvement of prevention and therapeutic strategies.
The work presented in this thesis contributes to the understanding of genetic and
environmental influences of survival signaling to mammary gland postnatal development
and cancer progression. The results in Chapter II illustrate that Akt1 is essential for proper
postnatal development in the murine mammary gland. The results in Chapter III illustrate
that while the loss of Akt1 prevents the formation of HANs in the mammary gland, it also
promotes the EMT and invasion, giving surviving tumor cells a much more aggressive
phenotype. The results in Chapter IV illustrate the early life exposure to BPA induced
morphometric changes in the adult mammary gland, and also promoted the formation of
HANs. BPA exposure also increased mammary epithelial cell proliferation and cell cycle
progression. A summary of these findings is now described.
Akt1 is essential for proper postnatal mammary gland development
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Mammary gland postnatal development is an intricate process requiring a
multitude of proper signaling pathways. In this thesis, we utilized Akt1+/+ and Akt1-/C57/Bl6 female mice to demonstrate that Akt1 is required for normal mammary gland
postnatal development and homeostasis. Akt1 deficiency resulted in severely delayed
postnatal mammary gland growth as well as a significant decrease in the number of
terminal end buds during puberty. While this differs from prior studies that indicated that
Akt1 deficiency did not alter postnatal development, our studies examined much earlier
time points in development that prior researchers ignored (1). Furthermore, building on
studies which demonstrated that Akt1-/- dams had decreased milk production, we show
that the Akt1-/- mammary gland exhibits increases in apoptosis, has fewer alveolar ends,
and has decreased Btn1a1 expression, a gene that is essential to milk production (2).
Considering the alveolar buds are the site of milk production, we speculate that fewer
alveolar buds and increases in apoptosis contribute to the impaired milk production
observed in the Akt1-/- lactating mammary gland (3, 4).
Akt1 regulates tumor formation, the EMT, and invasion
In humans, the PI3K/Akt pathway is the most commonly altered pathway in
human cancer, including breast cancer (5). To identify a functional role for Akt1 in breast
cancer promotion in vivo, we exposed adult female Akt1+/+ and Akt1-/- C57/Bl6 mice to
a single dose of 30 mg/kg of the carcinogen dimethylbenz[α]anthracene (DMBA), and
analyzed mammary epithelial cell proliferation and tumor initiation over several time
points. This chemical carcinogenesis method differs from many of the prior studies,
which have routinely utilized transgenic mouse models including MMTV-ErbB2/Neu (1).
In this thesis, we also showed that Akt1 ablation results in decreased aberrant mammary
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epithelial proliferation, increased tumor latency and reduced tumor burden. These results
mimic those seen previously in MMTV-ErbB2/Neu lacking Akt1, adding to the argument
that Akt1-deficiency plays a protective role in mammary tumor formation (1). To
determine a functional role for Akt1 in the epithelial mesenchymal transition (EMT) and
invasion, we utilized retroviral-mediated shRNA knockdown of Akt1 in human breast
MCF7 cells. We analyzed proliferation, motility, invasion, cellular morphology and
several makers for the EMT. Suppression of Akt1 by shRNA in human breast MCF7 cells
results in a significant increase in the ability to invade in a Matrigel assay, while at the
same time there is a significant decrease in the growth rates of these cells compared to
controls. Additionally, alterations of several markers, including Muc1, E-cadherin, and
N-cadherin, indicate that suppression of Akt1 promotes the EMT, which likely contribute
to the invasive phenotype. Furthermore, suppression of Akt1 was sufficient to induce the
EMT as well as promote invasion through the regulation of the E-cadherin repressors,
Twist and Snail1. Previous reports have indicated that the down-regulation of Akt1 in
IGF-IR hyperstimulated nontransformed MCF-10A breast epithelial cells and in TGFß
treated MCF-10A cells resulted in an EMT like phenotype (6, 7). Our study differs in that
suppression of Akt1 was sufficient to induce the EMT as well as invasion. One possible
reason is that the MCF7 cell is a transformed carcinoma cell, and can produce its own
growth factors. The secretion of growth factors, such as TGFß , in these cells may allow
for the induction of the EMT and invasion following suppression of Akt1. MCF10A cells
are nontransformed cells, which is likely why the additional hyperstimulation or TGFß
treatment is required to induce the EMT. Additionally, in our studies the ability to invade
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in shAkt1 cells was decreased when treated with suppressors for pAkt, indicating that
activation of pAkt promoted invasion in these cells.
BPA exposure alters postnatal mammary gland development in the female
Early life exposure to Bisphenol A (BPA) may be linked to abnormal
development in male and female reproductive systems. To asses this, pregnant C57/Bl6
mice were exposed via oral gavage to sesame oil, 50 µg/kg BPA, 1,000 µg/kg BPA, or 2
µg/kg diethylstilbesterol (DES) as a positive control from gestational days 10-16.
Offspring were autopsied at postnatal day (PND) 56. An additional set of adult female
offspring were exposed to 30 mg/kg of the carcinogen, dimethylbenza[α]nthracene
(DMBA), and autopsied at one year of age. In adult male offspring, no changes in
anogenital distance, sperm production, germ cell apoptosis, or gene expression associated
with sexual maturation in the testes were observed following exposure to BPA (See
appendix). Recent evidence suggests that BPA is capable of increasing proliferation
within the mammary gland, as indicated by increased angiogenesis in adult female
offspring of BPA-exposed dams (8), increased mammary gland intraductal hyperplasia,
and increased Ki-67-positivity in beaded ducts and their associated alveolar buds (9). In
our study, in utero BPA exposure resulted in significantly increased ductal area, alveolar
end number, and epithelial cell proliferation in the adult mammary gland, which is in
agreement with prior research. However, our study differs in that we utilized oral gavage,
which more accurately recapitulates human exposure. The prior reports used injections or
internal pumps to expose the animals to BPA, which is NOT physiologically relevant to
how humans are exposed. We believe that because we used the more appropriate dosing
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method, the internal dose was much lower due to first pass metabolism by the liver,
resulting in much less severe reproductive abnormalities.
In our studies we also show that BPA and DMBA-exposed mammary glands
exhibited significant increases in epithelial proliferation, and the incidence and burden of
hyperplastic alveolar nodules. Likely, this is due to the increased number and epithelial
proliferation of the adult mammary alveolar ends. To further explore a molecular
mechanism, MCF7 human breast carcinoma cells were exposed to physiologically
relevant doses of BPA, which exhibited significant alterations in the percent of cells in
G1, S, and G2/M by 48 hours. Exposure to BPA also caused significant increases in
cellular proliferation, chemotherapeutic resistance, and modulation of several proteins
involved in cell cycle progression. In summary, our data indicate that the female
mammary gland, and not the male testis, is a susceptible target organ to BPA when
exposed via oral gavage to moderate doses.
Connecting the Dots:
There were several objectives in this thesis regarding the mammary gland as an
overall theme:
1. Akt1 is essential for postnatal mammary gland development. The absence of Akt1
in the female murine mammary gland resulted in severely delayed postnatal
development marked by a decrease in terminal end buds and terminal ends, a
change that persists into adulthood. The loss of Akt1 also resulted in decreased
mammary epithelial cell proliferation, observed both in vivo and in vitro.
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2. Akt1 promotes the formation of HANs, but inhibits the EMT and invasion. Our
data suggest that this is likely due to the regulation of Akt2 and the activation of
total pAkt.
3. BPA exposure disrupts postnatal mammary gland development, notably by
altering the architecture of the adult mammary gland by increases in size and
terminal ends. BPA exposure also increased the levels of pAkt, suggesting a link
between BPA exposure and Akt activation. See Figure 1 for a diagram depicting
how BPA or Akt1 can influence mammary gland development and cancer
progression.

175

Figure 1. Akt1 and BPA can both influence postnatal mammary development and
HAN formation. Shown is a diagram of the growth of the postnatal mammary gland
through the fat pad, and Akt1 and BPA both influence postnatal end bud bifurcation to
form the adult mammary gland (A). Under the influence of environmental carcinogen
exposure, epithelial cells may proliferate to form aberrant HANs. Akt1 and BPA
exposure promotes the formation of HANs (B). Cancer cells that are able to escape the
primary tumor undergo several phenotypic changes and enter the bloodstream, where
they travel to distant organs in the body. Akt1 inhibits the EMT and invasion (C).
HAN=hyperplastic alveolar nodule. BPA=Bisphenol A.
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Future Directions:
The observations presented in this thesis regard the separate roles of Akt1 and
BPA exposure in mammary gland postnatal development and mammary tumor
progression. Regarding Akt1, there are still several questions that remain to be
elucidated:
1. Considering that the loss of Akt1 promotes the EMT and invasion in vitro, the
loss of Akt1 on invasion in vivo should also be examined. It is possible that in
vivo, the Akt isoforms can contribute to tumor surveillance and/or the acquiring of
a metastatic phenotype. A potential future experiment would be to utilize a mouse
breast cancer cell line, EO771. In these experiments EO771 cells would be
injected into the fat pads of syngenic Akt1+/+ and Akt1-/- C57/Bl6 mice.
Furthermore, considering that suppression of Akt1 by shRNA in MCF7 breast
carcinoma cells was sufficient to induce invasion, and that concurrent suppression
of either Akt2 or pAkt reduced motility, we propose that suppression of the Akt
isoforms regulates the expression of Matrix metalloproteinases (MMPs). MMPs
are proteolytic enzymes that can regulate numerous cell behaviors in cancer
biology, namely invasion and metastasis (10). Hence, a potential future
experiment would be to utilize gelatin zymography to detect MMP activity in
shLuc and shAkt1 MCF7 cells treated with Akt1/Akt2 or pAkt inhibitors. We
hypothesize that the lack of Akt1 in vivo will result in a deficient ability in tumor
surveillance. We further hypothesize that EO771 cells lacking Akt1 will exhibit
increased invasion and metastasis in vivo, but this will be effect will be decreased
in the absence of Akt2. Lastly, we hypothesize that shAkt1 MCF7 cells will
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exhibit increased MMP activity, and this activity will be decreased following
suppression of Akt2 or pAkt. Please see Figure 2 for a diagram depicting these
theories. Briefly, in order to further understand the roles of Akt1 in breast tumor
invasion, the experimental paradigms would be as follows:
a. EO771 Cell Culture: EO771 cells will be grown and maintained in 20%
FBS phenol red-free DMEM serum, 0.1% penicillin/streptomycin in a
humidified atmosphere (5% CO2/95%air). Retroviral-mediated shRNA
knockdown will performed as described in chapter 3. Oligonucleotides
containing targeting sequences for firefly luciferase [short-hairpin
luciferase (shLuc)] controls and mouse Akt1 (shAkt1) and mouse Akt2
(shAkt2) will be designed and cells will be maintained in 1.0 µg/ml
puromycin.
b. Tumorigenicity Assay: Female Akt1+/+ and Akt1-/- transgenic C57BL/6
mice (5-7 weeks old) will be injected with 500,000 shRNA EO771 cells
into the mammary fat pad. See Figure 3 for the proposed experimental
paradigm and the list of shRNA EO771 cell lines to be injected into
transgenic Akt1+/+ and Akt1-/- mice. Mice will be palpated daily to
examine for tumor formation. When tumor size reaches > 1mm in
diameter, mice will be sacrificed and examined for tumor formation,
tumor multiplicity, tumor volume, incidence of metastasis, and metastasis
location.
c. MCF7 Cell Culture: MCF-7 cells will be cultured in phenol red-free
DMEM/F-12

(Hyclone),

10%

fetal

bovine

serum,

0.1%
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penicillin/streptomycin in a humidified atmosphere (5% CO2/95%air).
Retroviral-mediated shRNA knockdown for shLuc and shAkt1 will be
performed as described in Chapter 3. Knockdown cells will be maintained
in 1.0 µg/ml puromycin.
d. Gelatin zymography: Geltain zymography will be utilized to detect levels
of MMP2 and MMP9. shAkt1 and shLuc cells will be treated with DMSO,
2 µM LY-294,002 (Sigma), or 2 µM Akt1/2 kinase inhibitor (Sigma) for
24 hours.

Cell supernatants will be denatured in the absence of β-

mercaptoethanol and electrophoresed in a 10% SDS-polyacrylamide gel
containing 0.1% gelatin. Following electrophoresis, the gel will be washed
for SDS removal and dialyzed twice with gentle shaking at room
temperature for 30 min using renaturing buffer. The gel will placed in
activation buffer and incubated at 37°C with gentle rocking overnight.
Coomassie blue staining with gentle shaking will be performed for 1 h at
room temperature. The gel will be destained with double-distilled water
until white bands are observed within a dark blue background.
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Figure 2. Potential input of Akt1 in breast cancer cell migration. A schematic
representation of the potential roles of Akt1 in the promotion of the EMT and invasion.
MMPs =matrix metalloproteinases, EMT=epithelial to mesenchymal transition.
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Figure 3. Proposed experimental paradigm. To determine the influence of the Akt1
and Akt2 isoforms in invasion, metastasis, and tumor surveillance, E0771 mouse
mammary cells will be injected into syngenic C57/Bl6 mice. The specific shRNA cell
lines to be injected into either Akt1+/+ or Akt1-/- animals are listed in the table. Animals
will be sacrificed when tumor size reaches a diameter of >1 mm. Animals will be
monitored for survival, tumor metastasis, tumor volume, and tumor burden. Furthermore,
molecular studies will include the expression of the Akt1 and Akt2 isoforms in the tumor
and surrounding tissue sites (both primary tumor and distal metastasis).
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2. Akt1 signaling was critical for epithelial cell proliferation, and the promotion of
HAN in the mammary gland. Similarly, early life exposure to BPA also promoted
epithelial cell proliferation, HAN formation and activation of Akt. Future
directions should include how PI3K-Akt signaling is involved in BPA-mediated
toxicity. We propose to utilize shAkt1 and shLuc MCF7 cells to analyze the
effects of the loss of Akt1 on BPA-mediated proliferative effects. While BPA was
found to increase cellular proliferation and suppression of Akt1 was found to
decreased cellular proliferation, we propose that BPA will partially rescue in an
additive manner the effects of the Akt1 on decreased cell proliferation by
enhancing cell cycle progression. Considering we found that BPA enhanced HAN
formation in vivo, we further hypothesize that BPA will enhance cellular motility
in shAkt1 MCF7 cells. Briefly, we propose the following experimental paradigms
would be useful to understand the gene-environment interactions of Akt1 and
BPA in the mammary epithelium:
a. MCF7 Cell Culture: MCF-7 cells will be cultured in phenol red-free
DMEM/F-12

(Hyclone),

10%

fetal

bovine

serum,

0.1%

penicillin/streptomycin in a humidified atmosphere (5% CO2/95%air).
Retroviral-mediated shRNA knockdown for shLuc and shAkt1 will be
performed as described in Chapter 3. Knockdown cells will be maintained
in 1.0 µg/ml puromycin.
b. BPA Exposure: shAkt1 and shLuc MCF7 cells will be exposed to 0,
0.001, 0.01, 0.1, or 1 µM of BPA, or a positive control of Ethinylestradiol
(EE) for all experiments.
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c. Cellular Proliferation and Viability: shAkt1 and shLuc MCF7 cells will be
plated in exposure medium at a density of 100,000 cells per well in 6-well
plates and allowed to adhere for 24 hours prior to exposure to BPA or EE.
After 24, 48, and 72-hour exposures, adherent and floating cells will be
collected, and total and viable cell number were determined by Trypan
blue exclusion using a BioRad TC10 automated cell counter (BioRad).
d. Estrogen and Breast Cancer Signaling Pathways: The effects of Akt1deficiency and BPA exposure on estrogen signaling pathways will be
analyzed with the Mouse Estrogen Receptor Signaling PCR Array (SA
Biosciences). The PCR array contains a set of genes involved in breast
cancer, estrogen receptor signaling, breast cancer prognosis, and response
to chemotherapy. First, to determine the timing when BPA exposure
maximally upregulates ERα, MCF7 cells will be exposed to 1 µM BPA
for 0.5, 1, 3, 6, 12, and 24 hours and ERα expression will be determined
by western blot. Once the exposure timing has been optimized, shAkt1
and shLuc cells will be exposed to ETOH, BPA, or EE, and RNA will be
collected. Following RNA isolation, RNA will be converted to cDNA
according to manufacturers’ protocols. cDNA will be added to the PCR
array and run in a real-time PCR instrument according to manufacturers’
protocols.
e. Invasion and Motility: Motility will be tested using BD Control Inserts (8µm pore size; BD Biosciences). Invasiveness will be tested using BD
Matrigel Invasion Chamber (8-µm pore size; BD Biosciences). shAkt1 or
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shLuc cells (5 × 104 cells in 0.5 mL of media without serum) will be
treated with BPA, EE, or ETOH control and seeded into the upper
chambers of the system, the bottom wells in the system were filled with
DMEM/F-12 plus 1.0µg/ml puromycin supplemented with 10% fetal
bovine serum as a chemo-attractant and then incubated at 37 °C for 24 h.
Non-invasive or non-motile cells will be removed from the upper surface
of the filter with two cotton swab cleanings. Migrating cells will be fixed
in ice cold methanol and stained with hematoxylin for quantification.
Percent invasion will be calculated by dividing the number of invaded
cells over the number of motile cells.
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Clinical Implications:
The ability to effectively prevent and treat breast cancer is critical to saving lives.
The understanding of the influences of genetic and environmental risk factors for both
prevention and treatment is critical for better outcomes. This thesis illustrates how Akt1
directly regulates postnatal mammary gland development and cancer progression. While
Akt1-deficiency exerts a protective effect on the formation of mammary tumors, it
conversely promotes a more metastatic phenotype of surviving epithelial cancer cells.
Targeting the PI3K/Akt pathway can lead to new therapeutic strategies; however, I
believe it would be advisable to target Akt2 with Akt1, in order to prevent the formation
of a more aggressive cancer cell, which may happen if only Akt1 is targeted.
Furthermore, exposure to exogenous environmental estrogens, such as BPA, may
influence the risk of developing breast cancer as well as confer resistance to today’s
chemotherapeutics. Public awareness to minimize exposures to potentially hazardous
toxicants can help both prevent the onset of breast cancer as well as improve treatment
outcomes.
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Appendix.
Effects of In Utero Exposure to Bisphenol
A or Diethylstilbestrol on the Adult Male
Reproductive System

--------------The figures presented in this chapter have been published elsewhere (LaRocca J,
Boyajian A, Brown C, Smith SD, and Hixon M. “Effects of In Utero Exposure to
Bisphenol A or Diethylstilbestrol on the Adult Male Reproductive System” Birth Defects
Research Part B: Developmental and Reproductive Toxicology. doi: 10.1002/bdrb.20336
(2011)). All of the experiments in this section were performed by Jessica LaRocca with
the following exceptions: TUNEL quantification and qRT-PCR was performed by Caitlin
Brown. Alanna Boyajian assisted with spermatid head counts.
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ABSTRACT
The objective of this study was to determine if in utero exposure to Bisphenol A
(BPA) induced reproductive tract abnormalities in the adult male testis.

Using the

C57/Bl6 mouse, we examined sex-organ weights, anogenital distance (AGD), and testis
histopathology in adult males exposed in utero via oral gavage to sesame oil, 50 µg/kg
BPA, 1,000 µg/kg BPA, or 2 µg/kg diethylstilbestrol (DES) as a positive control from
gestational days 10-16. No changes in sperm production or germ cell apoptosis were
observed in adult testes following exposure to either chemical. Adult mRNA levels of
genes associated with sexual maturation and differentiation, GATA4 and ID2, were
significantly lower only in DES-exposed testes. In summary, the data indicate no gross
alterations in spermatogenesis following in utero exposure to BPA or DES. At the
molecular level, in utero exposure to DES, but not BPA, leads to decreased mRNA
expression of genes associated with Sertoli cell differentiation.
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INTRODUCTION
Within the environment there are numerous chemicals that have hormone
mimicking effects which interfere with the normal endocrine functions of humans and
wildlife (Hotchkiss et al., 2008). These chemical compounds have been given the name
endocrine disruptors. A growing number of these compounds have been reported to have
estrogenic activity acting as estrogen agonists or antagonists within the human
population. Animal studies have demonstrated that exposure of mice and rats to relatively
high concentrations of certain chemicals with estrogenic activity during fetal or postnatal
development lead to developmental abnormalities in the male reproductive system
including cancer (1, 2). Therefore, one aim of the present study was to determine the
effects on adult male reproductive parameters induced in the testis by in utero exposure
to two estrogen disruptors of different potency, bisphenol A (BPA), a weak estrogenic
compound, and diethylstilbestrol (DES), a potent estrogenic compound, during
organogenesis of the male reproductive system. The second aim of the study was to
determine if changes in gene expression associated with apoptosis, steroidogenesis, or
testis maturation occurred in the adult male testis following in utero exposure to either of
these estrogenic compounds.
BPA, a weak estrogenic phenolic compound, is a building block of polycarbonate
plastic and epoxy resins that grosses six billion dollars a year for the companies that
produce it in the United States (3). BPA has generated increasing concern in the scientific
and public health arenas over its potential to induce reproductive abnormalities similar to
DES due to its similar structure and high production volume. BPA is found in plastic
food containers, baby bottles, and the lining of canned goods to prevent corrosion.
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Unfortunately, one of the deleterious characteristics of BPA is its ability to leach from
plastic, thus presenting a route for human exposure by ingestion. This suggests that
humans are ubiquitously exposed to BPA, and measurable levels have been found in
human breast milk, urine, serum, fetal and maternal plasma (4). BPA at high doses has
been shown to result in gene expression changes associated with apoptosis (5) in the adult
male, and with changes in ICaBP, IL4R, and progesterone receptor in the fetal testis (6).
Alterations in Sertoli cell number have also been found following intrauterine exposure to
BPA (7).
In the 1940’s, DES was developed as a chemotherapeutic agent for the treatment
of metastatic prostate cancer (8) and was used as an off-label drug to prevent adverse
pregnancy outcomes in women with a history of miscarriage (9, 10). Since then, DES
effects on the reproductive tract have been widely documented in both humans and
experimental animals (11-14). Exposure to potent estrogenic agents like DES, in utero or
postnatally, have resulted in induced male reproductive abnormalities including reduction
in sperm count, cryptorchidism, and other reproductive tract abnormalities (15, 16).
Importantly, in utero exposure to DES can alter sex-specific genetic pathways governing
early differentiation and cell proliferation of both the male and female gonads (17).
Moreover, functional alterations in the Sertoli cell have been found following exposure to
DES (18); and changes in gene expression in steroidogenesis and the INSL3 have also
been observed (19).
Understanding that the developing organism is uniquely sensitive to perturbations
by chemical compounds with estrogenic activity, we designed the current study utilizing
C57/BL6 mice to determine (1.) if in utero exposure during the major period of
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organogenesis (gestational days 10 through 16) to either BPA or DES resulted in male
reproductive abnormalities in adulthood and (2.) if changes in gene expression were
associated with defects in testis growth and/or maturation occurred in the adult mouse
testis following in utero exposure to these estrogenic chemicals. We utilized oral gavage
as our route of exposure because it is the main route through which humans are exposed
to BPA, and also allows for first pass metabolism. Mice were exposed to BPA at either a
moderate dose of 50 µg/kg, which corresponds to the Environmental Protection Agency’s
(EPA) acceptable daily intake, or a high dose of 1,000 µg/kg, or sesame oil control. We
chose to expose an additional group of dams to 2 µg/kg DES as a positive control. We
chose this dose because the estrogenic potency of DES has typically been 100 to1,000fold times higher than that of BPA, and this dose of 2 µg/kg is 500 times lower than our
high dose of BPA (20). This dose of DES is also below the 5 µg/kg cutoff for a low dose
of DES, as higher doses can result in opposite effects of lower doses (21). Our model
utilized C57/Bl6 mice, an appropriate model system to study effects of xenoestrogen
exposure in mammary glands (22). We found that BPA failed at either dose to induce
changes in gene expression in the adult testes of mice. Although no overt
histopathological changes were observed following in utero exposure to either BPA or
DES at the doses employed, at the molecular level in utero exposure to DES resulted in
gene expression changes associated with the functional maturation of Sertoli cells. Taken
together, while BPA displayed little effect on male reproductive development, DES
disrupted the normal pattern of Sertoli cell differentiation.
MATERIAL AND METHODS
Exposure paradigm and animal treatment:
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BPA (>99% purity) and DES (97.5% purity) were purchased from Sigma and dissolved
in sesame seed oil (Sigma Aldrich, St. Louis, MO). Timed pregnant females purchased
from Charles River (Wilmington, MA) were treated via oral gavage with either sesame
oil as a vehicle control (N=12), 50µg BPA/kg (N=11), or 1,000µg BPA/kg (N=14) from
gestational days 10 through 16. As a positive control, DES was administered at 2µg/kg
(N=14). Doses were administered on a milligram per kilogram body weight basis and
adjusted daily for weight changes. The weight of the dams during dosing and the length
of gestation were recorded. Offspring were weaned at PND 21. Animals were housed in
polycarbonate cages and given access to chow (Purina 5010) and water in a central pipe
system ad libidum. The Brown University Institutional Animal Care and Use Committee
approved all experimental animal protocols in compliance with National Institute of
Health guidelines.
Body weights, testis weights, spermatid head counts, anogenital distance:
The body and testis weights of F1 male mice were weighed and recorded at PND 56.
Anogenital distance was also measured at PND 56 utilizing digital calipers (Control
Company, Friendswood, Texas). Testes were detunicated, homogenized separately for 30
seconds in 1.5 ml saline merthiolate triton, and sperm heads were counted on TC-10
automated cell counter (Bio-Rad, Hercules, CA). This method resulted in similar sperm
counts using a hemacytometer method as previously described (23).
Testis histopathology:
The testes from adult male C57/BL6 mice exposed in utero with sesame oil vehicle,
BPA, or DES were fixed in 10% neutral buffered formalin and paraffin embedded. Testis
sections (7µm) were stained with hematoxylin and eosin. Images were captured using an
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Aperio Scan Scope (Aperio Technologies, Vista, CA) and images were analyzed using
Aperio

ImageScope

v10.2

(Aperio

Technologies).

Testicular

histopathological

examination was conducted at the gross anatomy level to identify exposure-related effects
such as retained spermatids, missing germ cell layers, multinucleated giant cells, or
sloughing of spermatogenic cells into the lumen. Seminiferous tubule diameters were
measured for each treatment group, and the average of at least 100 seminiferous tubule
cross sections per animal and of at least five animals per treatment group were used for
statistical analysis.
TUNEL staining and quantification:
Germ cell apoptosis was detected in sections of paraffin-embedded tissue by the terminal
deoxynucleotidyl transferase mediated dUTP nick end labeling (TUNEL) labeling
method using the ApopTag kit (Chemicon, Temecula, CA). Tissue was counterstained
with methyl green. Testis sections were viewed using a Nikon E800 microscope (Nikon,
Melville, NY) using differential interference contrast microscopy for TUNEL
quantification. The images were captured with Aperio Imagescope. TUNEL-positive
germ cells were quantified in each tissue section by counting the number of TUNELpositive cells in each essentially round seminiferous tubule. For each testis section,
approximately 100–200 tubules were counted from at least six different mice. The
incidence of apoptosis was then categorized into either of three groups, defined as none,
one to three, or more than three TUNEL-positive germ cells per seminiferous tubule
cross-section as previously described (23). In the control mouse testis, the percentage of
seminiferous tubules with more than three TUNEL-positive cells is less than 10%, so that
an increase in apoptosis is easily determined using this data presentation.
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RNA isolation:
The testes from C57/BL6 mice exposed in utero were detunicated, weighed, and
homogenized in TriReagent (Sigma Aldrich) and further RNA isolation was performed
according to the TriReagent manufacturer's protocols.
Quantitative RT-PCR:
Total RNA (1 µg) was DNase (Promega, Madison, WI) treated and reverse-transcribed
using the iScript cDNA Synthesis Kit (Bio-Rad) according to the manufacturer's
protocols. cDNA templates were amplified with either self-designed primers from
Invitrogen (Invitrogen, Madison, WI) or pre-optimized mouse-specific QuantiTect®
primer assays (Qiagen, Valencia, CA) using iQ SYBR Green Supermix (Bio-Rad) on an
iCycler iQ Multicolor Real-time PCR Detection System (Bio-Rad). Each sample was run
in

triplicate,

and

mRNA

levels

were

analyzed

relative

to

hypoxanthine

phosphoribosyltransferase (HPRT). Log2-transformed relative expression ratios were
calculated as described using the equation set forth by Pfaffl (24). Primer pairs and their
respective sequences where available are listed in Table 1.
Serum isolation and hormone measurement:
To measure serum testosterone, blood samples were collected by cardiac puncture.
Serum was separated via centrifugation of clotted samples and stored at −80 °C for later
analyses. Serum concentrations of testosterone were analyzed by the ELISA method. All
samples were run in duplicate, and each n represented a different litter.
Statistical analysis:
A one-way ANOVA followed by a Tukey HSD test was used to determine statistical
significance for BPA treated groups using the sesame oil group as a reference. Given that
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DES is a different toxicant, a two-tailed student t-test was performed to determine
statistical significance between sesame oil and DES treated groups. Litter averages were
used for body weights, anogenital distance, and organ weights. Males from separate
litters were used for other experiments. A p<0.05 was considered statistically significant.
Statistics were calculated using R (www.r-project.org).
RESULTS
Assessment of litter outcomes and adult testicular parameters following in utero
exposure to BPA or DES.
To determine if maternal exposure to either BPA or DES resulted in differences in litter
outcomes, we examined litter sizes and viability at birth and weaning. Litter size at birth,
litter F1 exposure groups or sesame oil control animals, suggesting a full complement of
germ cells in the testis (Table 2).
No increase in germ cell apoptosis or Fas and FasL mRNA levels in the adult testis
following in utero exposure to BPA or DES.
Exposure to high doses of BPA in adult male mice ranging from 160 mg/kg to 960 mg/kg
body weight has been shown to lead to increased germ cell apoptosis in the testis with
concomitant increases in Fas and FasL gene expression (Li et al., 2009). Therefore, to
determine the potential consequences of in utero exposure to BPA and DES in the adult
testis, we examined the level of germ cell apoptosis in F1 exposed and F1 control
seminiferous tubules at PND 56. Apoptosis was assessed by counting seminiferous
tubules with more than three apoptotic germ cells per cross section. At the doses
examined, we found no significant differences in germ cell apoptosis in the F1 in utero
exposed groups relative to control animals (Figure 3). Fas and FasL mRNA expression
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also remained similar in the F1 sesame oil control group compared to either BPA or DES
at all doses examined (Figure 4).
In utero exposure to DES, but not BPA, alters the mRNA levels of GATA4 and
ID2in the adult testis.
In the adult testis, mRNA levels of genes associated with sexual differentiation and
maturation of the testis, GATA4 and ID2, were significantly lower in the F1 adult male
DES
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Table 1. Primer sequences for real-time RT-PCR analysis
Gene

Primer Pair

WT1

F: CCCATTTACTAACTGCCCTAGAAAG
R: TCTTGCCTGGTGCCTTGC

GATA4

F: GTGAAAGGACAAAGGTGATAGAC
R: GTGGGTGATGAGGACAAGG

3ß HSD

QuantiTect® primer assay

Inhibin B

F:GGCTGAGTGTTGGTTGTTC
R:TGCGTGAGTCTGGCTATG

Cyp11a1

QuantiTect® primer assay

FasL

F: GCAAATAGCCAACCCCAGTACAC
R: GCCACCTTTCTTATACTTCACTCCAG

Fas

F: TGCACCCTGACCCAGAATAC
R: GCCAGGAGAATCGCAGTAGAA

ID2

F:ACTGTGATACCGTTATTTATGAGAGAC
R: TCCAACTGTAGAAAGGGCACTG

StAR

QuantiTect® primer assay

HPRT

F:TTGCGCTCATCTTAGGCTTT
R:CAGGCCAGACTTTGTTGGAT
Or QuantiTect® primer assay

Cyp17a1

QuantiTect® primer assay
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Figure 1. Testis histopathology. H&E sections of sesame oil (a), BPA 50 µg/kg (b),
BPA 1,000 µg/kg (c), and DES 2 µg/kg (d) treated testis. No observable histopathological
changes were detected in any treatment group. Scale bars indicate 1,000 µm.
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size at weaning, and percent viability of offspring remained consistent across the BPA
treatment groups compared to sesame oil control (Table 2). In contrast, in utero exposure
to DES resulted in a significant decrease in litter size at birth, and a strong trend for
decreased litter size at weaning. These data indicate that BPA exposure had little effect
on litter outcomes, while DES had negative effects. To characterize adult reproductive
parameters of adult males previously exposed to BPA or DES in utero, we examined the
body weight, testis weight, seminal vesicle weight, and AGD from BPA and DES
exposed F1 males and compared them with adult F1 sesame oil control males. As table 3
illustrates, we found no significant differences in male body weight in any of the F1
exposed adult males relative to F1 control male body weights. No significant differences
in the adult testis weights at both the gross and body-weight adjusted levels of F1 male
mice exposed to either BPA or DES were observed when compared with that of sesame
oil F1 control animals. Seminal vesical weights at both the gross and body-weight
adjusted levels were also not affected by either BPA or DES in utero exposure. However,
in utero exposure to DES, but not BPA, resulted in a significant increase in anogenital
distance at both the gross measurement and after adjustment for body weight.
No gross alteration in the seminiferous tubules or sperm production of adult F1
males following in utero exposure to BPA or DES.
To determine if spermatogenesis was altered in the adult F1 males, we examined cross
sections of testis seminiferous tubules. Gross testis histopathology was not altered in
BPA (Figure 1b and 1c) or DES (Figure 1d) exposure groups, and no differences were
detected in seminiferous tubule diameters (Table 4). In addition to testis weights and
histopathology, the measurement of spermatid heads at PND 56 (Figure 2) did not reveal
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significant differences between any of the exposure group; and there was a trend for
decreased expression of inhibin B (p=0.07) a marker of Sertoli cell function suggesting
that in utero exposure to DES alters gene expression in the testis (Figure 4). In contrast to
the gene changes observed following in utero exposure to DES, no changes in gene
expression in the panel of genes examined (Table 1) were observed in the adult testes of
F1 male mice exposed in utero to BPA.
In utero exposure to BPA or DES does not affect testosterone levels in adult male
serum.
Given that DES altered a number of genes related to sexual maturation in the
testis, we decided to investigate the levels of testosterone in serum from BPA and DES
exposed F1 males. We found no significant changes in testosterone from either exposure
group (Table 5).
DISCUSSION
Although BPA has been extensively studied, questions remain about whether BPA
causes male reproductive abnormalities in rodents and/or humans (4, 25-29). Differences
in experimental outcomes which have been attributed to differences in species and/or
strains of animals used, routes of administration of chemical, and critical window(s) of
exposure (29, 30). The developing fetus and children are of particular concern for
toxicant exposure due to their small size and vulnerability. Human exposure to BPA is
primarily through the oral route, and based on this, we chose to study the major period of
organogenesis in the C57/Bl6 mouse (gestation days 10-16) with the dam receiving the
dosage via oral gavage. The oral gavage route allows for the BPA to enter first pass
metabolism in the dam, thereby resulting in less bioavailability to the fetus rather than
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through intraperitoneal or subcutaneous injections of the same dosage. Mice were housed
in polycarbonate cages, which previously work has indicated could potentially expose
animals to additional BPA, with the highest exposure in very old cages (31). Our animals
were housed in new polycarbonate cages with metal wire food trays and a centralized
metal pipe system for water, and we believe that exposure to BPA through leaching was
kept at a minimum.
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Table 2. Litter outcomes following exposure to sesame oil, 50 µg/kg BPA, 1,000
µg/kg BPA, or 2 µg/kg DES.
Mouse Exposure

Number of

Litter Size at

Litter Size at

Viability (%)

Group

Initial Litters

Birth (n)

Weaning (n)

Sesame oil

12

7.1 +/- 1.0

5.5 +/- 2.8

73.9 +/-35.7

BPA 50 µg/kg

11

8.2 +/- 1.0

5.5 +/- 3.5

66.8 +/- 42.0

BPA 1,000 µg/kg

14

6.2 +/- 2.5

4.0 +/- 3.2

63.5 +/- 47.8

DES 2 µg/kg

14

5.8 +/- 1.8*

3.1 +/- 3.2#

51.3 +/- 44.7

#p=0.05, *p<0.05

203

Table 3. Male reproductive parameters in adult C57/Bl6 male mice following in
utero exposure to sesame oil, 50 µg/kg BPA, 1,000 µg/kg BPA, or 2 µg/kg DES
Mouse

Age

Body

Combined

Adjusted

Seminal

Adjusted

AGD

Adjusted

Exposure Group

(days)

Weight

Testis

Combined

Vesicle

Seminal

(mm)

AGD

(g)

Weight

Testis Weight

Weight

Vesicle

(mg)

(mg/g)

(mg/g)

Weight

(N=litters
examined)

(mm/g)

(mg/g)
Sesame oil

56

N=8
BPA 50 µg/kg

56

N=8
BPA 1,000 µg/kg

56

N=10

23.5 +/-

154.6 +/-

6.8 +/-

72.5 +/-

3.2 +/-

10.9 +/-

0.5 +/-

1.2

23.5

0.9

13.5

0.5

1.3

0.1

23.0 +/-

164.5 +/-

7.2 +/-

73.1 +/-

3.2 +/-

11.1 +/-

0.5 +/-

1.4

19.6

0.9

13.3

0.5

0.5

0.1

23.2 +/-

167.8 +/- 8.3

7.2 +/-

76.6 +/-

3.3 +/-

10.8 +/-

0.5 +/-

0.5

9.6

0.3

0.4

0.1

1.0

DES 2 µg/kg
N=6
**

56

22.5 +/

143.8 +/-

6.6 +/-

76.9 +/-

3.5 +/-

12.6 +/-

0.6 +/-

1.1

41.1

2.0

13.3

0.6

0.6**

0.0**

p<0.01
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Table 4. Seminiferous tubule diameters in adult C57/Bl6 male mice following in
utero exposure to sesame oil, 50 µg/kg BPA, 1,000 µg/kg BPA, or 2 µg/kg DES
Mouse Exposure Group

Tubule Diameter (µm)

Sesame oil N=5

144.82 +/- 9.76

BPA 50 µg/kg N=6

155.53 +/- 19.35

BPA 1,000 µg/kg N=6

148.54 +/- 20.88

DES 2 µg/kg N=6

137.87 +/- 3.59
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Figure 2. Spermatid head counts of adult C57/Bl6 male mice following in utero
exposure to sesame oil, 50 µg/kg BPA, 1,000 µg/kg BPA, or 2 µg/kg DES. Spermatid
heads were counted using a TC-10 automated cell counter (Bio Rad). No statistical
significance was found amongst any treatment groups compared to sesame oil control.
Data represented as mean + standard deviation. Statistical analyses were conducted using
one-way ANOVA followed by a Tukey HSD test for BPA and a two-tailed t-test for
DES. n=6-7 samples per treatment group, with each n representing a different litter.
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Figure 3. Germ cell apoptosis in adult C57/Bl6 male mice following in utero
exposure to sesame oil, 50 µg/kg BPA, 1,000 µg/kg BPA, or 2 µg/kg DES. The
apoptotic incidence in seminiferous tubules was quantified by using TUNEL staining (a).
The percent of TUNEL-positive tubules with greater than 3 apoptotic cells is represented
as mean + standard deviation. No significant differences in apoptotic incidence were
found for BPA or DES treated testes. Statistical analyses were conducted using one-way
ANOVA followed by a Tukey HSD test for BPA and a two-tailed t-test for DES. n=6 per
treatment group, with each n representing a different litter. Representative images of
TUNEL staining in the testis for sesame oil (b), BPA 50 µg/kg (c), BPA 1,000 µg/kg (d),
and DES 2 µg/kg (e). Scale bars indicate 1,000 µm.

207

Figure 4. Gene expression of adult C57/Bl6 male mice following in utero exposure to
sesame oil, 50 µg/kg BPA, 1,000 µg/kg BPA, or 2 µg/kg DES. Quantitative RT-PCR
was conducted on a panel of genes associated with steroidogenesis, apoptosis, or
differentiation of the testis. Statistical analyses were conducted using one-way ANOVA
followed by a Tukey HSD test for BPA and a two-tailed t-test for DES. Data represented
as mean + standard deviation. n=3-4 per treatment group, with each n representing a
different litter. Asterisk (*) indicates significance compared with sesame oil control
(p<0.05). # indicates p<0.1.
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Table 5. Serum testosterone levels in adult C57/Bl6 male mice following in utero
exposure to sesame oil, 50 µg/kg BPA, 1,000 µg/kg BPA, or 2 µg/kg DES
Mouse Exposure Group

Serum Testosterone (ng/ml)

Sesame oil N=5

0.16 +/- 0.09

BPA 50 µg/kg N=5

0.18 +/- 0.15

BPA 1,000 µg/kg N=4

0.12 +/- 0.08

DES 2 µg/kg N=4

0.08 +/- 0.05
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The C57/Bl6 mouse is a more aggressive mouse, and as a result we observed high
levels of infanticide following birth in all exposure groups. This behavior is normally
observed in this strain, and resulted in relatively low rates of viability in all the exposure
groups, but no observable difference in litter viability was found between BPA, DES, or
sesame oil exposed litters (Table 2) We did however observe differences in litter size at
birth and litter size at weaning for the DES-treatment group, indicating potential maternal
toxicity or higher levels of infanticide following stress from DES exposure. It should be
noted that very occasionally entire litters were eaten, which is why the F1 litter numbers
are less than the original number of dams as described in the materials and methods
(section 2.1). While litter culling was not performed, we instead chose to use litter
averages for male reproductive outcomes, and randomly selected 1 male offspring per
litter for molecular experiments so each n would represent a different litter.
Similar to previously published results (26, 28), we observed few significant
differences in body weight, testis weight, or seminal vesicle weight following in utero
exposure to BPA. Histological analyses revealed little apparent difference between either
BPA or DES-exposed F1 seminiferous tubules when compared to sesame oil controls.
Moreover, we found no significant increases in germ cell apoptosis or in the genes, Fas
and FasL, which have previously been reported to be up-regulated in the rodent testis
following exposure to extremely high doses of BPA (5, 28). However, DES, but not
BPA, exposure resulted in a significant increase in anogenital distance. As DES is a
potent estrogen, high doses will result in anti-androgenic effects in males. For example,
it has been reported that prenatal exposure to high levels of DES (200 µg/kg/day) results
in a significant decrease in anogenital distance (32). However, we did not find any
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differences in serum testosterone levels in any of the exposure groups compared to
sesame oil controls, indicating normal testosterone synthesis. While there is a trend for
decreased levels of serum testosterone in the DES treated males compared to sesame oil
controls, this did not reach statistical significance (p=0.14). This is similar to a prior
study which indicated that BPA and the positive control ethinyl estradiol did not alter
serum hormone levels in rats exposed during gestation and lactation (26). Based on these
results we propose that at lower doses of DES, there is a potentially agonistic effect rather
than an antagonist effect on androgen receptor signaling.
At the molecular level, high levels of estrogens have been shown to affect gene
expression in the testis early in life (33). Therefore, we examined a panel of genes
associated with steroidogenesis, germ cell apoptosis, and Sertoli cell maturation which
have been shown by other laboratories to be altered by endocrine disrupting chemicals
including BPA (5, 6) and DES (5, 6, 33). We found that DES reduced the expression of
two transcription factors, GATA4 and ID2, in the testes of adult F1 males. The
transcription factor GATA4 is expressed in Sertoli cells, steroidogenic Leydig cells, and
other testicular somatic cells, and GATA4, along with its cofactor FOG2, is necessary for
proper Sry expression and all subsequent steps in testicular organogenesis, including
testis cord formation and differentiation of both Sertoli and fetal Leydig cells (34).
Interestingly a recent study in which GATA4 was conditionally deleted in Sertoli cells in
the testis of mice resulted in Sertoli cell vacuolization, impaired spermatogenesis,
increased permeability of the blood–testis barrier, and infertility (35). ID2, similar to
GATA4, is a transcription factor and is associated with the inhibition of differentiation of
various cell types (36). ID2 is most abundant in Sertoli cell nuclei, but also detectable in
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pachytene and diplotene spermatocytes (37). Inhibin B is associated with disorders of
sexual and gonadal differentiation (38, 39). Collectively, the gene expression changes in
our DES exposed mice may indicate future problems with fertility in the DES-exposed
males, and future studies are warranted. The data indicate no gross spermatogenic
changes following in utero exposure to DES or BPA at the doses employed by adulthood.
However, at the molecular level, in utero exposure to DES results in gene expression
changes in the adult testis associated with alterations in Sertoli cell function.
In summary, we found that moderate (50 µg/kg) to high exposure (1,000 µg/kg)
to BPA in utero does not lead to gross changes in adult body weight, testis weight, AGD,
spermatogenesis, sperm production, or specific changes in gene expression associated
with steroidogenesis, apoptosis, or Sertoli cell maturation in the F1 generation of adult
C57/BL6 mice. However, in utero exposure to DES resulted in increased AGD in F1
males, and gene expression changes associated with an altered Sertoli cell phenotype.
Overall these results indicate that at the doses employed via oral gavage, BPA does not
affect young adult male reproductive health in regards to the testis. The use of the
C57/Bl6 mouse in this study may be useful for future studies using transgenic mouse
models to study gene-environment interactions with BPA. Future studies in our
laboratory will focus on other target organs as well as additional lower doses as BPA may
elicit its effects differently in other organ systems.
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